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ABSTRACT

Nd: YAG Laser welding with hundreds of micrometers in laser beam diameter is
widely used for assembly and closure of high reliability electrical and electronic packages
for the telecommunications, aerospace and medical industries. However, certain concerns
have to be addressed to obtain defect-free and structurally sound welds. During laser
welding, Because of the high power density used, the pressures at the weld pool surface
can be greater than the ambient pressure. This excess pressure provides a driving force
for the vaporization to take place. As a result of vaporization for different elements, the
composition in the weld pool may differ from that of base metal, which can result in
changes in the microstructure and degradation of mechanical properties of weldments.
When the weld pool temperatures are very high, the escaping vapor exerts a large recoil
force on the weld pool surface, and as a consequence, tiny liquid metal particles may be
expelled from the weld pool. Vaporization of alloying elements and liquid metal
expulsion are the two main mechanisms of material loss. Besides, for laser welds with
small length scale, heat transfer and fluid flow are different from those for arc welds with
much larger length scale. Because of small weld pool size, rapid changes of temperature
and very short duration of the laser welding process, physical measurements of important
parameters such as temperature and velocity fields, weld thermal cycles, solidification
and cooling rates are very difficult. The objective of the research is to quantitatively
understand the influences of various factors on the heat transfer, fluid flow, vaporization
of alloying elements and liquid metal expulsion in Nd:YAG laser welding with small
length scale of 304 stainless steel.

In this study, a comprehensive three dimensional heat transfer and fluid flow
model based on the mass, momentum and energy conservation equations is relied upon to
calculate temperature and velocity fields in the weld pool, weld thermal cycle, weld pool
geometry and solidification parameters. 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
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model. Dimensional analysis was carried out to evaluate the relative importance of the
various driving forces and heat transferred by convection and conduction. The behavior
of the mushy zone, i.e., the solid-liquid two phase region, during heating and cooling
were investigated. Results also revealed information about the important solidification
parameters R, the solidification rate, and G, the temperature gradient in the mushy zone
at the mushy zone/liquid front. These data are useful for determining the solidification
morphology and the scale of the solidification substructure.

Using the computed temperature fields, the mass loss and composition change due
to vaporization of various alloying elements and vapor composition during laser spot
welding were calculated, based on principles of transport phenomena, kinetics and
thermodynamics. The vaporization of alloying elements was considered to result from
concentration and pressure gradients. Both vaporization and condensation were
considered in the model. The calculations show that the vaporization was concentrated in
a small region under the laser beam where the temperature was very high. After laser spot
welding, the concentration of manganese and chromium decreases, while the
concentration of iron and nickel increases owing to welding. The vapor composition and
composition change in the weld pool predicted by the model are in fair agreement with
the corresponding experimental results.

For a weld pool of known composition, the vaporization rates of various alloying
elements are strongly affected by the surface temperatures. Since the relative rates of
vaporization of two alloying elements are determined by the local temperature, the vapor
composition can be used to determine the effective temperature of the weld pool. The
effective temperature determined from the vapor composition has been found to be close
to the numerically computed peak temperature at the weld pool surface using a three-
dimensional, transient, numerical model. Estimation of the approximate values of peak
temperature during laser spot welding by measuring vapor composition overcomes the
problems encountered in direct measurement of temperatures.

The computed vapor loss was found to be lower than the measured weight loss.
Therefore, so the liquid metal expulsion was examined by experiments. Liquid metal

expulsion is caused by the recoil force exerted by escaping metal vapors when the
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temperature at the weld pool surface is very high. The liquid metal expulsion can be
predicted by balancing the vapor recoil force with the surface tension force at the
periphery of the liquid pool under various welding conditions. The laser power density
and pulse duration are the two most important parameters for liquid metal expulsion
during laser spot welding. Larger laser power density and longer pulse duration increase
the tendency of occurrence of liquid metal expulsion. Furthermore, the depression of the
weld center under the recoil pressure could be used as an indicator of liquid metal
expulsion during welding.

The results presented in this thesis, taken as a whole, indicate that heat transfer
and fluid flow, alloying element vaporization, composition change and liquid metal
expulsion of weld pool can be predicted from the integrated model based on mass,
momentum and energy conservation equations. The thesis research work represents a
contribution to the growing quantitative knowledge base in laser welding with small

length scale.
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Chapter 1

INTRODUCTION

1.1 General Background

Laser welding with small length scale is used in many applications in the
electronics, instrumentation, packaging, aerospace and medical industries. Generally
speaking, small length scale means that laser beam diameter is not more than 1 mm.
Lasers are well suited for welding with small length scale because they can deliver a
controlled amount of energy to very small components with a high degree of precision. In
recent years, Nd-YAG lasers have been used in electronic packaging [1-3] where joining
of smaller components is of interest. The welding of small components is different from
that for larger welds. For the welding of larger components, a keyhole is often
deliberately formed to achieve deep penetration welds in thick plates. In such cases,
contamination of the weldment by the metal vapors and ejected particles is often not a
major issue. However, for the welding of small components, where a large depth of
penetration may not be needed since fairly thin parts are joined, an important requirement
is to keep the parts free of contamination. Since the components are often processed in a
clean room environment, discharge of metal vapors is not acceptable.

During laser welding, the interaction of the heat source and the material results in
rapid heating, melting and circulation of molten metal in the weld pool aided by surface
tension gradient and buoyancy forces. The resulting flow of liquid metal and heat transfer
determines the temperature and velocity fields, which are important because they
determine the geometry, composition, structure and the resulting properties of the welds.
Most previous research on welding with very small length scale focused on welding
methods, weld quality and weld properties [3-6]. Very little effort has been made to
understand the physical processes in welding with small length scale. This is due in part

to the experimental measurements of the temperature and velocity fields during laser
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welding being difficult because of the small size of the weld pool, insufficient time for
measurement and high heating and cooling rates. In recent decades, the application of
numerical transport phenomena has resulted in useful information about the thermal
cycles and weld pool geometry in both linear and spot welding [7,8]. However, most of
these studies were concerned with arc welds where the length scale was much larger.
Thus far, heat transfer and fluid flow in laser welds with small length scale have not
received much attention.

Laser spot welds behave very differently from their moving weld counterparts
because the temperature profiles never reach a steady state, and also because the heating
and cooling rates for these welds are much higher than those of linear welds. Generally,
the order of pulse duration for laser spot welding is less than several milliseconds, one
thousandth of that for arc spot welding. Such short time makes it much more difficult to
make physical measurements of the above-mentioned important parameters. 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 heat is transferred in such a short time and small weld pool. Such a
computationally intensive investigation, requiring use of fine grids and very small time
steps, has now become practical because of recent advances in computational hardware
and software.

Because of the high power density used in laser welding, the temperatures of weld
metal often exceed the boiling points of materials being welded. In such situations, the
equilibrium pressure on the weld pool surface becomes higher than the atmospheric
pressure, causing significant vaporization to take place from the weld pool surface [9-13].
Moreover, if the weld pool temperature is very high, the escaping vapor exerts a large
recoil force on the weld pool surface [14]. As a consequence, the molten metal may be
expelled from the weld pool. Vaporization and liquid metal expulsion are the two main
mechanisms of material loss during laser welding. The loss of alloying elements can
result in significant changes in the microstructure and degradation of mechanical
properties of weldments [11,15]. Cieslak and Fuerschbach [11] investigated the property
change of aluminum alloys 5456 and 5086. They found that the hardness of weld metal
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was lower than the base metal due to the magnesium vaporization. The loss of hardness
was attributed to a reduction in the solid solution strengthening effect as a result of lower
magnesium concentration. Moon and Metzbower [15] investigated the change of
properties of aluminum alloy before and after welding using a CO, laser with He gas
shield. They found that the tensile properties of the welds were inferior to the base metal,
mainly because of magnesium depletion, loss of strain hardened structure, and porosity.
For the welding of small components, especially in the electronics industry, the
components are often processed in a clean room environment, and discharge of metal
vapors is not acceptable. During laser assisted joining of components, loss of alloying
elements needs to be minimized. Therefore, quantitative understanding of the
vaporization of alloying elements and liquid metal expulsion is important in the welding
of engineering alloys.

In order to have a quantitative understanding of the vaporization of weld metal, a
comprehensive model is needed. The Langmuir equation [16] has been widely used for
the estimation of vaporization rates during welding [11,12]. This simple model is useful
in predicting the relative vaporization rates of various alloying elements. However, since
it was derived for vaporization in a vacuum where no significant condensation of the
vaporized species occurred, the Langmuir equation significantly overestimates the
vaporization rate under commonly used welding conditions. Aden et al. [17] investigated
laser-induced vaporization from steel and aluminum surfaces as a function of laser
intensity and material properties. A material-dependent minimum laser intensity above
which no further expansion of the metal vapor occurs was discussed. However, the model
did not take into account the flow of liquid metal in the weld pool nor the detailed heat
transfer in the weldment. A theoretical model was developed by Dilthey et al. [18] to
describe the vaporization of alloying elements during laser welding. Two important
processes were analyzed, the diffusion of alloying elements from the interior to the weld
surface and their subsequent vaporization from the weld pool surface. Both of the models
ignored the condensation of the metal vapor. Anisimov [19] and Knight [20] derived
expressions for the vapor temperature, density, velocity and the extent of condensation by

solving the equations of conservation of mass, momentum and energy in a thin layer
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adjacent to the liquid-vapor interface, known as the Knudsen layer. Their approach has
been incorporated into a vaporization model [9,10] to calculate the laser-induced
vaporization rate.

All of these calculations were performed for the vaporization of linear laser
welding. For laser spot welding, vaporization of alloying elements differs in several
ways. First, the vaporization rate is strongly time-dependent, i.e., the rate is negligible at
the initiation of the pulse and gradually increases owing to temperature increase. Second,
because of the short duration of the laser pulse, experimental determination of
temperature and velocity fields is difficult and remains both an important goal and a
major challenge in the field. Third, although both the surface area and the volume of the
weld pool are small, they change significantly with time. As a result of these difficulties,
very little information is available in the literature about calculation of alloying element

vaporization during laser spot welding. As such, it will be investigated in this project.

1.2 Objectives

The overall objective of this study is to develop improved understanding of
important physical phenomena during Nd:YAG laser welding of 304 stainless steel with
small length scale. The temperature and velocity fields, weld pool geometry, alloying
element vaporization and resultant composition change, liquid metal expulsion and weld
pool solidification were investigated. The primary objectives of this study are as follows:

1) To investigate heat transfer and fluid flow to obtain the information of
temperature and velocity fields and the weld pool thermal cycle, as well as to predict the
weld pool geometry, solidification rate and cooling rate for both laser linear and spot
welding based on mass, momentum and energy conservation equations.

2) To analyze the two mechanisms of material loss during laser spot welding:
vaporization and liquid metal expulsion. The analysis includes the following two
components:

(a) Calculation of mass loss, vapor composition and composition change in the

weld pool as a function of time due to vaporization of various alloying elements, using the
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computed temperature field from heat transfer and fluid flow model, and determination of
the temperature on the weld pool surface from vapor composition.

(b) Investigation of the conditions for the occurrence of liquid metal expulsion
from force balance and free surface deformation and calculation of ejected droplet size.

In this thesis, an integrated comprehensive model is used to calculate heat transfer,
fluid flow and vaporization of alloying elements. The results provide detailed information
of the weld pool, including three-dimensional temperature and velocity fields, weld pool
geometry, solidification parameters, spatial distribution of vapor fluxes of various alloying
elements, and the composition change of alloys due to vaporization — all for laser
welding with small length. This information is difficult to obtain experimentally due to the
small weld pool size, insufficient time for measurement and high heating and cooling
rates. The model can serve as a tool for the quantitative understanding of the influences of
weld variables on weld pool geometry and weld metal composition change for laser

welding of various alloys with small weld pool size.

1.3 Thesis Structure

The thesis consists of eight chapters. Chapter 1 describes the general background,
objective and contents of the thesis.

Chapter 2 is a critical literature review on current questions and problems in laser
welding, with emphasis on energy absorption, heat transfer and fluid flow in the weld
pool, vaporization of alloying elements and resulting composition change, and liquid
metal expulsion.

In Chapter 3, the models developed in the present study, the three dimensional heat
transfer and fluid flow model and the vaporization model, are described. The procedures
for applying these models for the prediction of the weld pool geometry, vaporization loss
and composition change are also presented.

In Chapter 4, the heat transfer and fluid flow during both laser spot welding and
laser linear welding are simulated. The evolution of temperature and velocity fields, and

weld pool geometry in laser welding is studied using the three dimensional heat transfer
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and fluid flow model. Verification of the model is performed through comparing the
calculated weld pool geometry with corresponding experimental results. Dimensionless
analysis is carried out to understand both the heat transfer mechanism in the weld pool and
the significance of the various driving forces for the liquid convection. The behavior of the
mushy zone, i.e., the solid + liquid two-phase region, during heating and cooling is also
investigated. Results reveal information about the important solidification parameters, i.e.,
the temperature gradient and solidification rate along the mushy zone/ liquid interface.
These data are useful in determining the solidification morphology and the scale of the
solidification substructure.

In Chapter 5, the method of temperature determination from vapor composition
for various welding conditions is described. Composition of the metal vapor from the
weld pool is determined by condensing a portion of the vapor on the inner surface of a
both-end-open quartz tube which has been mounted perpendicular to the sample surface
and co-axial with the laser beam. The results from this method are compared with those
calculated from the three dimensional heat transfer and fluid flow model. Temperature
determination from vapor composition overcomes prior problems encountered via direct
measurement of peak temperature in the weld pool.

In Chapter 6, the simulation of vaporization of alloying elements and composition
change in the weld pool is performed based on the conservations of mass, momentum and
translational kinetic energy in the gas phase. The vaporization is driven by both
concentration and pressure gradient. Both vaporization and condensation are considered
in the calculation. The experimentally-determined vapor composition, overall
vaporization loss and composition change are compared with the corresponding modeling
results. Besides vaporization of alloying elements, another kind of material loss, liquid
metal expulsion during laser spot welding of 304 stainless steel, is investigated
experimentally and theoretically. Conditions for the initiation of liquid metal expulsion
are examined by comparing the vapor recoil force with the surface tension force at the
periphery of the liquid pool. The free surface profile is simulated at different times by
minimizing the total surface energy. The predictions of liquid metal expulsion are

compared with experimental observations under different welding conditions.



In Chapter 7, a summary and conclusions of the present study are presented.
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Chapter 2

BACKGROUND

The purpose of this chapter is to critically review the background materials
necessary for the research in the present thesis. The subject matter is classified into three
categories: (1) heat transfer and fluid flow, (2) vaporization of alloying elements, and (3)

liquid metal expulsion.

2.1 Heat Transfer and Fluid Flow

2.1.1 Energy Absorption

During welding, only a portion of the total energy supplied by the heat source is
absorbed by the workpiece. The absorbed energy is responsible for the outcome of the
welding process. Consequence of the absorbed energy includes: formation of the liquid
pool, establishment of the time-dependent temperature field in the entire weldment, and
development of the structure and properties of the weldment [1]. The absorptivity can be
measured with a calorimeter. The heat transferred from the heat source to the workpiece
is in turn transferred from the workpiece to the calorimeter. For example, Fuerschbach
[2] used a calorimeter to determine the absorption efficiency of laser energy by the
workpiece during laser welding of 304 stainless steel.

The physical phenomena that influence the energy absorption in the workpiece
are unique to each welding process. Fig. 2.1 summarizes the absorptivity measured in
several welding processes. It is shown that the absorptivity in laser beam welding is very
low because of the high reflectivity of metal surfaces to a laser beam. As much as 95% of
the CO, beam power can be reflected by a polished metal surface. Reflectivity is slightly

lower with a YAG laser beam. However, the reflectivity can be significantly reduced by
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surface modifications, such as roughing, oxidizing or coating [3]. In addition to altering
the nature of the surface, the absorptivity of the laser beam by the workpiece is also
affected by factors such as the temperature, the wavelength of the laser, the joint
geometry, and the size and nature of the plasma present above the weld pool [1,4].
During conduction mode laser welding, the absorptivity is equivalent to the absorptivity
of the metal. When a keyhole is formed, the absorptivity can be much higher than the
absorptivity of the metal because of multiple reflections within the keyhole [2].
Understanding the nature of coupling between an incident laser beam and a metal under
welding conditions provides insight into ways in which laser welding can be optimized. It
also may suggest new directions for improvements in laser welding technology and how
welding defects can be minimized.

For Nd:YAG laser welding of stainless steel, the reported values of the absorption
coefficient vary significantly [5-9]. For example, Cremers, Lewis and Korzekwa [5]
indicated that the absorption coefficient of Nd:YAG laser in 316 stainless steel was in the
range of 0.21 to 0.62. Fuerschbach and Eisler found that the absorption of the pulsed Nd:
YAG laser in 304 stainless steel tended to vary from 38% to 67% and to be relatively
insensitive to beam intensity [6]. For laser welding, laser radiation incident on the surface
of metal is absorbed by electrons. So with a clean metal surface, the absorptivity can be
calculated from the electrical resistivity of the metal substrate. Bramson [9] related the

absorptivity to the substrate resistivity and the wavelength of the laser radiation:

T)=0.365 -0.0667 0.006 2.1
oo oo e

where A is the wavelength, a is the electrical resistivity of the materials. Equation 2.1 is
accurate when the metal surface is clean and a plasma plume does not affect the

absorption of the laser beam.
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2.1.2 Heat Conduction in Welding

Fig. 2.2 is a schematic diagram showing the welding of a stationary workpiece.
As shown in this figure, there are three distinct regions in the weldment: the fusion zone
(FZ), the heat affected zone (HAZ) and the base material.

Except for the initial and final transients of welding, heat flow in a workpiece of
sufficient length is steady, or quasi-stationary, with respect to the moving heat source. In
other words, the temperature distribution and the pool geometry do not change with time.
By assumption of steady state, point heat source and ignoring the convection in the weld
pool, the analytical solution derived by Rosenthal for three-dimensional heat flow in a

semi-infinite workpiece is as follows [10]:

M = eXpBMH (2 2)
Q 0O 20 0 '

where T is the temperature, Ty is the workpiece temperature before welding, k is the
thermal conductivity, R is the radial distance from the origin, where the axis of the heat
source meets the workpiece, namely, (x> + y* + z* )1/ 2 Q is the heat transferred form heat
source to workpiece, V is the welding speed, o is the thermal diffusivity, k/pC, and p and
C are density and specific heat, respectively. The Rosenthal’s analytical solutions, though
base on many simplifying assumptions, are easy to use and have been greatly appreciated
by the welding industry.

