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Abstract

The production of metal vapor as a consequence of high intensity laser irradiation is a
serious concern in laser welding. Despite the widespread use of lasers in manufacturing,
little fundamental understanding of laser/material interaction in the weld pool exists.
Laser welding experiments on 304 stainless steel have been completed which have
advanced our fundamental understanding of the magnitude and the parameter dependence
of metal vaporization in laser spot welding. Calculations using a three-dimensional,
transient, numerical model were used to compare with the experimental results.
Convection played a very important role in the heat transfer especially towards the end of
the laser pulse. The peak temperatures and velocities increased significantly with the
laser power density. The liquid flow is mainly driven by the surface tension and to a
much less extent, by the buoyancy force. Heat transfer by conduction is important when
the liquid velocity is small at the beginning of the pulse and during weld pool
solidification. The effective temperature determined from the vapor composition was
found to be close to the numerically computed peak temperature at the weld pool surface.
At very high power densities, the computed temperatures at 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 total 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.
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Introduction

Laser spot welding is widely used for precision joining of nuclear weapon components
and other high reliability devices. The production of metal vapor as a consequence of
high intensity laser irradiation is a serious concern in cleanrooms, where contamination
of adjacent components, ejection of metal particulates, creation of void defects in the
fusion zone, and significant loss of high vapor pressure alloying elements are all negative
consequences of metal vaporization. Despite the widespread use of laser welding, little
fundamental understanding of laser/material interaction in the weld pool exists. Without
this fundamental understanding, optimization models cannot be applied to mitigate
vaporization problems. This report contains three distinct analytical investigations which
each serve to improve our understanding of metal vaporization from laser welding.

In section 1, the evolution of temperature and velocity fields during laser spot welding of
304 stainless steel was studied using a transient, heat transfer and fluid flow model based
on the solution of the equations of conservation of mass, momentum and energy in the
weld pool. The weld pool geometry, weld thermal cycles and various solidification
parameters were calculated. The fusion zone geometry, calculated from the transient heat
transfer and fluid flow model, was in good agreement with the corresponding
experimentally measured values for various welding conditions. Dimensional analysis
was used to understand the importance of heat transfer by conduction and convection and
the roles of various driving forces for convection in the weld pool. During solidification,
the mushy zone grew at a rapid rate and the maximum size of the mushy zone was
reached when the pure liquid region vanished. The solidification rate of the mushy
zone/solid interface was shown to increase while the temperature gradient in the mushy
zone at this interface decreased as solidification of the weld pool progressed. The heating
and cooling rates, temperature gradient and the solidification rate at the mushy zone/solid
interface for laser spot welding were much higher than those for the moving and spot gas
tungsten arc welding.

In section 2, measurement of weld pool temperature during laser spot welding was
investigated. Composition of the metal vapor from the weld pool was determined 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.
It was found that iron, chromium and manganese were the main metallic species in the
vapor phase. 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.
A transient, three-dimensional numerical heat transfer and fluid flow model based on the
solution of the equations of conservation of mass, momentum and energy was used to
calculate the temperature and velocity fields in the weld pool as a function of time. The
experimentally determined geometry of the spot welds agreed well with that determined
from the computed temperature field. The effective temperature determined from the
vapor composition was found to be close to the numerically computed peak temperature
at the weld pool surface. Because of the short process duration and other serious
problems in the direct measurement of temperature during laser spot welding, estimating



approximate values of peak temperature from metal vapor composition is particularly
valuable.

In section 3, alloying element loss from the weld pool during laser spot welding of
stainless steel was investigated experimentally and theoretically. The experimental work
involved determination of work-piece weight loss and metal vapor composition for
various welding conditions. The transient temperature and velocity fields in the weld pool
were numerically simulated. The vaporization rates of the alloying elements were
modeled using the computed temperature profiles. The fusion zone geometry could be
predicted from the transient heat transfer and fluid flow model for various welding
conditions. The laser power and the pulse duration were the most important variables in
determining the transient temperature profiles. The velocity of the liquid metal in the
weld pool increased with time during heating and convection played an increasingly
important role in the heat transfer. The peak temperature and velocity increased
significantly with laser power density and pulse duration. At very high power densities,
the computed temperatures were higher than the boiling point of 304 stainless steel. As a
result, the evaporation of alloying elements was caused by both the total pressure and the
concentration gradients. The calculations showed that the vaporization occurred mainly
from a small region under the laser beam where the temperatures were 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.
The ejection of metal droplets has been predicted by computations and verified by
experiments.
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Section 1.

Heat transfer and fluid flow during laser spot welding of 304 stainless steel

1.1. Introduction

Pulse Nd:YAG spot welds are widely used for assembly and closure of high reliability
electrical and electronic packages for the telecommunications, defense, aerospace, and
medical industries. Laser spot welding has an important advantage for these applications
because it can deliver a minimum amount of energy to very small components with high
precision. Laser spot welds behave very differently from their moving weld counterparts
because the temperature profiles never reach a steady state and the heating and cooling
rates for these welds are much higher than those of linear welds. Laser spot welds are
characterized by small weld pool size, rapid changes of temperature and very short
duration of the process. These characteristics make physical measurements of important
parameters such as temperature and velocity fields, solidification rate and thermal cycles
during laser spot welding very difficult. These parameters are important because the weld
pool convection patterns and the heating and cooling rates determine the geometry,
composition, structure and the resulting properties of the spot welds.

In recent decades, numerical calculations of heat transfer and fluid flow have been
utilized to understand the evolution of temperature and velocity fields and, weld
geometry that cannot be obtained otherwise. However, most of these studies were
concerned with arc welds where the time scale is of the order of several seconds. The
time scale is much shorter for laser spot welding. The heat transfer and fluid flow during
laser spot welding still remain to be investigated to understand how the velocity and
temperature fields evolve during heating and cooling and how the mushy zone region
behaves. Such a computationally intensive investigation, requiring use of fine grids and
very small time steps has now become practical because of recent advances in the
computational hardware and software.

Several models have been developed to predict the temperature and velocity fields in the
weld pool during laser welding. Cline and Anthony' 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® developed a numerical model of the
continuous laser welding process considering heat conduction. The finite difference
technique was used. Frewin and Scott’ used a finite element model of the heat flow
during pulsed laser beam welding. The transient temperature profiles and the dimensions
of fusion zone and HAZ were calculated. Katayama and Mizutani® developed a heat
conduction and solidification model considering the effects of microsegregation and
latent heat. Recently, Chang and Na’ 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
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features in transient spot welding processes such as the transient nature of the
solidification rate.®’

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, ® stainless steel,'®" low alloy steel,'*'"> aluminum
alloy'® and titanium alloy'’ under different welding conditions. Calculations were done
for both moving and stationary heat sources and for laser beam as well as arc welding.
The computed temperature fields were useful for the calculation of vaporization rates of
alloying elements,”""'® weld metal microstructure,”" inclusion characteristics,' grain
growth,'” phase transformation kinetics'® and concentrations of dissolved gases in the
weld metal."?°

In this study, a transient numerical model was used to understand heat transfer and fluid
flow during laser spot welding of 304 stainless steel. Surface tension and buoyancy forces
were considered for the calculation of transient weld pool convection. Very fine grids and
small time steps were used to achieve accuracy in the calculations. The calculated weld
pool dimensions were compared with the corresponding measured values to validate the
model. Dimensional analysis was carried out to understand the significance of the various
driving forces for the liquid pool convection. The 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/solid front as a
function of time. These data are useful for determining the solidification morphology and
the scale of the solidification substructure. This work demonstrates that the application of
numerical transport phenomena can significantly add to the quantitative knowledge base
in fusion welding.