Predicting or interpreting metallurgical transformations at a point in the solid
material near a weld requires some knowledge of the peak temperature reached at a
specific location. The peak temperature T, on the workpiece surface (z = 0) at a distance
y away from the fusion line (measured along the normal direction) is calculated by

Adams’ Equation [10]:

1 =5.44Tﬂ<a%+a\ﬂgﬁ+ 1 23)
T -T, QV RadH T, -T,

p
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Fig. 2.2: Schematic plot depicting the fusion welding process. (a) Interaction
between the heat source and the base material; and (b) the transverse section
directly under the heat source [10].
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2.1.2.1 Buoyancy Force

The buoyancy force is caused by density variations due to the temperature
gradients within the weld pool, as shown in Fig. 2.3(a). The liquid metal rises along the
pool center with low magnitude and falls along the pool boundary due to the local
variation of density. This flow pattern is expected because the liquid metal near the heat
source is at a relatively high temperature. It moves upwards because of its relatively low
density. On the other hand, the liquid metal near the pool boundary has relatively low
temperature, and it flows downward because of its high density.

The buoyancy force can be expressed as [14,15]:

F, =pgB(T - T,;) (2.4)

where p is the density of the liquid metal, g is the acceleration due to gravity, (3 is the
thermal expansion coefficient, T is the temperature of the liquid metal, and T, is an

arbitrarily selected reference temperature.

2.1.2.2 Marangoni Shear Stress

Surface tension (Y) is a thermo-physical property of the liquid metal, which may
generate a shear stress at the liquid/gas interface. The spatial gradient of surface tension
is a stress, which is known as the Marangoni shear stress. This stress arises due to spatial
variation of temperature and composition, which can be expressed as:

(2O dyaC

(2.5)
0T or 0OC or
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Fig. 2.3: Various driving forces and the resulting liquid convection in the weld pool [11].
(a) Buoyancy force, (b) surface tension gradient force with negative 0y/0T, (c) surface
tension gradient force with positive dy/dT. Symbol y is the surface tension, dy/0dT is the
temperature coefficient of surface tension, T is the temperature, p is the density, a and b
are two locations in the weld pool, and F is the driving force.
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where T is the shear stress due to surface tension, T is the temperature, r is the distance
along the surface from the heat source, and C is the concentration of the surface active
element. In most cases, the difference in surface tension is due to the spatial temperature
variation. In other words, the dy/0C term in Equation 2.5 is zero, and the shear stress
depends only on dy/0T and the spatial temperature gradient 0T/0r at the pool surface.

In the absence of a surface active element, the temperature coefficient of surface
tension (0y/0T) for many materials is less than zero. In other words, the higher the
temperature, the lower the surface tension. Hence, at the weld pool top surface, the liquid
metal flows radically outward since the warmer liquid metal of lower surface tension near
the center of the pool is pulled outward by the cooler metal of higher surface tension at
the pool edge [11]. Pushed by the strong outward flow at the top surface, the liquid metal
is transported outwards from the middle of the weld pool and arises at the center of the
pool, as shown in Fig. 2.3(b).

If a small yet significant amount of surface active elements such as sulfur and
oxygen are presented in the weld pool, the value of dy/dT can be dramatically altered. For
liquid material with a positive value of 0y/0T, the direction of the Marangoni shear stress
and the resulting flow pattern are shown in Fig. 2.3(c). This flow pattern is expected since
the cooler metal of lower surface tension at the pool edge is pulled inward by the warmer
liquid metal of higher surface tension near the center of the pool. If the value of dy/0T in
the weld pool is not always positive or negative, the resulting flow pattern may be even
more complicated than those shown in Figs. 2.3(b) and 2.3(¢c), and four circulation loops
may exist in the weld pool.

A relationship between the interfacial tension of a liquid metal and the surface
active element can be expressed by using a combination of Gibbs and Langmuir

absorption isotherms:

y-y’ =-RTT, In(1+Ka,) (2.6)

where Y’ is the surface tension of pure metal at the reference temperature, R is the gas
constant, T is the absolute temperature, [ is the surface excess of the solute at saturation

solubility, K is the adsorption coefficient, and a; is the activity of species 1 in the solution.
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Sahoo et al. [16] determined the dy/0T as a function of both temperature and

composition, which is expressed as:

N~ A—RT In(1+Ka,)- rhﬂ: i) (2.7)
oT (1+Ka,)

where A is the dy/0T value for a pure metal, AH® is the standard heat of adsorption, and

AH: is the partial molar enthalpy of mixing of species i in the solution.

2.1.3 Estimation of Scaling and Order of Magnitude

In order to understand the heat transfer and fluid flow behavior in the weld pool, it
is useful to check some dimensionless numbers. These dimensionless numbers
characterize the relative importance of the driving forces responsible for the motion of

the fluid flow and the heat transfer mechanism.

2.1.3.1 Relative Importance of Driving Forces

Several dimensionless numbers have been used in the literature to determine the
relative importance of different driving forces in the weld pool [17]. The ratio of

buoyancy force to viscous force is determined by the Grashof number:

gBL, ATp’

2

u

Gr = (2.8)

where g is the gravitational acceleration, [3 is the thermal expansion coefficient, L, is a
characteristic length for the buoyancy force in the liquid pool which is approximated by
one eighth of the pool radius [17], AT is the temperature difference between the peak
pool temperature and solidus temperature, p is the density, and U is the viscosity. Surface
tension Reynolds number, Ma, is used to describe the ratio of surface tension gradient

force to viscous force, and is calculated as:
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oy
L AT
Pex ‘GT (2.9)

Ma =

2

u

where Ly is the characteristic length of the weld pool and is assumed to be equal to half
of the weld pool width.

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:

oy
_Ma _ "[oT (2.10)
TG gBLp

Such dimensionless numbers can be used to predict the size and shape of the FZ
and HAZ. For instance, if the surface tension gradient force with negative dy/0T is largely
responsible for the liquid motion, the resulting weld pool is expected to be wide and

shallow.

2.1.3.2 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 the Peclet number, Pe, which is defined by:
upC AT upC, L,
kAT/L, k

_ heat
heat

convection —

Pe (2.11)

conduction

where u is the average velocity, Ly is the characteristic length taken as the pool radius at
the top surface of the weld pool, C,, is the specific heat, and k is the thermal conductivity.
When Pe is large, which in physical terms means large melt velocity, large weld pool and
poor thermal conductivity, then the convective effects, i.e., the liquid metal circulation in

the weld pool, markedly affects the weld pool geometry. In contrast, when Pe is small,



19
i.e., much less than unity, the heat transport within the weld pool occurs primarily by

conduction [1,10].

2.1.3.3 Order of Magnitude of the Maximum Velocity in the Weld Pool

When 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 [1]:

. :ﬂd_T W1/2

n AT dy 0.664p 0 (212

where dT/dy is the average temperature gradient in the weld pool, and W is the weld pool
radius.

If the surface tension gradient is not considered and the buoyancy force is the only
driving force for the liquid convection, an order of magnitude of the maximum velocity is

given by [18]:
u,_ =,gBATD (2.13)

where D is the pool depth.

The foregoing dimensional analysis provides insights about the weld pool
development during laser welding. It should be noted that these order of magnitude
analyses cannot provide accurate and detailed information about the welding processes,

which requires numerical calculation with very fine grids and small time steps.

2.1.4 Temperature and Velocity Fields

Temperature and velocity fields are very important parameters because they
determine final weld pool geometry, microstructure, composition and weldment
properties. Experimental measurements of temperature and velocity fields during laser
spot welding are difficult to obtain because of the insufficient time for measurement and

the highly transient nature of the welding process. In addition, the weld pool is often
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covered by a metal vapor plume. Because of these difficulties, few techniques have been
developed to date to measure temperature and velocity fields in the weld pool during
laser welding.

Schauer et al. [11] measured the temperature distribution in the keyhole during
electron beam welding of several aluminum alloys, three steels and tantalum, using a
narrow band infrared radiation pyrometer. It was shown that the peak temperature was
the lowest for aluminum alloy welds and the highest for tantalum welds. Heiple and
Roper [19] estimated the surface flow velocity of the GTA weld pool by measuring the
motion of particles using a high-speed camera. They found that the velocities were in the
range of 0.5 to 1.4 m/s, with an average value of 0.94 m/s. Kraus [20] obtained surface
temperature profiles for GTA welding of some steels, using a non-contact laser
reflectance measurement technique. The “measurement” of pool temperature involved
extrapolation of temperature versus time data after the arc was totally extinguished based
on the perceived transient temperature profile prior to this time period.

It is fair to say that reliable techniques for real time temperature measurement are
still evolving. In the absence of adequate experimental work, numerical simulation of
convective heat flow field has been relied on to obtain the information of temperature and
velocity fields. In recent decades, numerical calculations of heat transfer and fluid flow
have been utilized to understand the evolution of temperature and velocity fields. 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. Zhang et al. [21] calculated the evolution of temperature and
velocity fields during gas tungsten arc spot welding of AISI 1005 steel. They found the
peak temperature in the weld pool to be about 2100 K and the maximum liquid velocity
to be around 100 mm/s.

Several models have been developed to predict the temperature and velocity fields
in the weld pool during laser welding [22-30]. Kou and Wang [22] simulated the three-
dimensional convection during CO, laser welding of 6061 aluminum alloy and obtained a
maximum flow velocity of 3000 mm/s and a maximum temperature of 2273 K under the

conditions that CO, laser power is 1.3 kW and welding speed is 4.23 mm/s. The
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calculated and observed fusion boundaries were compared and very good agreement was
obtained. Mundra and DebRoy [23] obtained the maximum liquid radial velocity in the
order of 0.9 m/s during CO; laser welding of high-manganese 201 stainless steel.

Cline and Anthony [24] 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 [25] developed a numerical model of the continuous laser welding
process considering heat conduction. Frewin and Scott [26] used a finite element model
of the heat flow during pulsed laser beam welding. The transient temperature profiles and
the dimensions of the fusion zone and HAZ were calculated. Katayama and Mizutani [27]
developed a heat conduction and solidification model considering the effects of
microsegregation and latent heat. Recently, Chang and Na [28] 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 for temperature and velocity fields in laser
welding processes.

In laser processing of metals and alloys, the temperatures reached on the surface
of the material often exceed the boiling point of the material [23,31-33]. von Allmen [31]
determined molten pool temperatures in excess of boiling point for laser treatment of
copper. Chan and Mazumder [32] also reported temperatures greater than boiling point
for the laser irradiation of aluminum, titanium and a superalloy. Khan and DebRoy [33]
indicated that the liquid pool surface temperatures were close to the boiling point.
Mundra and DebRoy [23] simulated the temperature profile in carbon dioxide laser-
welded stainless steels. They determined that the peak temperatures in the weld pool were
higher than the boiling point of stainless steel under various welding conditions. In such
situations, significant vaporization takes place from the weld pool surface, which will be

discussed in next section.
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2.2 Vaporization from the Weld Pool Surface

As stated in last section, in laser processing of metals and alloys, the temperatures
reached on the surface of the material often exceed the boiling point of the metal. The
pressures at the weld pool surface can be greater than the ambient pressure. This excess
pressure provides a driving force for the vaporization. The vaporization of alloying

elements has great effects on the final weld metal composition and mechanical properties.

2.2.1 Effects of Vaporization of Alloying Elements

2.2.1.1 Weld Metal Composition Change

During high energy laser beam welding of important engineering alloys, the metal
in the weld pool can be heated to very high temperatures, and significant vaporization of
volatile alloying elements often takes place from the weld pool surface [23,33,34-41].
The loss of alloying elements can result in a change in the composition of the weld metal,
cause changes in the microstructure and degradation of mechanical properties of
weldments, and is a serious problem in the welding of many important engineering alloys
[23,33,38-40].

Blake and Mazumder [37] reported the loss of magnesium during laser welding of
aluminum alloy 5083. Moon and Metzbower [38] investigated the change of composition
of aluminum alloy before and after welding of aluminum alloy 5456 using a CO,; laser
with a helium gas shield. Cieslak and Fuerschbach [39] observed substantial magnesium
vaporization during laser welding of aluminum alloys 6061, 5456 and 5086. The extent
of vaporization was a function of the welding speed. It was shown that approximately
20% of the magnesium was lost during welding. Zhao and DebRoy [40] investigated the
weld metal composition change of aluminum alloy 5182 during laser welding through
experiments and computer modeling. It was found that the vaporization rate of

magnesium was about two orders of magnitude greater than that of aluminum. The
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significant magnesium loss from the weld pool resulted in a lower magnesium
concentration in the weld metal than was present in the base metal.

Several studies have also been carried out to investigate the vaporization loss
from stainless steels. The weld metal composition changes of various grades of high-
manganese stainless steels are indicated in Fig. 2.4. The concentration of manganese in
the base metal and weld zone, determined by electron probe microanalyses, is plotted as a
function of distance. The severe depletion of manganese in the weld zone in each case is
clearly evident. By in-situ monitoring of the alloying elements in the vapor phase by
optical emission spectroscopy, it was found that the vapor consisted primarily of iron,

manganese, chromium and nickel [35,42,43].
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Fig. 2.4: Concentration profile of manganese in the weld zone and base metal for
continuous wave carbon dioxide laser welding for AISI 201, AISI 202, and USS Tenelon
stainless steels. Laser power: 560 W, welding speed: 3.5 x 10~ m/s [41].
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2.2.1.2 Mechanical Properties

It is fairly well documented that the changes in the composition of the weld metal
due to vaporization of alloying elements can significantly affect the weld structure and
properties of weldments. Blake and Mazumder [37] found that the loss of magnesium
during CO, laser welding of aluminum alloy 5083 can result in reduced tensile strength.
Moon and Metzbower [38] investigated the change of properties of aluminum alloy
before and after welding using a CO, laser with a helium gas shield. In their experiments,
a reduction of magnesium content from 5% in the base metal to 4% in the fusion zone
was observed. They found that the tensile properties of the welds were inferior to the base
metal, mainly because of magnesium depletion, loss of strain hardened structure, and
porosity. Cieslak and Fuerschbach [39] investigated the property change of aluminum
alloys 5456 and 5086. They found that the hardness of weld metal was lower than the
base metal due to the magnesium vaporization. The loss of hardness was attributed to a
reduction in the solid solution strengthening effect as a result of lower magnesium
concentration. The correlation between the yield strength, tensile elongation and
magnesium content for most of the common AI-Mg commercial alloys is shown in
Fig. 2.5 [44]. 1t is observed that the tensile strengths of these alloys increase linearly with
magnesium content. Due to its high vapor pressure and low boiling point, magnesium can
be easily vaporized during laser welding, leading to reduction in the tensile strength of
the weldments.

Denney and Metzbower [45] investigated the effects of laser welding on the
mechanical properties of high strength low alloy steel A710/736. They found that there
was a decrease in both the yield strength and the percent elongation in the welded
specimen. Much of the strength and toughness of the A710/736 was a result of
precipitates formed during solidification. Since these steels contain about 1.25%
manganese, laser welding could cause a loss of manganese and, thus, a reduction in

precipitation hardening and degradation of properties.
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2.2.2 Factors Affecting Vaporization

2.2.2.1 Weld Pool Temperature Distribution

Since partial pressures of vaporizing elements depend strongly on temperature,
the rates of vaporization of various alloying elements from the weld pool are strongly
dependent on the temperature distribution at the weld pool surface. The experimental data
for equilibrium vapor pressures of various elements as a function of temperature are
given in Fig. 2.6. From this Figure, for the elements in stainless steel, manganese has the
highest vapor pressure compared with that of iron and nickel. At around 1500 K,
manganese has a vapor pressure of 1.3 x 10~ atm. However, the vapor pressure of
manganese increases by about two orders of magnitude to 0.13 atm when the temperature

1s increased to 2000 K.

2.2.2.2 Plasma

The presence of a plasma may have a significant effect on the vaporization rate of
weld metal. Collar et al. [41] and Sahoo et al. [47] found that the presence of a plasma
reduced the vaporization rate by about 10% to 50% for iron and about 60% to 80% for
copper. The reduction in the vaporization rates was considered to be consistent with the
enhanced condensation of metal vapor due to a space charge effect [47]. Fig. 2.7(a)
shows the effect of plasma on vaporization flux. It is observed that plasma lowers the
vaporization rate significantly. In the plasma, both the excited neutral and the ionized
metal and shielding gas species are present along with free electrons. In view of the high
mobility of the electrons among the various species in the plasma, the surface of the
metal becomes negatively charged since the electrons strike the metal surface at a faster
rate than the ions, as shown in Fig. 2.7(b). The attraction between the positively charged
ions and the negatively charged surface leads to high condensation rates and,

consequently, low vaporization rates in the presence of the plasma [47].
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2.2.2.3 Surface Active Alloying Elements

The presence of surface-active elements such as oxygen and sulfur can influence
the rate of vaporization. It is possible that these elements block a portion of the liquid
metal surface and reduce the vaporization rate [41]. They can also alter the temperature
coefficient of surface tension, dy/0T, where y is the surface tension, and T is the
temperature, as shown in Equation 2.6. As a result, they can affect the weld pool surface
area and the temperature distribution [16,19], which in turn strongly influences the
vaporization rates. Sahoo et al. [47] found that the presence of surface active elements in
iron resulted in increased vaporization rates of the metals in their isotheral vaporization
experiments, as shown in Fig. 2.7(a). One of the possible opposing effects could be the
effect of interfacial turbulence [48] caused by the movements of surface active elements
from inside to the surface of the liquid. The local movements of the interface increase

surface area and, therefore, increase the rate of vaporization.

2.2.2.4 Welding Parameters

The most important laser welding parameters which influence the rate of
vaporization are the factors which control the heat input. The temperature and the surface
area of the molten pool depend on the energy input and its distribution, which in turn are
influenced by the laser power, beam radius and welding speed. Therefore, laser power
density and welding speed are the important process parameters which control the
vaporization rate. The effect of laser power and welding speed on the vaporization rate
has been investigated intensively on the laser welding for aluminum [40] and stainless
steel [23,33,41]. In addition, the type and flow rate of the shielding gas also influence the
vaporization rate. The diffusivities of the vaporizing species in the various shielding
gases are different, and the flow rate of the shielding gas influences the mass transfer
coefficient. Therefore, these two factors are also expected to have an influence on the rate
of vaporization. Collar et al. [41] examined the effect of gas flow rate on the vaporization

rate in helium, nitrogen and argon shielding gases, respectively. It was found that the
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vaporization rate was insensitive to changes in the diffusivity of the vaporizing species
and flow rate, indicating that the gas phase mass transfer step did not contribute

significantly to the overall vaporization rate.

2.3 Calculation of Vaporization Rate

A simple model for calculation of the vaporization flux of a pure metal in a

vacuum is given by the Langmuir equation [49]:

I = ——— (2.14)

where J; is the vaporization flux of the element i, P’ is the vapor pressure of i over the

pure liquid, M; is molecular weight of the vaporizing element i, R is the gas constant and
T is the temperature. This equation shows that the vaporization rate is proportional to the
equilibrium vapor pressure of the vaporizing element. For an alloy, the vaporization rate
of each alloying element can be calculated separately. The overall vaporization rate of the
alloy is the sum of the vaporization rates of all alloying elements. Assuming that the alloy
is ideal at high temperatures, the equilibrium vapor pressures of the various species over

the alloy can be expressed as:

P, =X.P’ (2.15)

where X; is the mole fraction of element i in the alloy.