1.2. 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% Cer,
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. 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 by 10 by 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.”! Supplementary argon shielding of
plate surface during welding was provided to reduce oxide formation and for protection
of the lens. Longitudinal metallographic cross-section measurements through several
collinear welds for each plate were averaged to determine weld pool width and depth.
The experimental conditions are indicated in Table 1.
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Table 1. The experimental conditions

Material 304 stainless steel
Pulse energy 21,322,597
Pulse power 0.53,1.0, 1.9kW
Pulse duration 3.0,4.0 ms

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

1.3. MATHEMATICAL FORMULATION

1.3.1. Governing equations

Because of the axisymmetric nature of spot welding,*'*** the governing equations can be
solved in a two-dimensional system to calculate the temperature and velocity fields.
However, since the heat transfer and fluid flow model is also used for the calculations of
welding with a moving heat source which is a three dimensional problem, the same
transient, three-dimensional, heat transfer and fluid flow model was used for the laser
spot welding. An incompressible, laminar and Newtonian liquid flow is assumed in the

weld pool. The following equations were solved with appropriate boundary conditions.
Mass conservation:

V-(V)=0 (1)
Momentum conservation:
p%=—pV~(VV)+V-(uVV)—VP+Sl )

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

(1-f, )

S, =Sg — Cmv + pr(T - Tref) (3)
L

where Sgifr 1S @ source term representing viscous diffusion which originates from writing
the momentum equations in a general form.>> For the x-component of the momentum
equation, the source term Sg;¢r can be expressed as:

o oV o oV o( OV
S = — 4= = ‘ 4
i = 5 (H ox j ay(“ ox ] o (H ox j 4)
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The second term in the right side in equation (3) represents the frictional dissipation of
momentum in the mushy zone according to Carman-Kozeny equation for flow through
porous media,”*** f; is the liquid fraction, B is a very small positive number introduced to
avoid division by zero, C represents mushy zone morphology and is usually a large
number to force the velocity in the solid zone to be zero, B is the thermal expansion
coefficient of the liquid, T is the temperature, and T..¢ is the reference temperature.

Energy conservation:

apeh) _ _y. RS
=V V)V (C Vh}s2 ()

p

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

OAH
S, = —97 —pV-(VAH) (6)

where AH is the latent heat.

1.3.2. Boundary conditions

A 3D Cartesian coordinate system is used in the calculation, while only half of the work
piece is considered since the weld is symmetrical about the weld center line. The input
heat on the top surface is assumed to have Gaussian distribution and given as:*°

fi flx? +y?
H, = an eXPL_—( B Y )J (7)
L, L,

where f is the heat distribution factor, Q is the laser power, m is the absorption
coefficient, 1y, 1s the beam radius. For laser welding, distribution factor f is taken as®’ 3.0.
Laser power and beam radius were experimentally measured. The reported values of the
absorption coefficient vary significantly.”®?' For example, Cremers, Lewis and
Korzekwa® indicated absorption coefficient of Nd:YAG laser in 316 stainless steel 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:*'

a. 1/2 a. o 3/2
n(T) = 0.365(xj - 0.0667[zj + 0.006(xj (8)

where A is the wavelength, o is the electrical resistivity of the materials. The average
electrical resistivity of 304 stainless steel is 80 uQ-cm,* and the wavelength of Nd:YAG

14



laser is 1.064 pum. Substituting these values into equation (8), the absorption coefficient is
obtained as 0.27, which is the value taken in the calculations reported in this paper.