Langmuir equation is accurate only at very low pressures where significant
condensation of the vapor does not take place. As a result, when welding is conducted at
one atmosphere, Equation 2.14 predicts a much higher vaporization rate than actually
exists under the conditions. Mundra and DebRoy [23] compared the vaporization rate
calculated from the Langmuir equation with experimentally determined values. It was
found that the vaporization rate calculated from the Langmuir equation was significantly

higher than the experimental value. However, the equation is useful in calculating the
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relative vaporization rates of alloying elements, as was previously indicated by the work
of Block-Bolten and Eager [34].

Because the Langmuir equation overestimates vaporization rate, more
comprehensive models have been tried to understand the vaporization of weld metal
quantitatively. Aden et al. [50] investigated the laser-induced vaporization from steel and
aluminum surfaces as a function of laser intensity and material properties. A material-
dependent minimum laser intensity above which no further expansion of the metal vapor
occurs was discussed. However, the model did not take into account the flow of liquid
metal in the weld pool nor the detailed heat transfer in the weldment. Also, a theoretical
model was developed by Dilthey et al. [51] to describe the vaporization of alloying
elements during laser welding. Two important processes were analyzed: the diffusion of
alloying elements from the interior to the weld surface and their subsequent vaporization
from the weld pool surface. Both of the models ignored the condensation of the metal
vapor. Anisimov [52] and Knight [53] derived expressions for the vapor temperature,
density, velocity and the extent of condensation by solving the equations of conservation
of mass, momentum and energy in a thin layer adjacent to the liquid-vapor interface,
known as the Knudsen layer. Their approach has been incorporated into vaporization

models [23,40] to calculate the laser-induced vaporization rate in this thesis.

2.4 Liquid Metal Expulsion

Pronounced vaporization of metal vapors from the weld pool surface occurs when
very high power-density energy sources such as laser and electron beams are used for
welding [23,][33-41]. If the weld pool temperatures are very high, the escaping vapor
exerts a large recoil force on the weld pool surface and, as a consequence, liquid metal
droplets may be expelled from the weld pool. There are two main mechanisms of
removal of material for laser processing. One is vaporization which occurs in conduction
mode laser welding; another is liquid metal expulsion by the vaporization—induced recoil
pressure common in cutting, welding and drilling. Since the latent heat of vaporization

does not need to be absorbed when liquid metal expulsion occurs, it is a very effective
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mechanism of material removal. The energy required to remove material by liquid metal
expulsion is about one-quarter of that required to vaporize the same volume [54]. In some
materials processing operations, such as laser drilling or cutting, liquid metal expulsion is
desirable. On the other hand, liquid expulsion can result in irregular, asymmetric and
poorly controlled hole dimensions. For several important metal processing operations
such as welding, surface alloying and cladding, besides the poor liquid pool shape, the
metal loss can adversely affect the weld geometry and weldment properties, so weld
metal expulsion is undesirable. Therefore, it is important to understand various factors
that affect liquid metal expulsion during high-power laser beam welding.

Most of the previous work on liquid metal expulsion focused on laser drilling.
Voisey, Cheng and Clyne [54,55] found that the extent to which liquid expulsion occurs
depends both on materials properties and laser parameters. Two complementary methods,
high-speed photography and a particle stream interruption technique, were used to
determine the ejection velocity. It was shown that increasing the pulse density increased
the ejection velocity. The typical particle diameters appeared to be of the order of the
molten layer thickness during drilling. Lu, Zheng and Song [56] developed a method to
“capture” the particles ejected from the substrate due to laser irradiation. They found that
the particles from a smooth substrate concentrated mostly on the center of the capturing
surface, while those from a rough surface were ejected in more random directions. Yilbas
[57] investigated the propagation velocity of the liquid-vapor interface during laser-metal
interaction using a special photographic technique for four metals: titanium, tantalum,
nickel and EN58B stainless steel. It was found that the particle velocity at a given laser
output energy increased with the decrease in the thermal diffusivity of the material, and
particle velocity increased with increase in laser energy. In experiments conducted by
Chun and Rose [58] in which an aluminum target was irradiated by 30 kW laser pulse, it
was observed that the fraction of material removed as liquid from the weld pool rose to
90% as pulse length was increase to 200 milliseconds. The fraction of material lost as
liquid depends on laser pulse characteristics like average power density, pulse duration
and peak power. It also depends on material constants like thermal conductivity,

difference between melting and boiling points, and ratio of latent heats of vaporization
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and melting. Rodden et al. [59] measured the percentage of mass removed as liquid metal
expulsion to be 90% for titanium during single pulse Nd:YAG laser drilling. High-speed
photographs indicated that there were two distinct stages of liquid metal expulsion during
drilling with a pulsed laser. There was an initial expulsion of small liquid particles,
followed by the expulsion of larger particles of liquid near the end of the pulse.

Liquid metal expulsion has also been studied theoretically. von Allmen [31]
suggested that vapor pressure acts like a piston that exerts a pressure onto the melt,
squirting it out of the melt pool radially. He also developed a theoretical model to
calculate drilling velocity and drilling efficiency as a function of the absorbed intensity
[60]. Chan and Mazumder [32] developed a one-dimensional steady state model to
describe the laser-induced damage caused by materials removal through vaporization and
liquid metal expulsion. Results were obtained for three materials: aluminum, superalloy
and titanium. For the power levels investigated, the material-removal rates were of the
order of 1 m/s and increased with heat-flux intensity. Depending on the materials and
beam power density, either vaporization or liquid expulsion was thought to be the
dominant mechanism of material removal. Semak et al. [61] assumed that keyhole
propagation was dominated by evaporation-recoil-driven melt expulsion from the beam
interaction zone. Additionally, the role of recoil pressure in energy balance during laser
material processing was analyzed theoretically by Semak et al. [62]. Basu and DebRoy
[63] examined the conditions for the initiation of liquid metal expulsion during laser
irradiation experimentally and theoretically. They proposed that liquid metal expulsion
takes place when the vapor recoil force exceeds the surface tension force of the liquid
metal at the periphery of the weld pool.

For laser welding, liquid metal expulsion is not desirable, especially for very
small length scale, where the operation is often carried out in a clean room environment

after the components have undergone significant prior processing.
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Chapter 3

MATHEMATICAL MODELS

In this chapter, the models used in the present study: a three-dimensional heat
transfer and fluid flow model, and a model for the calculation of vaporization, are

described.

3.1 Heat Transfer and Fluid Flow Model

As discussed previously, direct experimental measurement of various physical
processes during welding is very difficult. A practical recourse is to utilize transport
phenomena based models to accurately calculate the temperature and velocity fields in
the weld pool. These transport phenomena based models involve the numerical solution
of governing conservation equations including the mass, momentum and energy

conservation equations.

3.1.1 Governing Equations

The numerical solution of heat transfer, fluid flow and other related processes can
begin with the mathematical forms in which the physical laws governing these processes
have been expressed. The mathematical forms of the transport processes are often
expressed as differential equations, which define certain conservation principles. Each
equation employs a certain physical quantity as its dependent variable and implies that
there must be a balance among the various factors that influence the variable [1].
Examples of the physical quantity are mass, velocity and enthalpy. If the dependent

variable is denoted by @, the general differential equation is given as:
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99
p2+p E % 31)

where p is the density, t is the time, u; is the liquid velocity along i direction, I is the

general diffusion coefficient, and S is the source term, which includes all effects that are
not included in the other three terms. For example, S may include forces acting on the
fluid elements, such as the buoyancy force. The quantities [ and S are specific to a
particular meaning of @. For instance, if @ denotes a velocity component, I" is then the
viscosity of the liquid, and S has the unit of force per unit volume. The four terms in
Equation 2.1 are the unsteady term, the convection term, the diffusion term and the
source term [1].
The conservation equations of mass, momentum and energy can be expressed as:

% + a(pul) =0
ot 0x;

a(gltl) a(puluJ E“ % 53

d(ph) , puh a Hk onH o
ot ox,  ox,C,0x,q

where U is the effective viscosity, k is the thermal conductivity, and C, is the specific

(3.2)

(3.4)

heat. The source terms S,; and S;, are given as:

S, = EJ B“_“ EﬂprT T.) @35

O(PAH) _ 6(puiAH> _y9eh) _,, o(pan)
ot 0x, 0x, 0x,

1

S, =- (36)
where p is the pressure, V is the welding speed, fj is the liquid fraction, B is a very small
positive constant introduced to avoid division by zero, C is a constant that takes into
account mushy zone morphology [2], B is the coefficient of volume expansion, and Ti.r is
a reference temperature.

In order to trace the weld pool liquid/solid interface, i.e., the phase change, the

total enthalpy H is represented by a sum of sensible heat h and latent heat content AH,
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i.e., H=h + AH [2,3]. The sensible heat h is expressed as h :IdeT- The latent heat

content AH is given as AH = f L, where L is the latent heat of fusion. The liquid fraction

fL is assumed to vary linearly with temperature [4]:

a for T>T,
T-T
fL:@H_iS for T,<T<T, (3.7)
ol —Ts
H for T=T

where Ty and Tg are the liquidus and solidus temperatures, respectively. After obtaining
the values of the sensible enthalpy, h, on the computational domain, temperature can be

expressed as:

h-H

Ersolid + e for h < Hmelt
C
O ps
Elm‘ ) +h_Hmelt - o+ h_Hmelt (T ) _T ) )
E solid C N solid H - H . liquid solid
T=0 =Toe +1 % (Tliquid - Tsolid) (3.8)
B for Hmelt < h < Hcal
0 h-H_
grliquid C = for h=H,,
pl

where Hpere 1s the total enthalpy at the liquidus temperature, C,s and Cp, are the specific
heats of solid and liquid, respectively. The specific heat, C,,, in the mushy zone was

calculated by:

C, =(C,+C,)/2 (3.9)

Hca 1s given as:

Hcal = Hmelt + Cpa X (Tliquid - Tsolid ) (310)
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3.1.2 Boundary Conditions

Because of the axisymmetric nature of spot welding, the governing equations can
be solved in a two-dimensional system. However, laser welding with a moving heat
source is also investigated here, which is a three-dimensional problem. So the same three-
dimensional heat transfer and fluid flow model is used in the calculation. Only half of the

workpiece is considered since the weld is symmetrical about the weld center line.

3.1.2.1 Top Surface

The weld top surface is assumed to be flat. The velocity boundary condition is

give as [5]:
ug = fl ﬂd_T
dz dT dx
W8 g dydT 1)
dz dT dy
w=0

where u, v and w are the velocity components along x, y and z directions, respectively,
dy . ) ) o )
aT is the temperature coefficient of surface tension. As shown in this equation, the u and

v velocities are determined from the Marangoni effect. The w velocity is equal to zero
since there is no flow of liquid metal perpendicular to the pool top surface.
The heat flux at the top surface is given as:

ka—T=fQ—?expE~f(X2—jyz)E~0£(T4 ~T)-h,(T-T,) (3.12)

0z T, I,

where Q is the laser power, N is the absorption coefficient, ry, is the beam radius, O is the
Stefan-Boltzmann constant, h. is the heat transfer coefficient, T, is the ambient
temperature, and f is the heat distribution factor. For laser welding, distribution factor f is
taken as 3.0 [6]. The first term on the right hand side is the heat input from the heat

source, which is assumed to have Gaussian distribution [7]. The second and third terms
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represent the heat loss by radiation and convection, respectively. The reported values of
the absorption coefficient vary significantly [8-9]. For example, Cremers, Lewis and
Korzekwa [8] indicated the absorption coefficient of Nd:YAG laser in 316 stainless steel
to be in the range of 0.21 to 0.62. The absorption coefficient has been related to the

substrate resistivity and the wavelength of the laser radiation by the following relation

[9]:

T)=0.365 -0.0667 0.006 3.13
ol o] on

where A is the wavelength, and o is the electrical resistivity of the materials.

3.1.2.2 Symmetric Surface

The boundary conditions are defined with zero flux across the symmetric surface

as:
du dw
_:07V:07_:0 314
%_O 3.15

3.1.2.3 Other Surfaces

On all other surfaces, temperatures are set at ambient temperature, and the

velocities are set to be zero.

3.1.3 Discretization of Governing Equations

The governing equations are discretized using the control volume method, where

a rectangular computational domain is divided into small rectangular control volumes. A
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scalar grid point is located at the center 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 are arranged on different grid points,
staggered with respect to scalar grid points. In other words, velocity components are
calculated for the points that lie on the faces of the control volumes. Thus, the control
volumes for scalars are different from those for the vectors. Discretized equations for a
variable are formulated by integrating the corresponding governing equation over the
three dimensional control volumes. The final discretized equation takes the following

form [1]:

a,Q, Za,Qp ta,Qy ta, @ ta Qs ta @ ta @, tar@p +S;AV  (3.16)

where subscript P represents a given grid point, while subscripts E, W, N, S, T and B
represent the east, west, north, south, top and bottom neighbors 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, a) and @ 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=S, +S;, (3.17)
The coefficient a, is defined as:
a, =a, +a, +a, +a +a, +a, +a, +S,AV (3.18)

The governing equations are 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 reference [1].
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3.1.4 Convergence Criteria

In the present model, two convergence criteria are used: residuals and heat

balance. The residuals for velocities and enthalpy are defined as:
Z (anb nb)+ ag(pg +SU AV
n — (pP
ap (3.19)

2

domain

domain

@ |

where subscript nb represents the neighbors of the given grid point P. The residual values
should be very small when a converged solution is obtained. In addition, the following
heat balance criterion for the convergence of the computed temperature profiles is also

checked:

net heat input |

0 = I (3.20)

total heat output + heat accumulati0n|
Upon convergence, heat balance ratio 6 should be very close to 1. In the present study,
the convergence criterion used is 0.999 < 06 < 1.001. More restrictive convergence
conditions do not change the final results while increasing the computational time

significantly.

3.1.5 Calculation of Thermal Cycles

After calculating the steady state temperature field, the weld thermal cycle at any

given location (x,y,z) is calculated as:

TS(ZZ,Y,Z)_TS(ZI,Y,Z)
Zz _Z1

T(x,y,zt,)= v(t, -t,)+T(x,y,2t,) (3.21)

where T(x,y, z,tz) and T(x,y, z,tl)are the temperatures at time t; and t;, respectively,

T,(,,y,2) and T,(Z,,y,z) are the steady-state temperatures at locations (,,y,z) and
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(Zl,y,z), respectively, V is the welding speed and (Z2 —Zl) is the length welded in time

(t2_tl)'

3.2 A Model for the Calculation of Vaporization

During laser welding, the peak temperature of the weld pool can exceed the
boiling point of the alloys [12-15]. As a result, the pressures at the weld pool surface are
higher than the ambient pressure, and the excess pressure provides a driving force for the
vapor to move away from the pool surface. In addition, the concentrations of alloying
elements at the pool surface are higher than those in the bulk shielding gas, and the
concentration gradient also provides a driving force for the vapor to move away from the
pool surface. In the model, the vapor flux of each vapor species is considered to be the

sum of two fluxes driven by pressure and concentration gradients.

3.2.1 Vaporization due to Concentration Gradient

On the weld pool surface, the concentrations of the alloying elements in the vapor

are higher than those in the bulk shielding gas. The diffusive vaporization flux of element

P°
Ty =K M - (3.22)
RT,

where Kg; is the mass transfer coefficient of element i between the weld pool surface and

1, J¢;, can be defined as:

the shielding gas. Its value is calculated from the graphical results of Schlunder and

Gniclinski [16] for a jet impinging on a flat surface and can be expressed by:

042 05 1y 0ss 95 O
K, =2¢ Re'D, E L Re g [0.483-0.108 - +7.71x10™ B 0 (3.23)
d B d d O g
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where M; is the molecular weight of the element 1, a; is the activity of element 1 in the
liquid metal, P/ is the equilibrium vapor pressure of element i over its pure liquid, R is
the gas constant, T; is the temperature on the weld pool surface and is obtained from the
transient heat transfer and fluid flow model, C; is the concentration of element i in the

shielding gas, Sc is the Schmidt number, Re is the Reynolds number at the nozzle exit, D;
is the average diffusivity of element i in the shielding gas, d is the diameter of the nozzle,

and r is the radial distance cross the weld pool surface.

3.2.2 Vaporization due to Pressure Gradient

During laser welding, the peak temperature reached on the weld pool surface
often exceeds the boiling point of the alloy. As a result, the vapor pressure on the weld
pool surface can be higher than the ambient pressure, and the excess pressure provides a
driving force for the vapor to move away from the surface. Therefore, the convective flux
of the vaporized elements as driven by the excess pressure is an important contributor to
the overall vaporization flux.

The velocity distribution functions of the vapor molecules, f, f, and f3, escaping
from the weld pool surface at various locations are shown schematically in Fig. 3.1. On
the weld pool surface, the molecules cannot travel in the negative direction, and, as a
consequence, the velocity distribution is half-Maxwellian. Close to the weld pool, there
exists a space of several molecular mean free paths length, known as the Knudsen layer,
at the outer edge of which the velocity distribution just reaches the equilibrium
distribution. A portion of the vaporized material condenses on the liquid surface. The rate

of condensation will be taken into account in the model.
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Fig. 3.1: A schematic diagram of the velocity distribution functions in the Knudsen layer
and in adjacent regions [17].
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The temperature Ty, density p,, pressure P, and the mean velocity u of the vapor

at the edge of the Knudsen layer can be related to temperature T}, density p; and pressure
P of the vapor on the liquid surface by treating the Knudsen layer as a gas dynamic
discontinuity. Anisimov and Rakhmatulina [18] and knight [19] derived expressions for
the vapor temperature, density, velocity and the extent of condensation across the
Knudsen layer by solving the equations of conservation of mass, momentum and

translational kinetic energy. The derived jump conditions across the Knudsen layer are

|
Lo 0@ -imf _ ¥ —lmp (3.24)
T, L t12 y, +120

U

1 2 m [ lT

! 2+—%m erfc(m)—— [1— JTme™ erfc ] 3.25
%“ 20 (m) 2T RIS
T O
—[®

B= é2m2 +1)-m nTl m* P1 ﬁ:‘ (3.26)
v D pv v

where m=u/,/2R T , R, =R/M_, R is the gas constant, M, is the average molecular

vov 2

given by:

OO

weight of the vapor, Y, is the ratio of specific heat of the vapor, which is treated as a
monatomic gas, erfc is the complimentary error function, and [3 is the condensation
factor. There are four unknowns in Equation 3.24 through 3.26, namely, Ty, py, B and m.
Therefore, an additional equation is required to obtain the unique values of these
variables. The necessary equation is obtained by applying the Rankine-Hugoniot relation

[20] to relate the pressure at the edge of the Knudsen layer to the ambient conditions:

%: +y,MP MI’+\/1+E\/—MI’§ (3.27)

where P, and P, are the pressures in front of and behind the wavefront, respectively, P, =

<O |:c
DI:I

Py, Ve 1s the ratio of specific heats for shielding gas, ' = \/ Y.R T, / \/y R, T, ,and M is

greg”?

the Mach number which is related to m by the relation [17]:
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m=M,| Y (3.28)
2
The Mach number M and the density p,, obtained by solving the above equations,
can be used to calculate the vaporization flux due to pressure gradient on the weld pool

surface corresponding to a local surface temperature T:

J,=p,MS (3.29)

where S is the speed of sound in the vapor at temperature T,. Since the rate of
vaporization of an alloying element is proportional to its partial pressure over the weld

pool, the vaporization flux of element i, J,;, due to pressure gradient can be given by [17]:

P’ M.
J.=a,———1] (3.30)
P Pl M P

v

3.2.3 Vaporization Rate and Composition Change

The total vaporization flux for element i is the sum of diffusion driven flux, J,

and pressure driven vapor flux, J,;, and can be given by:

=T+, (3.31)

The vaporization rate is obtained by integrating the vapor flux over the entire

weld pool surface. The vaporization rate of element i is given by:

G, :J;J'Jidxdy (3.32)

where s indicates the weld pool surface. The weight loss of element i can be calculated

by:

Am, = ZJ;IJ Atdxdy (3.33)
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where At is the time step. The initial weight percent of element i is chosen to be that of

the base metal, indicated by Wy;. The weight percent of element i, Wj, in the weld pool

can be calculated by:

W.

1

= VpW, —Am; x100%
Vp- iAmi (3.34)
where V is the volume of the weld pool, p is the density of the liquid metal, and the
variable n indicates the number of elements in the vapor. The final composition in the
weld pool is calculated by an iterative scheme. After each iteration, the composition of
alloying elements in the weld pool is updated. Using the new values of composition of
alloying elements, all calculations are repeated until the calculated composition in the
weld pool converges. The concentration change of element i reflects the difference of

final weight percent in the weld pool and weight percent of element i in the base metal:

AW, =W, - Wy, (3.35)

3.3 Modeling Procedure

To systematically simulate vaporization rate and composition change, the
mathematical models described in the previous sections need to be coupled. Fig. 3.2
shows the flow chart of the integration of these models. Starting from the calculation heat
transfer and fluid flow in the weld pool, the temperature and velocity fields and the weld
thermal cycles can be obtained. From the calculated temperature fields, the vaporization

rate and composition change can be computed.
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Fig. 3.2: Flow chart of the comprehensive model.
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To check the capability of the mathematical models, in later chapters, these

models will be applied to predict the weld pool geometry, vapor composition, weld pool

composition change, and mass loss caused by vaporization under different welding

conditions. The predicted results will be compared with the corresponding experimental

results.
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Chapter 4

HEAT TRANSFER AND FLUID FLOW

In recent years, pulsed Nd:YAG lasers have been widely used for assembly and
closure of high reliability electrical and electronic packages for the telecommunications,
defense, aerospace and medical industries, where joining of smaller components is of
interest [1-3]. Most previous research on welding with very small length scale has
focused on welding methods, weld quality and weld properties [3-6]. However, very little
effort has been made to understand the physical processes. During laser welding with
small length scale, the interaction of the heat source and the material results in rapid
heating, melting and circulation of molten metal in the weld pool aided by surface tension
gradient and buoyancy forces. The resulting flow of liquid metal and heat transfer
determine the changes in temperature with time, i.e., the thermal cycles, and the resulting
structure and properties of the welds. The experimental measurements of the temperature
and velocity fields during laser welding are difficult because of the small size of the weld
pool, insufficient time for measurement, and high heating and cooling rates.

In recent decades, the application of numerical transport phenomena has resulted
in useful information about the thermal cycles and weld pool geometry in both linear and
spot welding. 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 [7,8], stainless steel [9-12], low alloy steel,
[13,14] aluminum alloys [15] and titanium alloys [16] under different welding conditions.
Calculations have been done for both moving and stationary heat sources and for laser
beam as well as arc welding. Computed temperatures have been used to understand the
evolution of phase composition [17-19], grain structure [16,20,21], inclusion structure
[14,22,23], and weld metal composition change owing to both the evaporation of alloying

elements [8,12,15] and the dissolution of gases [24,25]. However, most of these studies
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were concerned with relatively large welds. The heat transfer and fluid flow in the laser
welding with small length scale have not received much attention in the literature.

In this chapter, the heat transfer and fluid flow in linear and spot Nd:YAG laser
welding of 304 stainless steel with small length scale are simulated using a well tested,
three-dimensional, transient, numerical heat transfer and fluid flow model. The model is
applied to understand the evolution of the temperature field and the weld dimensions for
various laser welding conditions. Dimensional analysis is carried out to understand the
importance of the various driving forces for the liquid pool convection. Several important
solidification parameters, including solidification rate R and temperature gradient G at the
mushy zone/liquid front, are calculated. These parameters are useful for determining the
solidification morphology and the scale of the solidification substructure. The effects of
laser power, laser beam radius and welding speed on the heat transfer and fluid flow are
also analyzed. The temperature and velocity fields, weld pool geometry, weld thermal
cycle, temperature gradient, the solidification and cooling rates during spot and linear

laser welding are compared to better understand these processes.

4.1 Laser Spot Welding

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. Understanding the formation of non-equilibrium phases and
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solidification cracking based on fundamental principles requires knowledge of the
heating and cooling rates. In recent decades, numerical calculations of heat transfer and
fluid flow have been utilized to gain understanding in 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 time scale and length scale are
much larger than those for laser welds. The heat transfer and fluid flow for laser spot

welding will be discussed in this section.

4.1.1 Experimental Procedure

Multiple 304 stainless steel pulse Nd:YAG laser spot welds were produced at the
Sandia National Laboratories. The steel had the following composition: 1 wt% Mn, 18.1
wt% Cr, 8.6 wt% Ni, 0.012 wt% 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 J and 5.9 J, and
pulse durations of 3.0 ms and 4.0 ms. No temporal pulse shaping was employed. The
laser beam was focused inside the quartz tube with a 100 mm focal length lens. For each
combination of energy and duration, the laser beam was defocused to different extents 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 mm X 10 mm % 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 pm Kapton film using the method
described elsewhere [26]. Supplementary argon shielding of the 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 4.1.
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Table 4.1: The experimental conditions.

Material 304 stainless steel
Pulse energy 2.1,3.2,591]
Pulse power 0.53,1.0, 1.9 kW
Pulse duration 3.0,4.0 ms

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

4.1.2 Mathematical Modeling

As discussed in 3.1.2, the three-dimensional transient heat transfer and fluid flow
model was used to calculate the temperature and velocity field, weld pool geometry, weld
thermal cycle and some solidification parameters for laser spot welding. The liquid metal
was assumed to be an incompressible Newtonian fluid. A very fine grid system and small
time step were used to improve the computation accuracy. A typical grid system used
contained 83 x 45 x 60 grid points, and the corresponding computational domain had
dimensions of 30 mm in length, 15 mm in width and 15 mm 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, 17 and 10 U m, 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.

The data used for calculations [26-30] are presented in Table 4.2.
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Table 4.2: Data used for calculations [26-30].

Property/Parameter Value
Density of liquid metal (kg/m’) 7.2 %10’
Absorption coefficient 0.27
Effective viscosity (kg/m-sec) 0.1
Solidus temperature (K) 1697
Liquidus temperature (K) 1727
Enthalpy of solid at melting point (J/kg) 1.20 x 10°
Enthalpy of liquid at melting point (J/kg) 1.26 x 10°
Specific heat of solid (J/kg-K) 711.8
Specific heat of liquid (J/kg-K) 837.4
Thermal conductivity of solid (J/m-sec-K) 19.26
Effective thermal conductivity of liquid (J/m-sec-K) 209.3
Temperature coefficient of surface tension (N/m-K) -0.43 x 10°
Coefficient of thermal expansion 1.96 x 107

4.1.3 Results and Discussion

4.1.3.1 Comparison between Calculated and Experimental Results

The comparison between the measured and calculated geometry of weld pool
cross sections is shown in Fig. 4.1. It is observed that the calculated weld pool geometry
and dimensions agree well with the experimental results. Both the experimental and the
measured weld pool geometries 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
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coefficient of surface tension is negative, the molten metal on the surface flows from the
center 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 agree
well with the corresponding calculated values as shown in Fig. 4.2. The fair agreement

indicates validity of the transient heat transfer and fluid flow model.

4.1.3.2 Temperature and Velocity Fields

Figs. 4.3(a)-(e) show the computed temperature and velocity fields as a function
of time. The contour values in the figures represent temperatures in K. In the initial
period, the weld pool expands rapidly in size and the temperatures and velocities increase
with time. At the end of the pulse, the peak temperature drops and the weld pool shrinks
rapidly, as shown in Figs. 4.3(d) and 4.3(e). The liquid flow during heating is mainly
driven by the force of surface tension and to a much less extent by the buoyancy force.
This matter will be discussed more fully using dimensionless numbers in later sections.
The calculations 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 cm/s 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 Figs. 4.3(a)-(c). At the end of the pulse, the size of the mushy zone
increases significantly as can be observed from Figs. 4.3(d) and 4.3(e). The evolution of

the mushy zone during laser spot welding is discussed in detail in a later section.
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Fig. 4.1: Experimental and calculated weld pool cross sections for laser power of 1067 W
and pulse duration of 3 ms. (a) beam radius: 0.428 mm; (b) beam radius: 0.57 mm. Data
used in calculation are shown in Table 4.2.
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parameters are shown in Table 4.1. Data used in calculation are shown in Table 4.2.
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1500 mm/s

Fig. 4.3: Computed temperature and velocity fields at different times: (a) t =1 ms, (b) t=
3ms, (c)t=4ms, (d) t=4.5 ms and (e) t = 5 ms. Laser power: 530 W, pulse duration:
4.0 ms, and beam radius: 0.159 mm. Data used in calculation are shown in Table 4.2.
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4.1.3.3 Weld Thermal Cycle

Fig. 4.4 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
center but at 0°, 45° and 90° planes, respectively. Similarly, monitoring locations 5, 6 and
7 are at 0.2 mm from the weld center 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 thermal cycle
curves indicating a 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.

From Fig. 4.4, it can also be seen that the thermal cycles at locations equidistant
from the weld center show considerable variation. At the top surface, i.e., the x-y plane,
the shape of the weld pool is close to a circle. As a result, the temperatures at different
locations equidistant to the weld center 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 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 equidistant
from the weld center, the higher the average temperature gradient, the lower the
temperature. Therefore, at these locations, 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 Zhang

et al. [31] while studying GTA spot welding.
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Fig. 4.4: Weld thermal cycles at different locations: (a) top surface; (b) cross section.
Distance from the weld center: 1: 0.0 mm; 2: 0.1 mm at 0°; 3: 0.1 mm at 45°; 4: 0.1 mm
at 90°; 5: 0.2 mm 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 indicate solidus temperature.

Laser power: 530 W, pulse duration: 4.0 ms, and beam radius: 0.159 mm. Data used in
calculation are shown in Table 4.2.
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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. In
the range of 1073 K to 773 K (800 °C to 500 °C), the cooling rate is almost independent
of position, which is due to nearly constant outward heat loss from all locations of the
weld. Thus in steels, where much of the final microstructure is determined by the cooling
rate through this temperature range, the spatial variation of microstructures is expected to
be small. However, there are certain alloys whose microstructures are highly sensitive to
cooling rates [13]. In such cases, the spatial variation of cooling rates should be

considered carefully.

4.1.3.4 Role of Convection from Dimensionless Numbers

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 the Peclet number, Pe, which is defined in
Equation 2.11. When Pe is much smaller than one, the heat 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 the Peclet number is a
function of time since both u and Lr depend on time. Fig. 4.5 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 the 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.
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Fig. 4.5: The variation of maximum Peclet number with time. Laser power: 530 W, pulse

duration: 4.0 ms, and beam radius: 0.159 mm. Data used in calculation are shown in
Table 4.2.
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2) Relative importance of different driving forces
The driving forces for the liquid flow in the weld pool considered in present study
include surface tension gradient and buoyancy force. As discussed in Chapter 2, the
relative importance of these driving forces can be estimated using several dimensionless
numbers defined in Equation 2.8 to 2.10. Using the physical properties listed in Table 4.2
and the experimental conditions of Fig. 4.3, the calculated dimensionless number at t = 4
ms (i.e., just before the laser is switched off) are listed in Table 4.3. It can be expected
that the liquid flow is mainly driven by Marangoni convection and to a much less extent

by the buoyancy force.

Table 4.3: Dimensionless numbers calculated in the weld pool just before the laser is
switched off.

Dimensionless number Description Value
Gr Ratio of buoyancy to viscous force 3.7%10*
Ma Ratio of surface tension to viscous force 111.0
Ryp Ratio of surface tension to buoyancy force 3.0x10°

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 Equation 2.12. The
maximum liquid velocity in the weld pool estimated using Equation 2.12 is found to be
84.1 cm/s. This value is in good agreement with that calculated using the transient three-
dimensional heat transfer and fluid flow model, where the maximum velocity at t =4 ms
was found to be about 95 cm/s.

The foregoing dimensional analysis provides insights about the weld pool
development during laser 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.
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4.1.3.5 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 a 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 [32]. In this
study, in order to simplify the calculations, no undercooling is considered. The
solidification parameters are calculated by considering only the heat transfer and fluid
flow in the weld pool. In other words, the equilibrium liquidus isotherm is assumed to
represent the liquid/mushy zone boundary, while the equilibrium solidus isotherm is
assumed to be the mushy zone/solid boundary. So the calculations underpredicted the
mushy zone size.

The evolution of mushy zone size during the laser spot welding is shown in
Fig. 4.6. During heating, the liquidus and solidus isotherms are very close and the
resulting size of the 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.
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Fig. 4.6: Evolution of the mushy zone size during laser spot welding. The symbols Dy
and Dg are the distances from the weld center 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. Data used in
calculation are shown in Table 4.2.
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The initial expansion of 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
Fig. 4.7. As shown in this figure, the pure liquid region disappears 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 [33].

Fig. 4.8 shows the distances of the mushy zone/liquid interface from the weld
center 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 weld center
at 0° and 90° planes. It is observed that for case A, Dy and Dy, are very close to each
other, while for case B, Dy is twice that of Dgy due to the use of a 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. Figs.4.9 and 4.10 show the four important parameters of
solidification, temperature gradient (G), solidification rate (R) and their combinations GR
and G/R as functions of the time at the 0° and 90° planes for cases A and B, respectively.
The temperature gradients, Gy and Ggo, are evaluated in the mushy zone at the mushy
zone/liquid interface. The figures show that Gy 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 [31]:
dr _ kG -k, G,
dt f,L

R = (4.1)
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Fig. 4.7: 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. Data used in
calculation are shown in Table 4.2.
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where Gg and Gp are the temperature gradients in mushy zone and liquid at the mushy
zone/liquid interface, respectively, ks and ki are the thermal conductivities in the solid
and the liquid, respectively, and f is the liquid fraction. As shown in Fig. 4.7, Gr, drops
more rapidly than Gg during solidification. Furthermore, f; decreases with time as the
solidification progresses. As a result, the solidification rate increases with time, which is
indicated in Figs. 4.9(b) and 4.10(b).

The solidification rate, R, and temperature gradient, G, are important in the
combined forms G/R and GR (cooling rate). As shown in Figs. 4.9(c) and 4.10(c), the
solidification parameter G/R decreases with time, since G decreases while R increases
with time. From Fig 4.10(c), the maximum value of G/R is about 180 K-s/mm? at the 90°
plane.

Using the solidification parameter G/R, the solidification front stability could be
determined. The criterion for constitutional supercooling for plane front instability is

given as [34]:

G/R<AT,/D, (4.2)

where ATy is the equilibrium solidification temperature range at a given composition, and
D is the solute diffusion coefficient in liquid. For 304 stainless steel, AT is equal to 30
K. Dy is taken as the diffusion coefficient of chromium in pure liquid iron. In general, the
diffusion coefficients of different elements in liquid are almost all approximately the
same order of magnitude, 10°-102 mm?/s [35]. Thus, the value of AT/Dy is from 3 x 10°
to 3 x 10* K-s/mm”. Therefore, the plane front is unstable.

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 and then, to cellular grains [36]. As the
solidification progresses from the mushy zone/liquid front to the weld center, the mushy
zone/liquid interface has the maximum temperature gradient and minimum solidification
growth rate. While for the weld center, 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 center. As a result, we may expect a
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cellular type of microstructure close to the fusion line, an equiaxed-dendritic
microstructure at the pool center, and a cellular-dendritic microstructure between these
two regions.

The solidification parameter GR 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
Figs. 4.9(d) and 4.10(d).

From Figs. 4.9 and 4.10, 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 using weld pool geometry. From Fig. 4.8, Dy is very close to Dy, for case A,
while for case B, Dy is much larger than Dyy. In other words, the weld pool cross section
for case A (Fig.4.9) 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
(Fig. 4.10), there are significant differences in the values of these four parameters
between 0° and 90° planes. As discussed before, the value of the average temperature
gradient at the 90° location is higher than that at the 0° plane, while the solidification rate
along the 90° plane is lower than that at the 0° plane because of lower rate of the change
of Dy with time.

It should be noted that the calculated solidification parameters have not been
validated by comparison 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 is the examination of the results of the transient
heat transfer and fluid flow model. Furthermore, the solidification process investigated in
the present 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.
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4.1.3.6 Comparison of Laser Spot Welding with GTA Spot and Linear
Weldings

Laser spot welding is characterized by a much shorter time span than the GTA
spot welding or GTA linear welding. As 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 4.4. 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 4.4
indicate that during laser spot welding, the maximum temperature gradient in the weld
pool can reach up to 3050 K/mm and the maximum solidification rate can be as high as
920 mm/s. For a typical GTA spot welding of 1005 steel, the maximum temperature
gradient and solidification rate in the weld pool are about 430 K/mm and 30 mm/s,
respectively. More important, the cooling rate in the laser spot welding is significantly
higher than in the GTA welding. Therefore, it is possible to obtain 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 4.4 depend strongly on the

welding parameters.
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Table 4.4: Comparison of laser spot welding variables with GTA linear welding [37] and
GTA spot welding [31].

GTA linear GTA spot Laser spot
welding welding welding
' AISI 1005 AISI 1005 304 stainless
Materials carbon carbon
steel
manganese steel manganese steel

Power (kW) 1.9 1.9 1.9
Beam radius (mm) 2.35 2.35 0.57
Pulse duration / welding velocity =
velocity 0.6 mm/s 165 3 ms
Peak temperature (K) 2000 2100 2700
Depth (mm) 1.85 1.8 0.22
Half-width (mm) 4.41 43 0.48
Cooling rate between 773 40 250 41,380

K and 1073 K (K/s)
Maximum temperature
gradient at the top 120 430 3050
surface (K/mm)

Maximum solidification

rate at the top surface 0.6 30 920
(mm/s)

4.2 Laser Linear Welding

4.2.1 Temperature and Velocity Fields

Fig. 4.11 shows the computed three dimensional temperature and velocity fields
for a typical linear YAG laser welding of 304 stainless steel with small length scale. The
temperature and velocity of liquid metal are indicated by the contour lines and the black

arrows, respectively. Since the temperature coefficient of surface tension dy/dT is
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negative, the molten metal on the surface flows from the middle to the periphery of the
liquid pool. As a result, convection aids in the transport of heat in the weld pool. The
calculated maximum temperature and liquid velocity along the y-direction in the weld
pool are 2119 K and 440 mm/s, respectively.