The temperature and velocity boundary conditions used in the calculations are the same
as those used in the GTA spot welding. Since these conditions are fairly straightforward
and they have been explicitly defined in a recent paper.>®

1.3.3. Discretization of governing equations

The governing equations were discretized using the control volume method, where a
whole rectangular computational domain was divided into small rectangular control
volumes. A scalar grid point was 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 were arranged on different grid points,
staggered with respect to scalar grid points. In another word, velocity components were
calculated for the points that lie on the faces of the control volumes. Thus, the control
volumes for scalars were different from those for the vectors. Discretized equations for a
variable were formulated by integrating the corresponding governing equation over the 3-
D control volumes. The final discretized equation takes the following form:*

apdp =apgdp +aydy +taydy +agds +ardy +agdy +ag¢g +S,AV )

where subscript P represents a given grid point, while subscripts E, W, N, S, T, B
represent the east, west, north, south, top and bottom 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,p (10)
The coefficient a, is defined as:
a, =a, +a, +a, +ag+a; +a, +ay +S,AV (11)

The governing equations were then solved iteratively on a line-by-line basis using a Tri-
Diagonal Matrix Algorithm (TDMA). The detailed procedure to solve the equations is
described in reference 23.

1.3.4. Grid spacings and time steps

A very fine grid system and small time step were used to improve the computation
accuracy. A typical grid system used in this paper contained 83 x 45 x 60 grid points, and

15



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 um, respectively. The
time step used in the heating part was 0.05 ms, while the time step for the cooling part
was 0.005 ms to obtain more accurate results.

1.3.5. Convergence criteria

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

z |aE¢E +ayhy +aydy Fagds Fardy +agd, +andy +SyAV —d
P
__ domain ap

R = (12)

2.[6]

domain

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

net heat input |

0 = I (13)

total heat output + heat accumulation|

Upon convergence, heat balance ratio 0 should be very close to 1. In the present study,
the convergence criterion used was 0.999 <0 <1.001. The data used for calculations®' %%
3% are presented in Table 2.

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

Property/parameter Value
Density of liquid metal (gm cm™) 7.2
Absorption coefficient 0.27
Effective viscosity (gm cm™ s™) 1
Solidus temperature (K) 1697
Liquidus temperature (K) 1727

Enthalpy of solid at melting point (cal gm™) 286.6
Enthalpy of liquid at melting point (cal gm™)  300.0

Specific heat of solid (cal gm™ K™) 0.17
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Specific heat of liquid (cal gm™ K™) 0.20
Thermal conductivity of solid 0.046
(cal em™ s K™

Effective thermal conductivity of liquid 0.50
(cal em™ s K™

Temperature coefficient of surface tension -0.43
(dynes cm™ K™)

Coefficient of thermal expansion 1.96e-5

1.4. Results and discussion
1.4.1. Comparison between the calculated and experimental results

The experimentally determined weld pool cross sections are compared with the
corresponding computed values in Fig. 1.

1.5+ 1.5 @
1.44) F1.4 =
1.3F =2l DA WU F1.3 £
1.23 500 mm/s 21'2 N
1.1 —— 1.1

0.5

Fig. 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.

It is observed that the calculated weld pool geometry and dimensions agree well with the
experimental results. Both the experimental and the computed results show that with the
increase in the beam diameter, the weld pool becomes wider and shallower. This
observation is consistent with distribution of energy over a wider area with the increase in
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the beam diameter. Since the temperature 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 agreed well with the corresponding calculated values as
shown in Fig. 2. The fair agreement indicates validity of the transient heat transfer and
fluid flow model.
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Fig. 2 The experimental and calculated results of effects of laser power density on (a) the
weld pool diameter and (b) the weld pool depth. The power density is defined as the ratio

of power and the laser beam area of cross section.

1.4.2. Temperature and velocity fields

Figs. 3(a) through 3(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. 3(d) and 3(e). The liquid flow during heating is mainly driven
by surface tension force and to a much less extent by the buoyancy force. This matter will
be discussed more fully using dimensionless numbers. The calculations show that the
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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.

(b) m—
*%“ﬂwj&“%‘é’n 1.5
= "-‘:'L'-" i ffﬂ‘l 1.4

Z{mm)
¥ (mm)

(e) (d)

Z (mm)
£ (mm)

(e}

7 (mm)

Fig. 3 Computed temperature and velocity fields at different times: (a)t=1ms, (b)t=3
ms, (¢) t =4 ms, (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.

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 3(a) through 3(c). At the end of the pulse, the size of the mushy zone
increases significantly as can be observed from Figs. 3(d) and 3(e). The evolution of
mushy zone during laser spot welding is discussed in detail in a later section.

1.4.3. Weld thermal cycle

Fig. 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
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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
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.
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=
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o
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Time (ms)
Fig. 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 indicates solidus
temperature. Laser power: 530 W, pulse duration: 4.0 ms, and beam radius: 0.159 mm.

The peak temperatures and the heating rates vary significantly depending on the location.
Similarly, the cooling rates above the liquidus temperature vary significantly. However,
as the weld metal cools, the spatial variation of the cooling rates decreases. When the
temperature drops below the solidus temperature, the variation of the cooling rate
becomes small due to nearly constant outward heat loss from all locations of the weld.
Thus, the spatial variation of the microstructure is expected to be small in the weld metal,
except in certain special steels whose microstructures are highly sensitive to cooling rate.
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From Fig. 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., Xx-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 at the same distance to the
weld center, the higher the average temperature gradient, the lower the temperature.
Therefore, at locations equidistant from the weld center, the temperatures at the 0° plane
are the highest and those at the 90° plane are the lowest. A similar observation was also
made by Wei et al.” while studying GTA spot welding

1.4.4. Role of convection from dimensionless numbers

Relative importance of heat transfer by conduction and convection

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

_upC, Ly
k

Pe

(14)

where u is the average velocity, Ly is the characteristic length taken as the pool radius at
the top surface of weld pool, p, C, and k have been defined earlier. When Pe is less than
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 Peclet number is a function of time since both u and Lr depend on
time. Fig. 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. 5 The variation of maximum Peclet number with time. Laser power: 530 W, pulse

duration: 4.0 ms, and beam radius: 0.159 mm.

Relative importance of different driving forces

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

L, ATp’
Gr = EPLATR” ' P (15)

where g is the gravitational acceleration, B3 is the thermal expansion coefficient, AT is the
temperature difference between the peak pool temperature and solidus temperature and
Ly is a characteristic length for the buoyancy force in the liquid pool which is
approximated by one eighth of the pool radius.”” Surface tension Reynolds number, Ma,
is used to describe the ratio of surface tension gradient force to viscous force, and is
calculated as:

pLRAT‘?l:‘
Ma=——— (16)
il

Using the physical properties listed in Table 2 and the experimental conditions of Fig. 3,
Gr and Ma at t = 4 ms (i.e., just before the laser is switched off) are calculated as follows:

3
980x1.96x10'5(0.0256xij x1400x 7.2>
Gr= . =3.65x10""* (17)
Ma:7.2><0.0256><1400><0.43:110.96 (18)

12
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The relative importance of the primary driving forces can be judged by the combination
of these dimensionless numbers. The ratio of surface tension force to buoyancy force is
expressed as:

Ma 110.96
Rs/b = = )
Gr 3.65x10

=3.04x10° (19)

Therefore, it can be expected that the liquid flow is mainly driven by Marangoni
convection and to a much less extent by the buoyancy force.

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:*®

2, dydlT W

~ - ® 20
" dT dy 0.664p" *p'"? 0

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

0.0256'2
0.664 x7.2"?

2/3
umz(0.43x0.2x105x 11/2} = 84.1cm/s 1)
X

This value is in good agreement with that calculated using the 3-D transient 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 provided insights about the weld pool development
during spot welding. It should be noted that these order of magnitude analyses cannot
provide accurate and detailed information about the spot welding processes, which
requires numerical calculation with very fine grids and small time steps.