The calculated liquid metal velocity, weld pool radius and Peclet number for
different laser powers are presented in Fig. 4.12. Both the velocity of the liquid metal and
the weld pool radius increase with the laser power. As a result, the increased laser power
results in a higher Peclet number. From the value of Pe shown in Fig. 4.12, it is observed
that convective heat transfer plays an important role in the transport of heat in the weld
pool under most conditions. The small characteristic length for laser linear welding limits
the liquid flow to a certain extent. However, convection is still an important mechanism
of heat transfer in the weld pool because the Peclet number is still much higher than
unity.

Taking into account the welding conditions considered in Fig. 4.11, the ratio of
surface tension force to buoyancy force is 3.84 x 10°. Therefore, the liquid flow for laser
linear welding is driven mainly by Marangoni convection and, to a much lesser extent, by

the buoyancy force.
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Fig. 4.11: Calculated temperature and velocity fields in three dimensions in a 304
stainless steel sample. Laser power: 100 W, beam radius: 100 um, and welding speed: 1
mm/s. Data used in calculation are shown in Table 4.2.
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Fig. 4.12: Calculated values of maximum liquid velocity along the y-direction, weld pool
half-width and Peclet number for different laser powers during welding of a 304 stainless
steel sample. Beam radius: 100 pm, and welding speed: 1 mm/s. Data used in calculation
are shown in Table 4.2.
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Fig. 413 shows the computed peak temperature profiles for different
combinations of laser power up to about 600 W and beam radius in the range of 50 to 150
pMm. For laser welding with very small length scale, the peak temperature must remain
between the melting and boiling points of the material being welded. The boiling point,
defined as the temperature at which the sum total of the equilibrium partial pressures of
all the constituent alloying elements equals 1 atmosphere, is viewed as the maximum
permissible weld pool temperature. This upper limit of peak temperature avoids
formation of a keyhole and severe metal loss by vaporization and particle ejection that
can contaminate the welding environment with metal vapors and ejected metal particles.
In large welds where contamination of the weldment by the metal vapors and particles is
often not a major issue, a keyhole is often deliberately formed to achieve deep
penetration welds in thick plates. In contrast, an important requirement in laser welds
with small length scale is to keep the parts free of contamination and a large depth of
penetration may not be needed, since fairly thin parts are joined. The computed results in
Fig. 4.13(a) show that the practical range of laser power for laser welding with small
length scale becomes rather narrow when a smaller beam radius is selected. This behavior
is consistent with the increase in power density due to reduction in beam radius resulting

in rapid rise of the peak temperature to the boiling point of the alloy.
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viewed. Welding speed: 1 mm/s. Data used in calculation are shown in Table 4.2.
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The computed depth and half-width of the weld pool under various combinations

of laser power and spot size are shown in Figs. 4.13(b) and 4.13(c), respectively. These
results provide a useful link between the welding variables and the weld geometry. For
example, for a laser beam radius of 100 pm, a laser power of 25 W is required for the
liquid pool to form. At this power, the half-width and depth of the weld pool are both
very small, only 29 and 5 pm, respectively. On the other hand, the peak temperature
attains its upper limit, i.e., the boiling point of 304 stainless steel, at a laser power of 321
W for the same beam radius. The corresponding half-width and depth of the weld pool
are much larger: 517 and 406 pm, respectively. The computed results in Fig. 4.13 provide
guidance as to how the depth and width of the weld pool can vary during laser linear
welding as a function of beam radius and the laser power. An important feature of the
results in Fig. 4.13 is that a particular weld attribute, such as the peak temperature or
weld penetration, can be achieved by multiple combinations of welding variables. The
existence of multiple paths to attain a desired weld attribute demonstrates the flexibility

of the laser linear welding process.

4.2.2 Weld Thermal Cycle

Fig. 4.14 shows the computed thermal cycles at different monitoring locations for
a linear laser welding. At locations equidistant from the beam axis, the temperatures are
higher along the y-direction (perpendicular to the welding direction) than those along the
vertical z-direction. This behavior originates from the specific weld pool geometry that
results from the surface tension driven flow. In other words, the temperature gradient
along the z-direction is higher than that along the y-direction because of the wide and
shallow weld pool. From Fig. 4.14, it can also be seen that during both the heating and
the cooling periods, there are inflection points at liquidus temperature in the thermal
cycle curve. This feature results from the differences in the enthalpies of the solid and the

liquid metals.
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Fig. 4.14: Calculated thermal cycles at different locations in a 304 stainless steel sample.
Distances from weld centerline: 1: y=0 pm,z=0 pm; 2: y =100 pm, z =0 pm; 3: y =
0 pm, z =100 pm; 4: y =200 pm, z =0 pm; 5: y =0 pm, z = 200 pm; 6: y = 300 um, z =
0 pm; 7: y =0 pm, z = 300 um. Laser power: 100 W, beam radius: 100 pm, and welding
speed: 1 mm/s. Data used in calculation are shown in Table 4.2.
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The variations of the computed peak temperature, maximum velocity of liquid

metal and weld pool size with laser beam radius are shown in Figs. 4.15 and 4.16. At a
constant laser power, smaller laser beam size results in higher peak temperatures, liquid
metal velocities and weld pool depths due to higher laser power density. On the other
hand, the weld pool width does not change monotonically with laser beam radius.
Fig. 4.16 shows that the weld pool width increases first and then decreases with the
increase of laser beam radius. When the power density is high enough to melt the areas
right below the laser beam, the weld pool width increases with beam radius. However, as
the beam radius increases, the laser power density decreases to a value that is insufficient
to melt the entire area under the beam and, as a consequence, the weld pool width
decreases. For the conditions assumed in Fig. 4.16, the critical laser beam radius is 205

pMm. The liquid pool width begins to decrease when the spot size changes from this value.
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Fig. 4.15: Effects of laser beam size on the temperature and maximum liquid velocity
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W, welding speed: 1 mm/s. Data used in calculation are shown in Table 4.2.
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4.2.3 Solidification

Since the shape of the weld pool remains constant at steady state during laser
linear welding, the solidification rate varies with position along the fusion boundary. This
point is illustrated in Fig. 4.17, which shows that the direction of movement of the
solidification front is along the maximum thermal gradient normal to the solid/liquid
interface. Therefore, the steady state solidification rate, R, is related to the welding speed

as:

R =Vcosa (4.3)

where a is the angle between the normal to the solid/liquid interface and the welding
direction, and V is the welding speed. The solidification rate is lowest at the edge of the
weld pool (0 - 90°, cos o — 0°), indicated by point B in Fig. 4.17. The solidification
rate is the highest at point A on the weld center line because the interface normal has the
same direction as the welding direction. The solidification rate decreases from point A to

point B along the fusion boundary.
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Fig. 4.17: Calculated values of (a) G and (b) G/R at the weld center line at different net
heat inputs in a 304 stainless steel sample. Laser power: 100 W, beam radius: 100 pm.

The net heat input variation was obtained by varying welding speed while keeping the
laser power constant.
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The temperature gradient and the solidification rate are important in the combined

forms G/R and GR as they influence the solidification morphology and the scale of the
solidification substructure, respectively. As the value of G/R increases, the interface
morphology changes from equiaxed-dendritic to cellular-dendritic and then, to cellular
grains [38]. Often the value of G/R close to the fusion line is large enough to facilitate
cellular solidification. As the temperature gradient in the weld pool decreases with
distance from the fusion boundary, the solidification microstructure may vary spatially.
For example, in some cases, an equiaxed-dendritic microstructure at the weld pool center
and a cellular-dendritic microstructure between fusion boundary and weld center line
may be obtained. Fig. 4.17 shows the temperature gradient G and G/R at the weld center
line for different net heat inputs that were simulated by varying the welding speed while
keeping the laser power constant. The net heat input, H,, is defined as the amount of heat
absorbed per unit length of weld from a traveling heat source, i.e., the ratio of the

absorbed power and the welding speed [39]:

n

=nQ
H, =5 (4.4)

where N is laser absorption coefficient, Q is the laser power, and V is the welding speed.
In Fig. 4.17, higher values of H,, were obtained by decreasing the welding speed from 2.5
to 0.5 mm/s for a 100 W laser beam. It is shown that with the increase in net heat input,
the temperature gradient decreases, and the value of G/R at the weld center line increases.
Thus, the solidification structure of the fusion zone is affected by the net heat input.

The cooling rate significantly affects the structure and properties of the welds.
The weld cooling rates in laser welding are typically high, often in the range of 10* to 10°
°C/s, whereas the cooling rates in GTA spot welding can reach a maximum of about 10
°C/s [40]. Cooling rates in welding are often compared by calculating the time taken for
cooling from 800 to 500 °C, Atss. The austenite to ferrite phase transformation takes
place in this temperature range in plain carbon steels. Although less significant for other
alloys, Atg s gives a convenient parameter to compare cooling times. For linear welds, Ats.
s 1s calculated by dividing the x-distance between contour lines of 1073 K and 773 K by

the welding speed, as shown in Fig. 4.18. The computed results show that Atg s increases
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linearly with net heat input. This trend is qualitatively consistent with the following
expression for Atg s derived by considering heat conduction from a point heat source in a

thick plate [41] and ignoring convective heat transfer:

_nQ/v
tg—s -
2TkO,

(4.5)

where k is the thermal conductivity of materials, O, is defined as

S 4

o, H73-T, 1073-T,

where Ty is the initial temperature prior to welding in K. It should be noted here that
Bhadeshia et al. [42] found that the magnitude of the cooling rates computed by using the
heat conduction model are not reliable. So, here only the effects of variation of different
welding parameters on the cooling time are compared.

Fig. 4.19 shows the computed cooling rate from the heat transfer and fluid flow
model as a function of welding speed for linear laser welding. As expected, the cooling
rate increases with welding speed, with all other variables kept constant. It should be
noted that because both the cooling rate, GR, and the solidification rate, R, decrease with
net heat input, the variation of temperature gradient, G, with net heat input is not
monotonous. Depending on how the cooling rate and solidification rate change with net
heat input, the value of the temperature gradient can either increase or decrease. The
results shown in Fig. 4.17(a) indicate that the temperature gradient decreases with net

heat input under the welding conditions selected in this study.
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Fig. 4.18: Calculated cooling time from 800 to 500 °C at weld center line at different net
heat inputs in a 304 stainless steel sample. Laser power: 100 W, beam radius: 100 pm.
Data used in calculation are shown in Table 4.2.
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Fig. 4.19: Average cooling rate from 800 to 500 °C at weld center line as a function of
welding speed in a 304 stainless steel sample. Laser power: 100 W, beam radius: 100 pm.
Data used in calculation are shown in Table 4.2.
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The computed solidification parameters for linear laser and spot laser welding

with small length scale are shown in Table 4.5. The temperature gradient, solidification
rate and G/R for spot welding are those along the mushy zone/liquid interface at the top
surface when the solidification starts. It can be observed that the solidification rate and
cooling rate in the temperature range from 1073 to 773 K for laser spot welding are much
higher than those in linear laser welding due to extinction of the laser heat source when

the solidification starts.

Table 4.5: Comparison of the solidification parameters in linear and spot laser welding of
a 304 stainless steel sample with small length scale. Laser power: 100 W and laser beam
radius: 100 pm.

Laser linear Laser spot welding

welding
Welding speed / Pulse ~ Welding speed: Pulse duration

duration 1 mm/s 1 ms 5 ms 10 ms
Temperature gradient G 1.10 2.94 248 220
(K/pm)
Solidification rate R 1 34.0 273 21.0
(Mm/ms)
G/R (K-ms/Hm?) 1.10 0.086 0.091 0.105
Cooling rate from 1073 1.90 448 159 104

to 773 K (K/ms)

The solidification process investigated here has considered only the transport of
heat. An accurate prediction of the weld pool solidification will require consideration of
both the thermodynamics and kinetics of solidification. Nonetheless, the model presented
here allows the calculation of acceptable range of welding variables such as laser power
and beam diameter to attain a target weld geometry. In addition, the model can be used as
a tool to seek small length scale laser welding conditions necessary to achieve an

appropriate cooling rate and a target microstructure.
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4.3 Summary and Conclusions

The temperature and velocity fields, weld thermal cycles, weld pool size and
several solidification parameters during laser linear and spot welding of 304 stainless
steel with small length scale were simulated using a comprehensive three dimensional
heat transfer and fluid flow model. The following are the major conclusions:

(1) Dimensional analysis shows that the liquid metal convection continues to be
an important mechanism for heat transfer within the weld pool, as the scale of the weld is
reduced in linear and spot laser welding operations in comparison with conventional
welds. Even with relatively small dimensions of laser welds, the Peclet number was
found to be large enough for Marangoni convection to be important in the heat transfer.

(2) The weld thermal cycles for linear and spot laser welding show significantly
different features. For linear welding, the heating rate initially increases with time, and
the temperature reaches its peak value when the laser beam reaches directly above the
monitoring location. For laser spot welding, the heating rate is very high at the beginning
and then decreases gradually with increase in temperature until the laser is switched off.

(3) The practical working range of laser powers that can be used for laser welding
becomes restricted as the spot size is reduced. For a given spot size, the upper and lower
limits of laser powers are characterized by the peak temperature values of the boiling
point and melting points of the 304 stainless steel, respectively. This range ensures
welding with small length scale without contamination by metal vapor and liquid metal
particles. Compared with larger welds, the allowable range of laser power for laser
welding with small length scale is much narrower if keyhole behavior is to be avoided.

(4) A desired weld attribute such as the peak temperature or weld penetration may
be obtained through various combinations of welding variables such as laser power and
beam radius. The existence of multiple paths to attain a given weld attribute indicates the
flexibility of the laser welding process with small length scale.

(5) For laser linear welding, the values of G/R along the mushy zone/liquid
interface are shown to increase with the increase in net heat input. The average cooling

rate from 800 to 500 °C is directly proportional to the welding speed when the laser
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power and laser beam size are constant. For laser spot welding, 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. The temperature gradient decreases and the solidification rate increases

with the progress of solidification. The temperature gradient and average cooling rate

between 800 and 500 °C for typical laser spot welding are much higher than those in

typical linear laser welding with small length scale.
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Chapter 5

PROBING TEMPERATURE DURING LASER SPOT WELDING
FROM VAPOR COMPOSITION AND MODELING

Laser spot welding is characterized by a highly transient nature and a very short
process duration. The welding is often completed in a few milliseconds and the heating
and cooling rates attained are many times higher than those typical in steady-state linear
laser welding processes. Knowledge of temperature and velocity fields, solidification rate
and thermal cycle are important to determine the geometry, composition, structure and
the resulting properties of the spot welds. Experimental measurements of temperature and
velocity fields during laser spot welding are difficult because of the insufficient time for
measurement and the highly transient nature of the welding process. In addition, the weld
pool is often covered by a metal vapor plume. Because of these difficulties, no generally
available technique has been developed to date to measure temperature and velocity
fields in the weld pool during laser spot welding.

During high energy laser beam welding of important engineering alloys, the metal
in the weld pool can be heated to very high temperatures, and significant vaporization of
volatile alloying elements often takes place from the weld pool surface [1-11]. The loss
of alloying elements can result in significant changes in the microstructure and
degradation of mechanical properties of weldments. During welding of stainless steels,
the main constituents of the metal vapor are iron, manganese, chromium and nickel [8-
11]. In high manganese stainless steels, such as AISI 201, iron and manganese are the
prominent vapor species in the welding environment. In order to minimize the mass loss
during high power laser welding, it is necessary to quantitatively understand the role of
various factors that affect the alloying element vaporization. The most important factors
in determining the rate of vaporization of different elements are the temperature

distribution on the surface and the weld metal chemical composition.
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During laser welding, a strong spatial gradient of temperature exists on the weld
pool surface. The resulting gradient of surface tension is the main driving force for the
strong recirculating flow of molten metal in the weld pool [12-14]. In addition, the
buoyancy force resulting from the spatial variation of density also contributes to the
motion of the weld pool, although to a much lesser extent than the surface tension
gradient. Because of the strong recirculating flow, the weld pool can be reasonably
assumed to be well mixed and compositionally homogeneous. For a weld pool of known
composition, the vaporization rates of various alloying elements are strongly affected by
the surface temperatures. Since the middle region of the weld pool surface is at a much
higher temperature than the periphery, it is fair to expect that much of the vaporized
species originate from the middle of the weld pool surface. Since the relative rates of
vaporization of two alloying elements are determined by the local temperature, the
measured vapor composition can provide a rough idea of the peak temperature at the
weld pool surface.

In this chapter, recent theoretical and experimental research to estimate weld pool
temperatures are described. A transient, three-dimensional numerical heat transfer and
fluid flow model has been used to calculate the temperature fields in the weld pool.
Composition of the metal vapor from the weld pool has been determined by condensing a
portion of the vapor on the inner surface of a both-end-open quartz tube which was
mounted perpendicular to the sample surface and co-axial with the laser beam. The vapor
composition was used to determine an effective temperature of the weld pool for various
welding conditions. This technique has been shown to be a useful method to determine
rough values of peak temperature during laser spot welding. No other reliable method for
the estimation of peak temperature during laser spot welding has emerged so far because

of the very short duration and highly transient nature of the laser spot welding process.

5.1 Experimental Procedure

Several 304 stainless steel laser spot welds were fabricated at the Sandia National

Laboratories. The alloy composition was: 1 wt% Mn, 18.1 wt% Cr, 8.6 wt% Ni, 0.69
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wt% Si, 0.046 wt% C, 0.012 wt% P, 0.003 wt% S, and balance Fe. A schematic diagram
of the experimental set-up is presented in Fig. 5.1. During laser spot welding, a
cylindrical 6 mm inner diameter by 25 mm long, open-ended quartz tube was placed co-
axial to the laser beam and right above the 304 stainless steel samples. The vaporized
elements were collected as condensation on the interior surface of the tube. A Raytheon
SS 525 pulsed Nd:YAG laser was used for laser spot welding with pulse energies of 2.12
J and 3.19 J and pulse durations of 4.0 ms and 3.0 ms, respectively. The laser beam was
focused inside the quartz tube with a 100 mm focal length lens. For each combination of
energy and duration, the laser beam was defocused to different extents to obtain various
spot diameters and power densities. To increase the amount of vapor condensate
collected, 50 individual spot welds were made on each of the 3 by 10 by 17 mm samples.
The spot welds were made in ambient air since it was impractical to provide inert gas
shielding inside the quartz tube for each spot weld. The experimental parameters are

indicated in Table 5.1.

Table 5.1: Welding parameters.

Sample Pulse energy Beam radius ~ Power density Pulse
number ) (mm) (W/mm?) duration (ms)
E 2.12 0.289 2020 4
B/F 2.12 0.247 2765 4
C 2.12 0.227 3274 4
D 2.12 0.171 5769 4
G 3.19 0.326 3185 3
A 3.19 0.28 4317 3
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Fig. 5.1: A schematic diagram of the experimental setup.
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The quartz tube samples were examined using the JEOL 8600 Electron
Microprobe X-ray Analyzer to determine the vapor composition. The evaporation
products had the consistency of fine dust. The quartz tubes were broken, and a suitable
fragment from each experiment was mounted to expose the deposit. Due to the geometry
of the samples and their highly porous nature, the probe was not operated in an automated
mode. Instead, a series of spot measurements of the K-values (count rate ratios of
unknown to standards) were made on each sample. The K-value measurements were

converted to approximate oxide ratios and averaged together for each sample.

5.2 Results and Discussion

The local evaporation flux of an alloying element based on the Langmuir equation

is expressed as [15]:

= —— (5.1)

where 0 is a positive constant with a maximum value of 1 that accounts for the inevitable
condensation of a portion of the vaporized atoms on the surface at pressures higher than
perfect vacuum, and P; is the partial pressure of i over the alloy. The meanings of the
other parameters are the same as those in Equation 2.14. At pressures close to
atmospheric pressure, the value of o cannot be estimated from fundamental principles.
The lack of knowledge of O poses a problem in the application of the Langmuir equation
for quantitative calculation of the vaporization rates of individual alloying elements.
However, since the relative vaporization rates of any two alloying elements is
independent of o, the Langmuir equation can be used for predicting the relative

vaporization rates of various alloying elements:

J_P %E (5.2)
Jj J i

"U|"U
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The equilibrium partial pressure P; over the alloy depends upon the composition

and the temperature of the weld metal. The equilibrium vapor pressures of the alloying
elements over the respective pure liquids are presented in Table 5.2. In these equations,
the temperature is expressed in K. Assuming that the solution is ideal at high
temperatures, the equilibrium vapor pressures of the various species over the alloy can be

expressed as:

P, = X.P’ (5.3)

where X is the mole fraction of element i in the alloy, and P is the equilibrium vapor

pressure of element i over the pure liquid, which can be obtained from Table 5.2. The
vapor pressures of the alloying elements over pure liquids and over 304 stainless steel are
presented in Fig. 5.2. It can be seen from Fig. 5.2(a) that among the four alloying
elements, manganese has the highest vapor pressure over its pure liquid in the entire
temperature range studied. However, its vapor pressure over the alloy is lower than those
of iron and chromium, as observed from Fig. 5.2(b). This is because manganese only
accounts for 1.0 wt % in 304 stainless steel while iron and chromium are present at 72.3
and 18.1 wt%, respectively. It can be seen from Fig. 5.2(b) that over liquid stainless steel,
iron is the dominant vaporizing species, followed by chromium and manganese. The
vapor pressure of nickel over the alloy is very low. Vapor pressures of all the alloying

elements are strong functions of temperature.
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Fig. 5.2: Equilibrium vapor pressures of the four alloying elements (a) over respective
pure liquids and (b) over 304 stainless steel at different temperatures. Data used are

indicated in Table 5.2 [16-19].
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Table 5.2: Vapor pressure of different elements as a function of temperature. The
temperature is expressed in K.

Elements The equilibrium vapor pressures over pure liquid (atm) Reference

. log(P® x760) =11.5549-1.9538x10* /T - 0.6254910gT 16
(
-2.7182x10° T +1.9086 10" T*

Mn log(P’ x1.013%10°) =-5.58x10*T -1.503%10™* /T +12.609 [17]

c log(P° x1.013%10°) =-13.505%10° / T +33.6581log T (18]
T
-9.29x107°T +8.381x107"T* —87.077

Ni log P’ = 6.666 -20765/T [19]

The extent of variation of the equilibrium partial pressures resulting from
temperature change is different for different elements. Since the vaporization flux of the
individual elements are proportional to their equilibrium partial pressures, the ratio of the
vaporization flux of any two elements can be a strong function of temperature.
Consequently, if the vapor composition, i.e., the ratio of the vaporization flux of any two
elements is known, the weld pool temperature can be determined. The experimentally
determined concentrations of iron, manganese and chromium in the vapor condensate as
a function of laser power density are shown in Figs. 5.3(a), (b) and (c), respectively.
Fig. 5.3(a) shows that as the power density increases, the concentration of Fe in the vapor
condensate also increases. This is because the slope of the vapor pressure versus
temperature plot for iron is steeper than those of the other alloying elements, as shown in
Fig. 5.2(b). For similar reasons, the concentration of chromium in the vapor condensate
increases slightly with power density. On the other hand, the concentration of manganese
decreases with power density. Again, the reason for this behavior can be traced to the
manner in which the equilibrium vapor pressure of manganese varies with temperature

relative to other alloying elements.
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Fig. 5.3: Measured weight percent of (a) Fe, (b) Mn and (c¢) Cr in vapor composition with
laser power density. The triangles represent the original data, and the circles show best
fit. Welding parameters are shown in Table 5.1.
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Using the vapor pressures of various alloying elements over liquid stainless steel
presented in Fig. 5.2(b), the values of Jg./Jyn and Jo/ Iy are calculated from Equation 5.2
as a function of temperature. The computed values are shown in Fig. 5.4. It is observed
that both the ratios of the vaporization fluxes depend strongly on temperature. So, if the
vapor composition is known, an effective temperature of the weld pool can be
determined. Using the experimentally determined vapor composition data presented in
Figs. 5.3(a), (b) and (c¢) and the Jpe/Jvn and Jo/Jvn versus temperature plots in Fig. 5.4,
effective weld pool temperatures can be determined for various power densities. The
results are shown in Fig. 5.5. It can be observed that the temperatures calculated from
Jre/Ivmn are in good agreement with those obtained from J¢/Jy, indicating that the
estimated effective temperatures are independent of the choice of element pairs.

What does the effective temperature mean? Let us consider a relatively simple
isothermal system where the vaporization of alloying elements occurs from the surface of
a stainless steel melt. The relative vaporization rates as a function of temperature would
be given by Fig.5.4. Since the vapor composition at the effective vaporization
temperature is the same as that obtained from the welding experiment, the effective
temperature can be defined as a temperature that results in the same vapor composition as
the welding experiment. During welding, the vapors originate from the entire weld pool
surface where there is a strong variation of temperature. Since the vaporization rate
increases strongly with temperature, most of the vapors originate from the middle of the
weld pool. Furthermore, the temperature profile changes with time. It is shown in Fig. 4.4
that for the conditions of the experiments described, the surface temperature change is
most pronounced in the first millisecond. The temperature change slows down
considerably after that time. As a result, most of the vapor comes from the later portion of
the thermal cycle when the temperature is fairly close to the value at the end of the pulse.
In short, since much of the vapor originates from the middle of the weld pool surface and
towards the end of the pulse, the effective temperature is expected to be fairly close to the

peak temperature.
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Fig. 5.5: Temperature values calculated from the ratio of vapor flux. The power density is

defined as the ratio of power and laser beam area. Welding parameters are shown in
Table 5.1.
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The experimental and calculated values of weld pool depth and width for various
laser power densities are presented in Fig. 5.6. The total power was kept constant at 1967
W, while the beam radius was varied to obtain different power densities. It can be seen
that the calculated weld pool depth and width show good agreement with the
experimental results at low power densities. However, at high power densities, there is
some difference between the calculated and the experimental values of the weld pool
depth. In order to understand the reason for the discrepancy, the experimental ratio of the
weld pool depth to half-width is presented in Fig. 5.7. It is observed that the ratio varied
between 0.4 to 0.7 at power densities below 3500 W/mm?, while this value increased to
over 1.0 at higher power densities. Weld pool depths higher than the half-width are often
obtained when the surface of the weld pool is significantly depressed from its nearly flat
position. Such depressions are common at high power densities because the high vapor
flux exerts significant recoil force on the weld pool surface. In extreme cases, when the
recoil force exceeds the surface tension force, fine metal droplets are ejected from the
weld pool. Significant loss of mass due to vaporization and metal particle ejection can
occur at high power densities, which will be discussed in the next two chapters. However,
the difference between the experimental and the computed values of weld pool depth at
power densities higher than 3500 W/mm® is consistent with the mass loss due to
vaporization and particle ejection. At lower power densities, experimentally measured
and computed values of weld pool depth and width agree better with the corresponding
measured values.

The variation of the peak temperature with power density, computed from
numerical heat transfer and fluid flow model, is shown in Fig. 5.8. The peak temperature
represents the highest values on the weld pool surface at the end of the pulse. It is also
observed from this figure that for the same power energy and same pulse duration, a
higher pulse density results in higher peak temperature. The comparison of peak
temperature calculated from the numerical heat transfer and fluid flow model with the
effective weld pool temperature estimated from the vapor composition is shown in

Table 5.3. It can be seen that the temperatures from the model are in fair agreement with
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the effective temperatures determined from the vapor composition. Thus, the vapor

composition can provide a useful estimate of the weld pool peak temperature.

Table 5.3: Temperatures calculated from vapor compositions and numerical model.

. Power Temperature (K)
S 1 Power Radius densit
ample~yy' (mm) e/ns1 Y Bytransient Bythevalue By the value
(Wmm?) " ol of Jre/Jntn of Jee/Inta
E 530 0.289 2020 2388 2625 2605
B/F 530 0.247 2765 2559 2800 2775
C 530 0.227 3274 2661 2900 2870
D 530 0.171 5769 3058 3265 3190
G 1063.3  0.326 3185 2888 2885 2855
A 1063.3 0.28 4317 3145 3075 3030
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and laser beam area. Laser power: 1967 W, and pulse duration: 3.0 ms. Data used in
calculation are shown in Table 4.2.
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5.3 Summary and Conclusions

Weld pool peak temperature during laser spot welding of 304 stainless steel has
been investigated experimentally and theoretically. Experimental work involved
determination of the composition of the metal vapor by condensing a portion of the vapor
on the inner surface of an open-ended quartz tube which was mounted perpendicular to
the sample surface and co-axial with the laser beam. Iron, chromium and manganese
were identified as the main metallic species in the vapor phase. Relative to the alloy
composition, the concentrations of Fe and Cr in the vapor increased slightly while the
concentration of Mn in the vapor decreased somewhat with the increase in power density.
The vapor composition was used to determine an effective temperature of the weld pool.
The effective temperature determined from the vapor composition was found to be close
to the numerically computed peak temperature at the weld pool surface using the three-
dimensional, transient, numerical model. Estimation of the approximate values of peak
temperature during laser spot welding by measuring vapor composition overcomes the

problems encountered in direct measurement of peak temperatures.
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Chapter 6

ALLOYING ELEMENT VAPORIZATION AND LIQUID METAL EXPULSION
DURING LASER SPOT WELDING

Joining of very small metallic components is often accomplished with short laser
pulses of only a few milliseconds duration. Laser spot welding is characterized by its
small length scale, fairly short duration, highly transient nature, and very high heating
and cooling rates. Because of the high power density used, the weld metal is rapidly
heated to very high temperatures and, as a consequence, significant vaporization of
volatile alloying elements often takes place from the weld pool surface [1-11]. If the weld
pool temperature is very high, the escaping vapor exerts a large recoil force on the weld
pool surface [11]. As a consequence, the molten metal may be expelled from the weld
pool. Vaporization and liquid metal expulsion [11-20] are the two main mechanisms of
material loss during laser microjoining. The loss of alloying elements can result in
significant changes in the microstructure and degradation of mechanical properties of
weldments [4-6]. In the electronics industry, where components are often processed in a
clean room environment, discharge of metal vapors is not acceptable. During laser
assisted joining of components, loss of alloying elements needs to be minimized.
Therefore, quantitative understanding of the evaporation of alloying elements and liquid
metal expulsion is important in the welding of engineering alloys.

Most previous work on vaporization calculation paid more attention to linear laser
welding. Vaporization of alloying elements during laser spot welding is different from
that during linear welding in several ways. First, the evaporation rate is strongly time-
dependent, i.e., the rate is negligible at the initiation of the pulse and gradually increases
owing to increase in temperature. Second, because of the short duration of the laser pulse,
experimental determination of temperature and velocity fields is difficult and remains
both an important goal and a major challenge in the field. Third, although both the
surface area and the volume of the weld pool are small, they change significantly with

time. As a result of these difficulties, very little information is available in the literature
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about measurements of important variables such as the temperature field during laser spot
welding.

As discussed in the last chapter, once the liquid pool forms, a strong spatial
gradient of temperature exists on its surface. The resulting gradient of surface tension is
the main driving force for the recirculating flow of molten metal in the weld pool. In
addition, the buoyancy force resulting from the spatial variation of density also
contributes to the motion of the weld pool, although to a much lesser extent than the
surface tension gradient. Because of the strong recirculating flow, the weld pool can be
reasonably assumed to be well mixed and compositionally homogeneous. For a weld pool
of known composition, the vaporization rates of various alloying elements are strongly
affected by the surface temperatures. In order to minimize the mass loss during high
power laser welding, it is necessary to quantitatively understand the role of various
factors, such as the temperature distribution on the surface, weld metal chemical
composition and surface area, that affect vaporization of alloying elements during laser
spot welding.

In this paper, the temperature fields used to calculate the loss of material were
obtained from the comprehensive three dimensional transient numerical heat transfer and
fluid flow model. Using the computed temperature fields, vaporization rate, composition
change and total mass loss due to vaporization of various alloying elements resulting
from both concentration and pressure driven transport during laser spot welding were
calculated. Both vaporization and condensation of the metal vapor on the weld pool
surface were considered in the model. The experimentally determined vapor composition,
weld pool composition change and overall vaporization loss were compared with the
corresponding modeling results. The conditions necessary for the initiation of liquid
metal expulsion were determined by balancing the vapor recoil force with the surface
tension force at the periphery of the liquid pool. The influences of laser power density
and pulse duration on liquid metal expulsion were analyzed. In addition, the free surface

profile was simulated at different times by minimizing the total surface energy.
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6.1 Experimental Procedure

The composition of 304 stainless steel, laser beam energy and beam size, vapor
composition and experimental setup have been shown in Sections 4.1.1 and 5.1. A
portion of the vaporized elements and ejected metal droplets were collected on the
interior surface of the tube. After laser spot welding, the concentrations of iron,
manganese, chromium and nickel along a radial direction of the weld pool were traced by
an electron microprobe. Since other alloying elements constituted less than 1 wt %, they
were ignored for this investigation. The mass loss was experimentally determined by
weighing each specimen before and after welding with a Metler MT5 micro-balance. To
increase the accuracy of the weight loss measurements, the reported mass loss per pulse
is the average of fifteen mutually independent spot welds made on each sample. The
deposit and the particles were examined from each experiment. The SEM micrographs
and EDS (Energy-Dispersive x-ray Spectroscopy) analysis were performed on the interior

surface of the quartz tube for every experiment.

6.2 Mathematical Modeling

The temperature distribution in the weld pool has been simulated using transient
heat transfer and fluid flow model, as shown in Section 3.1. When the temperature is
very high, the liquid pool severely deforms due to the recoil pressure exerted by the
escaping vapor. The calculation of the free surface profile of the weld pool involves
minimizing the total surface energy. The total energy includes the surface tension energy
for the change in the area of pool surface, potential energy in the gravitational field and

the work done by the recoil force. The total energy can be expressed as:
1
E, = HEW 1+@ +@ - Epgcpz - APcpgxdy (6.1)

where s indicates the surface of the weld pool. On the right hand side, the three terms

within the parentheses represent surface energy, potential energy and the work by the
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recoil force, respectively. The symbol @ is defined as the vertical elevation of the top
surface with respect to an arbitrarily chosen horizontal plane and depends on x and y. The
variables @, and @, represent the partial derivatives of ¢ with respect to x and y, Y is
surface tension, p is density and AP is the difference between the local equilibrium vapor
pressure and the atmospheric pressure. The equilibrium vapor pressure data used for the
calculations are available in Table 5.2. In the calculation, the total volume of liquid pool

prior to liquid metal expulsion is assumed to be constant, so the constraining equation is:

6.3 Results and Discussion

6.3.1 Weld Thermal Cycle and Weld Pool Volume

When calculating the temperature on the weld pool surface, the effect of the heat
loss owing to vaporization should also be considered. The rate of heat loss per unit area

from the pool surface, hy, owing to vaporization can be expressed as:

n

h, =Y J,0H, (6.3)

v i i
1=1

where n is the number of alloying elements, AH; is the enthalpy of vaporization of the
element 1, which is shown in Table 6.1. J; is the vaporization flux of element i and can be

expressed by the Langmuir equation [22]:

o= (6.4)

where P; is the vapor pressure of i over the alloy, and O is a positive constant that
accounts for the inevitable condensation of a portion of the vaporized atoms at
atmospheric pressure. When the vaporization occurs in a perfect vacuum, the value of a

becomes 1. The evaporation flux calculated by the Langmuir equation is usually an order
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of magnitude higher than the actual rate at one atmosphere pressure [8,10,23]. Therefore,
the value of o was taken as 0.1 for the calculation of the evaporation flux. Computed
peak temperatures versus time plots both considering and ignoring the heat of
vaporization are presented in Fig. 6.1. The heat loss due to vaporization per unit area was
much smaller than the heat flux absorbed from the laser beam because of the high power
density used in the experiments. As a result, the cooling effect of vaporization was not
pronounced, i.e., vaporization did not reduce the surface temperatures significantly. For
the typical experimental condition considered in Fig. 6.1, i.e., 1967 W, 3 ms duration
pulse and 0.428 mm laser beam radius, the maximum peak temperature attained at the
end of the pulse was 3205 K when the cooling effect of vaporization was ignored and
3174 K when the effect was considered. For a 530 W laser beam of 0.171 mm radius
pulsed for 4 ms, the peak temperatures were 3058 K and 3047 K when the cooling effect
was ignored and when the effect was considered, respectively. Thus, under the conditions
of the current experiments, the heat loss owing to vaporization was much smaller than the
power density of the beam, and the vaporization of alloying elements did not significantly

affect the computed surface temperatures.

Table 6.1: Enthalpies of vaporization of the alloying elements.

Element Enthalpy (kJ/mol)
Iron 340
Manganese 220
Chromium 342

Nickel 375
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Fig. 6.1: Computed weld thermal cycles on the top surface of the weld pool. The solid
horizontal line indicates solidus temperature. Laser power: 1967 W, pulse duration: 3.0
ms, and beam radius: 0.428 mm. Data used in calculation are shown in Table 4.2.
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Fig. 6.2 shows changes in the computed temperatures at various monitoring
locations, which are indicated as points 1, 2, 3 and 4 in the small figure. These locations
represent distances of 0, 0.125, 0.175, and 0.225 mm from the axis of the laser beam,
respectively. During the initial period of about 1 ms, the temperature increases rapidly
and then grows slowly until the end of pulse duration. As a consequence, most of the
vaporization occurs during the last two milliseconds. There are several special features of
interest. First, the temperatures reach very high values near the laser beam axis. It is to be
noted that the peak temperature can exceed the boiling point of the alloy, i.e., the
equilibrium vapor pressure at the liquid surface can be higher than one atmosphere.
Second, the computed results also indicate that the heating rates vary significantly
depending on the location. Finally, as the weld metal cools, the spatial variation of the
cooling rates within the solid metal is much smaller than the spatial variation in the
heating rates. These features of temperature and the temperature distribution at the weld
pool surface are of interest in examining the vaporization of alloying elements from the
weld pool.

For laser spot welding, the volume of the weld pool is time dependent. The
change of weld pool volume as a function of time is shown in Fig. 6.3. Unlike the
temperature, the volume of weld pool increases almost linearly with time for the entire 3
ms period. This result clearly shows that steady state is not reached for the entire duration
of the pulse. The effect of power density on the peak temperature and weld pool volume
is shown in Fig. 6.4. The peak temperature in this figure is computed at the end of the
pulse. It is interesting to note that the weld pool volume at the end of three milliseconds
does not increase significantly above 2000 W/mm?, while the peak temperature increases
continuously even beyond this power density. Clearly, the weld pool volume is limited by
the rate of heat transfer in the solid region above 2000 W/mm?, while the deposition of

higher power density locally does increase the peak temperature.
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Fig. 6.2: Computed weld thermal cycles at various locations on the top surface of the
weld pool. Distance from the weld center: 1: 0.0 mm; 2: 0.125 mm; 3: 0.175 mm; 4:
0.225 mm, as shown in the small figure. The solid horizontal line indicates solidus
temperature. Laser power: 1967 W, pulse duration: 3.0 ms, and beam radius: 0.428 mm.
Data used in calculation are shown in Table 4.2.
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Fig. 6.3: Computed volume of weld pool as a function of time. Laser power: 1067 W,
pulse duration: 3.0 ms, and beam radius: 0.26 mm. Data used in calculation are shown in

Table 4.2.
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6.3.2 Vaporization Rate

Because the weld pool surface temperatures reach high values, pronounced
evaporation of alloying elements takes place during high power laser spot welding.
Fig. 6.5 shows the computed temperature distribution and various vapor fluxes at the
weld pool surface after 3.0 ms. The total vapor flux is the sum of the fluxes of individual
alloying elements resulting from both pressure driven and concentration difference driven
fluxes. The results show that the distribution patterns of vapor fluxes are similar to the
surface temperature profiles. This similarity is anticipated since the vapor fluxes are
strongly affected by temperature. The primary driving force for vaporization is the total
pressure gradient at temperatures higher than the boiling point. At lower temperatures,
the vapor flux is driven mainly by diffusion in the gas phase outside the liquid pool. The
calculated results show that most of the vaporization occurs from a small region near the
center of the beam-workpiece interaction zone where the weld pool surface temperatures
are very high as observed from Fig. 6.5(a). The diameter of this active region is
approximately 0.6 mm, as can be observed from Figs. 6.5(b) through 6.5(h). This
dimension is comparable but somewhat smaller than the diameter of the laser beam at the
focal point.

From the computed vapor fluxes presented in Figs. 6.5(e) through 6.5(h), it can be
seen that iron is the dominant vaporizing species, followed by chromium and manganese.
The equilibrium vapor pressure data used for the calculations are presented in Table 5.2.
Although manganese has the highest vapor pressure over its pure liquid, its concentration
in 304 stainless steel is much lower than those of iron and chromium. Manganese only
accounts for 1.0% of the stainless steel composition while iron and chromium are present
in 72.3% and 18.1%, respectively. The lower concentration results in the lower vapor

flux of manganese compared to iron and chromium over 304 stainless steel.
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Fig. 6.5: Distributions of temperature and vapor fluxes of various elements at the weld
pool surface after 3.0 ms. Laser power: 1967 W, pulse duration: 3.0 ms, and beam radius:
0.428 mm. Data used in calculation are shown in Table 4.2 and Table 5.2.
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Fig. 6.6 shows the variation of vaporization rates with time calculated by the
model. It can be seen that the vaporization rates of the constituent alloying elements
increase with time. At the end of the pulse cycle, vaporization rates decrease suddenly,
and the vaporization of alloying elements stops. The time-dependent vaporization rate is
determined by the changes in the temperature distribution at the surface of the weld pool.
From Fig. 6.6, it can be also seen that iron is the main vaporizing species, followed by
chromium and manganese. Although manganese has the highest vapor pressure over its
pure liquid, its low equilibrium vapor pressure over the alloy results in a lower

vaporization rate than iron and chromium.

6.3.3 Vapor Composition

The concentrations of different elements in the vapor obtained from both
experiments and calculations are presented in Fig. 6.7. Iron and chromium are the main
vaporizing species. It is also observed that the calculated concentrations of various
vaporizing species agree well with those obtained from measurements. The
experimentally determined and the calculated concentrations of different alloying
elements in the vapor for various welding conditions are presented in Table 6.2. The
change in the concentrations of the main vaporizing species, i.e., iron and chromium,
with power density is shown in Fig. 6.8. Generally, as the power density increases, the
concentration of iron in the vapor increases. This is mainly because of the slope of the
vapor pressure versus temperature plot for iron is steeper than those of the other alloying
elements. For a similar reason, the concentration of chromium in the vapor condensate

also increases slightly with power density.
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Fig. 6.6: Calculated change of vaporization rates of four alloying elements with
time. Laser power: 1067 W, pulse duration: 3.0 ms, and beam radius: 0.26 mm.
Data used in calculation are shown in Table 4.2 and Table 5.2.
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indicated in Table 4.2 and 5.2.
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Welding parameters are shown in Table 6.2. Data used in calculation are indicated in
Table 4.2 and 5.2.
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Table 6.2: The experimentally determined and calculated vapor composition for different
welding conditions. Data used in calculation are indicated in Table 4.2 and Table 5.2.

Fe (%) Mn (%) Cr (%) Ni (%)
Spot radius (mm)

Exp Cal Exp Cal Exp Cal Exp  Cal

0.289 485 417 239 404 223 16.2 54 1.7

530 W,
Aoms 0247 644 490 88 304 209 184 59 23

pulse (297 576 526 74 255 204 193 147 2.6

0.171 640  62.7 6.4 114 232 22.0 6.4 3.9
1063.3 W, 0.326 67.1 58.6 8.1 17.5 18.8 20.7 6.0 33

3.0 ms
pulse 0.28 64.0 64.2 5.9 8.5 239 23.1 6.2 4.2

‘Exp’ and ‘Cal’ indicate experimentally measured and calculated results, respectively.

6.3.4 Composition Change

As a result of selective vaporization of constituent alloying elements, the
concentrations of alloying elements in the weld pool can change significantly during laser
spot welding. The composition change, in turn, can lead to significant changes in the
microstructure and degradation of mechanical and corrosion properties of welds [4-6].

Fig. 6.9 shows typical concentration profiles of Fe, Cr, Ni and Mn after laser spot
welding of 304 stainless steel determined by an electron microprobe. It is observed that
the concentrations of the constituent elements in the fusion zone are different from those
in the base metal. The concentrations of manganese and chromium in the weld pool are
lower than those in the base metal because of vaporization. In contrast, the concentrations
of iron and nickel in the fusion zone are slightly higher than those in the base metal, and
these results need some discussion. Although the total mass of iron and nickel in the weld

pool after welding is slightly lower than that before the welding, the total mass of the
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weld pool has decreased at a higher proportion because of the loss of manganese,
chromium, iron and nickel. As a result, the concentrations of iron and nickel in the fusion
zone are higher than those in the base metal because of the loss of manganese and
chromium. This behavior, although may appear counterintuitive, is consistent with
Equation 3.34.

The computed changes in the concentrations of the constituent alloying elements
as a function of time are shown in Fig. 6.10(a). In the first millisecond, the concentration
change of alloying elements is small due to low temperature. After that, the vaporization
rate increases due to increase in temperature and, as a result, the concentrations of
alloying elements significantly increase with time. It can be seen that the concentrations
of manganese and chromium decrease while those of iron and nickel increase due to laser
spot welding. This behavior is similar to the experimental results presented in Fig. 6.9.
Fig. 6.10(b) shows that the changes in the concentration become more pronounced with
increase in laser power density resulting from higher temperatures. At the highest laser
power density, the absolute values of the concentration changes of iron and chromium are
0.327 wt % and 0.375 wt %, respectively, which are higher than the composition changes
of nickel and manganese. This is mainly due to the high concentrations of iron and

chromium in the weld metal.
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power: 1067 W, and pulse duration: 3.0 ms. Data used in calculation are indicated in
Table 4.2 and Table 5.2.
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The comparison between the experimental and computed concentration changes

of various alloying elements is shown in Fig. 6.11. The fair agreement between the
experimental and computed concentration changes of manganese and chromium as a
function of power density can be seen in Fig. 6.12. In experiments, several electron
microprobe traces were made for every sample. From Equation 3.34, the final
concentration is affected by two factors: volume of weld pool and total weight loss. As
laser power density increases, both the volume and total weight loss increase. As a result,
the change of concentration with laser power density is not monotonous. Depending on
how the rates of volume and total weight loss change with power density, the value of
concentration change either increases or decreases. Because the concentration changes of
alloying elements influence the mechanical or corrosion properties of alloys, the
successful prediction of composition change by the model is helpful to understand how

these properties are affected by laser spot welding.
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6.3.5 Mass Loss

The calculated mass loss due to evaporation is compared with the experimental
results of mass loss at various power densities in Fig. 6.13. Some additional results are
also presented in Table 6.3 to include data at lower power (530 W). As the laser power
density increases, the temperature at the weld pool surface exceeds the boiling point of
the steel. As a result, the total vaporization loss increases significantly due to pressure
driven vaporization. However, it can be observed that the experimental weight loss is
always higher than the computed mass loss due to vaporization. There are two possible
reasons for this discrepancy. First, in a complex modeling effort such as the present
research, the accuracy of the modeling results must be carefully considered. In other
words, a possibility that all of the mass loss results from vaporization of alloying
elements and the model consistently underpredicts the vaporization loss cannot be ruled
out. Second, it is conceivable that in addition to vaporization, mass loss also occurs due
to ejection of metal droplets. Both these possibilities are examined next.

The computed vaporization rates may be lower than the actual values because of
several reasons. First, the computed temperatures on the weld pool surface may be lower
than the actual values. Second, the computed weld pool surface area considered in the
calculations is lower than the true surface area. Third, the vaporization model used in the
calculations may underpredict the vaporization rate for the conditions of the current
experiments. First, let us consider the possibility that the computed surface temperatures
are lower than the actual temperatures prevailing at the surface. It has been established in
several previous studies that during laser welding, most of the vapors originate from the
center of the weld pool surface [7,8]. So, for the purpose of this inquiry, the magnitude of
the computed peak temperature should be a good parameter to examine. The computed
values of peak temperatures for all experiments are presented in Table 6.3. The highest
computed peak temperature listed in this table is 3628 K, which is about 600 K higher
than the boiling point of the alloy. Although temperatures higher than the boiling point
have been reported in the literature [7,8,19,20,24], the reported temperatures are not

significantly different from the boiling points for power densities close to about 10°
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watts/cm?®. Therefore, the value of 3628 K, if deemed inaccurate for the sake of argument,
can only be higher than the actual value. Furthermore, Table 6.3 shows that even a
temperature as high as 3628 K would not result in a vaporization rate necessary to
account for all the mass loss due to vaporization. Therefore, the difference between the
calculated and the experimental mass loss cannot be attributed to the low computed
temperatures. Second, let us examine the role of the weld pool surface area. When the
recoil force of the vapors is significant, considerable depression of the weld pool free
surface can result, and the true surface area of the weld pool can be significantly higher
than the nominal, flat, undeformed surface area. However, the deformation of the surface
area can only account for roughly 5 to 20% increase of the surface area for typical surface
deformation. The data in Table 6.3 shows that the computed mass loss is significantly
lower than the experimentally determined mass loss for most situations and that typical
errors in the surface area cannot explain the difference. Third, the accuracy of the
evaporation rate calculation must also be examined. The evaporation model has been
adapted from the works of Anisimov [25] and Knight [26]. The same model has been
extensively applied to calculate the laser induced vaporization rates of alloying elements
[7,8,24]. In each case, the computed vaporization rate has been comparable to the
corresponding experimental data. So, the difference between the computed vaporization
loss and the experimental mass loss cannot be attributed to inaccuracies resulting from
the evaporation model. It is also worth noting that the experimentally measured mass loss
indicated in Table 6.3, if totally attributed to vaporization, demands unrealistically high
values of vaporization rate. For example, let us consider the experiment utilizing a 0.159
mm radius laser beam having 530 W power applied for 4 ms. The total mass loss was
found to be 15.6 micrograms. If the entire mass loss is attributed to vaporization, the
vaporization rate can be readily estimated. If we assume that roughly 1 ms was needed
for the initial heating, the average vaporization rate is calculated as 5.2 mg/s. For the
welding of stainless steel with a comparable power density beam, an overall vaporization
rate of about 1 mg/s has been reported [27]. Thus, the experimental value of mass loss is

far too high to be explained by vaporization alone.
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Fig. 6.13: The calculated vaporization loss is compared with measured mass loss for
different power densities: (a) laser power: 1067 W, pulse duration: 3.0 ms; (b) laser

power: 1967 W, pulse duration: 3.0 ms. Data used in calculation are indicated in
Table 4.2 and Table 5.2.
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Table 6.3: The calculated mass loss due to evaporation is compared with the
experimentally determined mass loss for different welding conditions. Data used in
calculation are indicated in Table 4.2 and Table 5.2.

. Calculated peak Weight loss (Hg)
Spot radius (mm) ¢ ture (K)
cmperature Calculated Experimental
0.350 3628 21.52 51.6
0.379 3448 8.50 55.3
1967 W,
3.0 ms pulse 0.428 3205 1.42 54.8
0.521 2814 0.08 24.7
0.570 2674 0.04 13.7
0.225 3561 8.43 29.5
0.260 3270 1.42 26.7
1067 W, 0.325 2879 0.07 25.3
3.0 ms pulse
0.389 2606 0.02 11.6
0.466 2365 47 %107 4.4
0.159 3176 0.46 15.6
0.210 2761 0.03 3.6
BO0W, 559) 2451 6.7 % 10° 16
4.0 ms pulse
0.313 2308 3.0x 107 0.6
0.433 2032 0.5x10° 0.33

A possible reason for the discrepancy between the experimental weight loss and
the calculated vaporization loss is that only a portion of the mass loss occurs due to
evaporation, and the remainder of the loss must be attributed to some other mechanism.
Therefore, the possibility of ejection of the tiny metal droplets from the weld pool owing
to the recoil force exerted by the metal vapors has been, subsequently, examined both

experimentally and theoretically.
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6.3.6 Liquid Metal Expulsion

Fig. 6.14 shows the presence of condensed metal vapor and ejected tiny droplets
on the interior wall of the quartz placed co-axial to the laser beam and right above the 304
stainless steel sample tube for several cases. The Energy Dispersive X-Ray Spectroscopy
(EDS) profile for the ejected metal droplets in Fig. 6.15 indicates the presence of Fe, Mn,
Cr, Ni, Si and O elements. Of these, the elements Si and O detected by EDS originated
from the quartz tube. The remaining elements detected are the main elements in stainless
steel. Therefore, the droplets shown in Fig. 6.14 originated from the molten 304 stainless
steel weld pool, and then deposited on the interior wall of the quartz tube during laser
spot welding.

Fig. 6.14 shows that under some welding conditions, only deposition of metal
vapor was observed on the interior wall of the quartz tube, whereas both vapor
condensate and ejected metal droplets were observed under other conditions. The size
range of the ejected droplets has been determined by optical microscopy for different
welding conditions. Fig. 6.16 shows the ejected droplet size as a function of power
density. It can be seen that the size of the ejected droplets ranges from tens of
micrometers to several hundred micrometers. Increase of power density results in larger
particle size and particle size range. With the increase in power density, both the weld
pool temperature as well as the weld pool size increase. The higher recoil pressures as
well as the availability of more liquid metal are consistent with more liquid metal
expulsion and larger droplets. The calculations to be presented subsequently in this
chapter will show that after the initiation of the pulse, the weld pool is heated for certain
duration before the liquid metal expulsion starts. Subsequently, the metal expulsion takes
place over a span of time until the end of the pulse. The system does not reach steady
state during the metal expulsion. As a result, the ejected particles show a range of droplet

size as observed in Fig. 6.16.
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Fig. 6.14: Vaporized elements and tiny droplets ejected from the weld pool of 304
stainless steel, were captured on the inner surface of a both-end-open quartz tube placed
co-axial with the laser beam during spot welding with pulse duration of 3 ms, laser power
of 1067 W and spot diameter of (a) 0.625 mm, (b) 0.51 mm, (c) 0.405 mm and (d) 0.39
mm; and laser power of 1967 W and spot diameter of (e) 0.835 mm, (f) 0.651 mm, (g)
0.533 mm and (h) 0.501 mm. The results were obtained from Sandia National
Laboratories.
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Fig. 6.15: EDS profile for the ejected metal droplets, which were deposited on the interior
wall of quartz tube. Laser power: 1967 W, pulse duration: 3 ms and spot diameter: 0.501
mm. The results were obtained from Sandia National Laboratories.
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Fig. 6.16: Effect of power density on the size of ejected metal droplets. Welding
parameters are shown in Fig. 6.14.
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The experimental results indicate that the liquid metal expulsion took place at
higher laser power densities when the weld metal was heated to higher temperatures.
Calculated temperature distributions along the x-direction on the weld pool surface at
different times for the samples A, B, C and D are shown in Fig. 6.17. The origin
represents the location of the laser beam. The two lines in the figure indicate solidus
(1697 K) and liquidus temperatures (1727 K). The thin region between these two lines is
the two-phase solid-liquid mushy zone. It can be seen that the temperatures reach very
high values near the laser beam axis and decrease with distance. It can also be observed
that there are inflexion points close to the mushy zone, which result from the differences
in the enthalpies of the solid and liquid metals. Also, with the decrease of beam radius,
the temperatures increase due to higher laser power density. The calculation of
temperature at different locations on the weld pool surface and at different times provides
a theoretical basis in determining whether the liquid metal expulsion can take place.

High temperatures result in high equilibrium vapor pressures, which tend to push
the liquid metal out of the weld pool. On the other hand, the surface tension force of the
liquid metal holds the liquid metal in place, which tends to prevent liquid metal
expulsion. When the temperature on the surface of the weld pool exceeds a critical value,
the recoil force overcomes the surface tension force and liquid metal is expelled from the
liquid pool. The vapor recoil force F; and the surface tension force at the periphery Fs can

be expressed by:

1

F = 2T[frAP(r)dr (6.5)

F, =2m,0 (6.6)
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where rp is the radial distance at which the surface temperature reaches the boiling point,
AP is the difference between the local equilibrium vapor pressure and the atmospheric
pressure and is the function of radial distance from the beam axis, 1y is the radial distance
at which the temperature is equal to the melting point, and 0 is the surface tension
coefficient at the melting point, taken as 1.872 N/m for stainless steel [28]. Fig. 6.18
shows the computed values of the surface tension force and vapor recoil force as a
function of time during laser spot welding of 304 stainless steel. For example, in
Fig. 6.18(c), it is observed that the surface tension force is higher than the recoil force at
the start of the pulse. As the temperature increases with time, both the surface tension
force and the recoil force increases. However, the recoil force increases faster than the
surface tension force. At about 2.6 ms after the start of the pulse, the two forces are
roughly equal. Further heating results in higher recoil force than surface tension force.
When the recoil force exceeds the surface tension force, expulsion of liquid metal is
anticipated. For Sample A in Fig. 6.18(a), the peak temperature on the weld pool surface
is 2814 K, which is lower than the boiling point of 304 stainless steel, about 2980 K,
which means that the vapor pressure is lower than one atmosphere and no expulsion of
liquid metal occurs. For Sample B in Fig. 6.18(b), although the peak temperature, 3052
K, exceeds the boiling point of 304 stainless steel, the recoil force is weaker than the
surface tension force of the liquid metal at the periphery of the weld pool for the whole
pulse duration. As a result, no liquid metal expulsion takes place. In Fig. 6.18, for
Samples C, D, F, G and H, the recoil force begins to exceed the surface tension force at
some time during the welding process, which means that it is possible for liquid metal
droplets to be ejected from the weld pool. This conclusion agrees well with experimental
observations indicated in Table 6.4, which illustrates whether the liquid metal expulsion

takes place.
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Fig. 6.18: Recoil force and surface tension force at the periphery of the liquid pool as a
function of time under the condition of pulse duration of 3 ms, laser power of 1067 W
and spot diameter of (a) 0.625 mm, (b) 0.51 mm, (c) 0.405 mm and (d) 0.39 mm; and

laser power of 1967 W and spot diameter of () 0.835 mm, (f) 0.651 mm, (g) 0.533 mm
and (h) 0.501 mm.
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Table 6.4: Vapor deposit and tiny droplet expulsion observed in experiments. Pulse

duration: 3 ms.

Sample Laser Spot Power Size for
nop power diameter density Observation ejected liquid
' (W)  (mm) (W/mm?) droplets (Um)
A 1067  0.625 3478  Vapor deposit only —
B 1067 0.51 5223 Vapor deposit only —
Vapor deposit and 1-35
C 1067  0.405 8283 tiny droplet 23-200
expulsion 32-230
Vapor deposit and
D 1067 0.39 8932 tiny droplet 45-280
expulsion
E 1967  0.835 3592  Vapor deposit only —
Vapor deposit and
F 1967  0.651 5910  tiny droplet 100-120
expulsion
Vapor deposit and
G 1967  0.533 8816 tiny droplet 36-300
expulsion
Vapor deposit and
H 1967 0.501 9978 tiny droplet 75-575
expulsion

The experimental combinations of laser power and spot diameter that lead to

liquid metal expulsion for pulse durations of 3.0 ms and 4.0 ms, respectively, are shown

by the dotted line in Fig. 6.19. The points on the same dotted curve have the same laser

power density, defined by laser power per unit area. It is observed that the liquid

expulsion occurs above a critical laser power. For the same laser power, when the spot

diameter is large, liquid metal expulsion is not observed. With the decrease of spot

diameter, the intermittent expulsion occurs due to the increase of laser power density.

When the spot diameter continues to decrease, the laser power density increases and

eventually significant expulsion takes place at high laser power density. Fig. 6.19 shows
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that pulse duration also affects liquid metal expulsion. For a 3.0 ms pulse duration, the
critical laser power density for liquid metal expulsion is about 8.0 kW/mm?®. However,
when the pulse duration is increased to 4.0 ms, the critical laser power density decreases
to about 7.0 kW/mm?®. The recoil and surface tension forces were compared to predict the
critical beam diameter under different laser powers, as shown by the solid lines in
Fig. 6.19. The computed spot diameter and laser power combination necessary to initiate
liquid metal expulsion agreed well with experiments, indicating the accuracy of the
mechanism of liquid metal expulsion.

Fig. 6.20 shows the extent of liquid metal expulsion under different laser power
densities and pulse durations. At a given pulse duration, higher laser power density
increases the tendency of intermittent or heavy liquid metal expulsion. At 7 kW/mm?, no
vapor deposits were noticeable on the inner surface of the quartz tube for a pulse duration
of 2 ms. When the pulse duration was increased to 3 ms, a coating of metal vapor
condensate was found on the inner wall of the quartz tube. When the pulse duration was
further increased beyond 4 ms, intermittent or heavy expulsion of metal drops was
observed. Liquid metal expulsion can take place at lower critical power density when
longer duration pulses are used, which has also been predicted from calculated results, as
shown by the solid line in Fig. 6.20. The longer pulse duration allows more interaction
time between the laser beam and the materials and leads to high weld pool temperatures
and high recoil pressures. Therefore, liquid metal expulsion can take place at a lower
laser power density when longer pulse duration is used. Laser power density and pulse
duration are the two most important parameters for the liquid metal expulsion. The results
shown in Figs. 6.19 and 6.20 provide guidance in controlling the occurrence of liquid

metal ejection in laser spot welding by adjusting these two parameters.
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Fig. 6.19: Liquid metal expulsion analysis data under different laser power densities for
laser spot welding of 304 stainless steel. (a) 3.0 ms pulse duration, and (b) 4.0 ms pulse
duration.
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Fig. 6.20: Analysis of liquid metal expulsion under different laser power densities and
pulse durations for laser spot welding of 304 stainless steel.
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Fig. 6.21 shows the computed free surface profiles at different times. The sample

surface is taken as a reference surface. Near the middle of the weld pool, the liquid metal
is depressed due to high recoil pressure. The liquid metal displaced from the middle is
transported near the boundary of the weld pool, where a hump is formed to satisfy the
conservation of total volume. With time, the recoil pressure on the weld pool increases
due to higher surface temperatures. As a result, the extent of surface deformation
increases with time. The dimensionless number indicating the ratio of maximum
depression, I, to the weld pool depth, d, is used to indicate the extent of surface
deformation. Fig. 6.22 shows that the ratio increases with time. The variation of 1/d with
laser power density is shown in Fig. 6.23. It can be seen that the ratio increases as the
laser power density increases. When the laser power density is low, the temperature is
lower than the boiling point, the vapor pressure is lower than atmospheric pressure and
the weld pool surface is flat. As the laser power density increases, the temperature on the
weld pool surface can become higher than the boiling point, and significant deformation
of the free surface occurs. Fig. 6.19(b) shows that the critical laser power density is 7
kW/mm? for a pulse duration of 4 ms. This experimental result is in agreement with
calculations of vapor recoil pressure and surface tension force. The corresponding value
of maximum depression of liquid metal is about 14% of weld pool depth, as seen in
Fig. 6.23. The results shown in Fig. 6.23 indicate that apart from the calculations of the
recoil and surface tension forces, the depression of the free surface may also serve as an

indicator of liquid metal expulsion.
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Fig. 6.21: Temperature distribution with free surface at times of (a) 1 ms, (b) 2 ms, (c) 3
ms and (d) 4 ms. Laser power: 1300 W, pulse duration: 4 ms and spot diameter: 0.42 mm.
Data used in calculation are shown in Table 4.2.



160

0.3

0.2

|/d

0.1

Time (ms)

Fig. 6.22: Computed I/d as a function of time. Laser power: 1067 W, pulse duration: 3 ms
and spot diameter: 0.405 mm. Data used in calculation are shown in Table 4.2.
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calculation are shown in Table 4.2.
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6.4 Summary and Conclusions

Vaporization of alloying elements and liquid metal expulsion from the weld pool
during laser spot welding of stainless steel has been investigated experimentally and
theoretically. The experiments involved measurements of weight loss, electron
microprobe analysis of weld pool composition change resulting from welding, and
analysis of the chemical composition of the vapor by condensing a portion of it on the
inner surface of a both-end-open quartz tube. In theoretical work, a comprehensive model
to calculate temperature, vaporization rates of alloying elements and weld metal
composition change during laser spot welding of 304 stainless steel, taking into account
both vaporization and condensation, was developed.

During laser spot welding, peak temperature and volume of the weld pool
increased with time and laser power density. At very high power densities, the computed
temperatures on the weld pool surface were found to be higher than the boiling point of
304 stainless steel. As a result, vaporization of alloying elements resulted from both
pressure and concentration gradients. The calculations showed that the vaporization was
concentrated in a small region under the laser beam where the temperature was very high.
The computed vapor loss was found to be lower than the measured mass loss because of
the ejection of the tiny metal droplets owing to the recoil force exerted by the metal
vapors. After laser spot welding, the concentration of manganese and chromium
decreased, while the concentration of iron and nickel increased owing to welding. The
composition change predicted by the model was in fair agreement with the corresponding
experimental results for spot welds of a few milliseconds duration and a few hundred
micrometers depth.

If the temperature in the weld pool is very high, liquid metal droplets are expelled
from the weld pool. The liquid metal expulsion can be predicted by balancing the vapor
recoil force with the surface tension force at the periphery of the liquid pool under

various welding conditions. The laser power density and pulse duration are the two most
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important parameters for liquid metal expulsion during laser spot welding. Higher laser
power density and longer pulse duration increases the tendency of occurrence of liquid
metal expulsion. The size of the ejected droplets ranges from tens of micrometers to
several hundreds of micrometers. Increase of power density results in larger droplets and
greater size range of particles. The depression of the weld center under the recoil pressure

could be used as an indicator of liquid metal expulsion during welding.
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Chapter 7

CONCLUDING REMARKS

7.1 Summery and Conclusions

The present thesis have addressed several important experimental and theoretical
issues involving Nd:YAG laser welding of 304 stainless steel with hundreds of
micrometers in laser beam diameter, such as heat transfer and fluid flow in the weld pool,
weld thermal cycle, vaporization of alloying elements and resultant composition change of

the weld pool, liquid metal expulsion and weld pool solidification.

Experimental work, conducted at the Sandia National Laboratories, involved the
determination of weld pool geometry, measurements of mass loss, electron microprobe
analysis of weld pool composition change resulting from welding, determination of
composition of the metal vapor by condensing a portion of the vapor on the inner surface
of an open-ended quartz tube which was mounted perpendicular to the sample surface and
co-axial with the laser beam, and also the observation of liquid metal expulsion during
laser spot welding of 304 stainless steel. The laser power used is 530 to 1970 W, spot

radius of 0.1 to 0.6 mm, and pulse duration of 2 to 8 ms for laser spot welding.

A comprehensive model was used to calculate heat transfer, fluid flow and
vaporization of alloying elements during laser spot welding of 304 stainless steel. In the
calculation of heat transfer and fluid flow, a three dimensional comprehensive numerical
model was utilized to calculate the temperature and velocity fields, weld thermal cycle,
weld pool geometry, solidification parameters and free surface profile, based on mass,
momentum and energy conservation equations. Surface tension and buoyancy forces were
considered for the calculation of transient weld pool convection. Using the calculated

temperature fields, vaporization rate, vapor composition, mass loss and composition
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change due to vaporization can be computed. The vaporization results from both
concentration and pressure driven transport. Both vaporization and condensation were

considered in the model.

For Nd:YAG laser welding of 304 stainless steel with small length scale, the
practical working range of laser powers that can be used for laser welding becomes
restricted as the spot size is reduced by the limitation of upper and lower limits of peak
temperature values of the boiling and melting points of 304 stainless steel, respectively.
For a laser beam radius of 100 pm and a welding speed of 1 mm/s, the range of usable
laser power is 25 to 320 W. For a laser beam radius of 50 pm with the same welding

speed, the range of laser power is only 10 to 140 W.

The Peclet number was used to evaluate the relative importance of heat transfer
by conduction and convection. During laser spot welding of 304 stainless steel, for a laser
power of 530 W and beam radius of 0.16 mm, the Peclet number is higher than unity
after 1 ms, which shows that the liquid metal convection continues to be an important

mechanism for heat transfer within the weld pool as the scale of the weld is reduced.

Spatial feature of temperature in the weld pool for laser welding of 304 stainless
steel was examined. At locations equidistant from laser beam axis, the temperatures on
the top surface are higher than those along the direction perpendicular to the top surface.
The weld thermal cycles for linear and spot laser welding show significantly different
features. For linear welding, the heating rate initially increases with time, and the
temperature reaches its peak value when the laser beam reaches directly above the
monitoring location. For laser spot welding, the heating rate is very high at the first
millisecond and then decreases gradually with increasing in temperature until the laser is
switched off. As the weld metal cools, the spatial variation of the cooling rates decreases.
In the range of 800 °C to 500 °C, the cooling rate is almost independent of position,

which is due to nearly constant outward heat loss from all locations of the weld.
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For Nd: YAG laser linear welding of 304 stainless steel, the values of G/R at weld

center line are shown to increase with the increase in net heat input, ratio of the absorbed
power and welding speed. So if the net heat input increases, the interface morphology
changes from equiaxed-dendritic to cellular-dendritic and then, to cellular grains. The
average cooling rate from 800 °C to 500 °C is directly proportional to the welding speed
when the laser power and laser beam size are constant. For laser spot welding, 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. Under the condition of 530 W laser power, 0.159 mm beam radius
and 4 ms pulse duration, the pure liquid region disappears about 0.8 ms after the
solidification start, and the mushy zone exists for about another 0.9 ms before the weld
pool solidifies completely. With the progress of solidification, the temperature gradient
decreases, and the solidification rate increases. Under the welding condition of 100 W
laser power and 100 pm beam radius, the temperature gradient and average cooling rate
between 800 °C and 500 °C for laser spot welding with 5 ms pulse duration may reach to
2.5 x 10° K/mm and 160 K/ms, respectively, which are higher than those in linear laser
welding with the welding speed of 1 mm/s. For the latter, the temperature gradient and

cooling rate are 1.1 x 10° K/mm and 1.9 K/ms, respectively.

During Nd:YAG laser spot welding of 304 stainless steel, because of the high
power density used, the temperatures on the weld pool surface were found to be higher
than the boiling point of 304 stainless steel. As a result, significant vaporization of
alloying elements, resulted from both pressure and concentration gradients, often takes
place from the weld pool surface. The calculations show that the vaporization was
concentrated in a small region under the laser beam where the temperature was very high.
The vaporization rates of the constituent alloying elements increase with time. At the end
of pulse cycle, vaporization rates decrease suddenly and the vaporization of the alloying
elements stops. Under the condition of 1063 W laser power, 0.28 mm beam radius and 3

ms pulse duration, the total vaporization rate just before laser beam is switched off is 1.87
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mg/s. Iron, chromium and manganese have been identified as the main metallic species in

the vapor phase with a weight percent of 64.2%, 23.1% and 8.5%, respectively.

The vapor composition can also provide a rough idea of the peak temperature at
the weld pool surface during Nd:YAG laser spot welding of 304 stainless steel. Since the
relative rates of vaporization of two alloying elements are determined by the local
temperature, the vapor composition can be used to determine an effective temperature of
the weld pool. This temperature is close to the peak temperature because most
vaporization takes place from weld center in the later potion of pulse duration. Under the
condition of 1063 W laser power, 0.28 mm beam radius and 3 ms pulse duration, the
effective temperature determined from the relative vaporization rate of iron and
manganese is 3075 K. The peak temperature calculated from the heat transfer and fluid
flow model is 3145 K. Estimation of the approximate values of peak temperatures during
laser spot welding by measuring vapor composition overcame the problems encountered

in direct measurement of peak temperatures.

Under the condition of 530 W laser power, 0.159 mm beam radius and 4 ms pulse
duration, the maximum liquid velocity in the weld pool is about 95 cm/s. Because of such
strong recirculating flow, the weld pool can be reasonably assumed to be well mixed and
compositionally homogeneous. As a result of selective vaporization of alloying elements
during laser spot welding, the composition in the weld pool can change. After laser spot
welding with a 1067 W laser power, 0.225 mm beam radius and 3 ms pulse duration, the
concentrations of manganese and chromium in the weld pool decreased by 0.115% and
0.375%, while the concentrations of iron and nickel increased by 0.327% an 0.163%

owing to welding.

During Nd:YAG laser spot welding of 304 stainless steel, the computed vapor
loss was found to be lower than the measured mass loss under various welding
conditions, so the liquid metal expulsion was examined and verified by experiments.

Liquid metal expulsion is caused by the recoil force exerted by escaping metal vapors
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when the temperature at the weld pool surface is very high, and can be predicted by
balancing the vapor recoil force with the surface tension force at the periphery of the
liquid pool. Larger laser power density and longer pulse duration increase the tendency of
occurrence of liquid metal expulsion. For a 3.0 ms pulse duration, the critical laser power
density for liquid metal expulsion is about 8.0 kW/mm?®. When the pulse duration is
increased to 4.0ms, the critical laser power density decreases to about 7.0 kW/mm?. The
size of the ejected droplets ranges from tens of micrometers to several hundreds of
micrometers. Increase of power density results in larger droplets and greater size range of
particles. In addition, the depression of the weld center under the recoil pressure could be

used as an indicator of liquid metal expulsion during laser spot welding.

The most important feature of this study is its usefulness in understanding the heat
transfer, fluid flow and vaporization of alloying elements for laser welds with small
length scale based on the fundamentals of transport phenomena. The results obtained
from the mathematical models developed in the present thesis provide not only improved
understanding of laser welding processes from a scientific point of view but also a
guidance for practical welding application. Using a reliable comprehensive mathematical
model, the conventional trial and error approach for the determination of welding
parameters for a given task can be minimized. The research presented in this thesis is a
contribution to the growing quantitative knowledge base in laser welding with small
length scale. Expansion of this knowledge base is helpful to achieve structurally sound,

defect free welds in welding industry.

7.2 Suggestions for Future Work

Some solidification parameters, such as solidification rate and cooling rate, were
calculated by heat transfer and fluid flow model. The calculation was based on the heat
transfer and fluid flow only. An accurate prediction of the weld pool solidification will

require consideration of both the thermodynamics and kinetics of solidification.



169
Incorporating a solidification model with the heat transfer and fluid flow model is an
effective approach to better understand the solidification process in the weld pool.

In the calculation of temperature fields, the effect of heat loss owing to
vaporization was ignored. A more realistic simulation of temperature fields may need to
consider the effect of evaporative heat loss. It can be realized by incorporating heat
transfer and fluid flow mode with vaporization model. In such a case, the convergence
will be more difficult and the calculation time will increase.

In the calculation of composition change, the weld pool was assumed to be well
mixed and compositionally homogeneous. The spatial features of concentrations of
different alloying elements were ignored. Besides mass, momentum and energy
conservation, species conservation can be included in the calculation to obtain the
concentration distribution of different elements in different locations in the weld pool.

Liquid metal expulsion is a complex process. Few literatures are available on
liquid metal expulsion during laser welding. The further investigation of mechanism of
liquid metal expulsion and simulation of the size of rejected droplet will help to

understand liquid metal expulsion better.
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