1.4.5. Evolution of mushy zone

The Evolution of mushy zone size during the laser spot welding is shown in Fig. 6.
During heating, the liquidus and solidus isotherms are very close and the resulting size of
mushy zone is very small. After the pulse is switched off, the mushy zone expands
initially and the maximum size of the mushy zone is reached when the pure liquid region
diminishes. The size of the mushy zone then decreases as solidification proceeds further.
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Fig. 6 Evolution of the mushy zone size during laser spot welding. The symbols Dy and
Ds 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 D and Ds, as shown in the small figure. Laser power: 530 W,

pulse duration: 4.0 ms, and beam radius: 0.159 mm.

The initial expansion of the mushy zone size could be explained by considering the effect
of the latent heat of fusion. When the temperature is higher than the liquidus temperature,
the heat loss is accompanied by a decrease in temperature. As the temperature drops
between the liquidus and solidus temperatures, the heat loss comes mainly from the
release of the latent heat of fusion and the temperature decrease is very slow. As a result,
the liquidus isotherm moves faster than the solidus isotherm until the pure liquid region
vanishes and the entire weld pool is transformed to mushy region. The evolution of the
mushy zone during solidification is demonstrated more clearly in Fig. 7. As shown in
this figure, the pure liquid region disappears in about 0.8 ms after the solidification starts
and the mushy zone exists for about another 0.9 ms before the weld pool solidifies
completely. The existence of a large mushy region is a unique feature of the solidification
during spot welding.”*
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Fig. 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.
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1.4.6. Solidification

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

Fig. 8 shows distances of the mushy zone/solid interface to 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 at 0° and 90° planes corresponding to the half-width and the depth of the
weld pool.

e
kS

(b)

0.4

Distance to weld center (mm)
Distance to weld center (mm)
o
w

0.2
0.1
L : 0 - : :
4 4.5 5 5.5 6 3 3.5 4 4.5 5 55 6
Time (ms) Time (ms)

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

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 Doy due to the use of larger beam radius. From this figure, the
solidification rate, defined as the rate at which the mushy zone/solid interface in the weld
pool advances, can be calculated as the slopes of distance versus time. Figs. 9 and 10
show the four important parameters of solidification, temperature gradient (G),
solidification rate (R) and their combinations GR and G/R as a function of the time at the
0° and 90° planes for cases A and B, respectively. The temperature gradients, Gy and Go,
are evaluated in the mushy zone at the mushy zone/solid 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
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solidifies completely. In order to understand the solidification phenomena, let us consider
the following heat balance equation:”

dr kG, -k,G,
dt f, L

(22)

where Gs and G are the temperature gradient in solid and mushy zone at the mushy
zone/solid interface, respectively, ks and k; are the thermal conductivities in the solid and
the liquid, respectively, and f is the liquid fraction. As shown in Fig. 7, Gy drops more
rapidly than Gs during solidification. Furthermore, f, decreases with time as the

solidification progressed. As a result, the solidification rate increases with time, which is
indicated in Figs 9(b) and 10(b).

iz il LY 4B 5
Thowy () Time {ma)
Fig. 9. The value of G, R, G/R, GR along 0° and 90° planes at the mushy zone-solid
interface as a function of time. (a) G; (b) R; (c) G/R; (d) GR. Laser power: 530 W, pulse

duration: 4.0 ms, and beam radius: 0.159 mm.

The solidification rate, R, and temperature gradient, G, are important in the combined
forms G/R and GR (cooling rate). As shown in Figs. 9(c) and 10(c), the solidification
parameter G/R decreases with time, since G decreases while R increases with time. The
solid-liquid interface stability factor, G/R, is related to the solidification morphology. As
the value of G/R increases, the interface morphology changes from equiaxed-dendritic, to
cellular-dendritic, to cellular grains.” As the solidification progresses from the mushy

26



zone/solid front to the weld center, the mushy zone/solid 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 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 change of the value of GR
with time depends on the magnitude of G and R and how the rates of G and R change
with time. In laser spot welding, because of high temperature gradient and small weld
pool geometry, the order of G is much larger than the order of R. So the change of GR
with time mostly depends on the change of G with time, that is, the cooling rate decreases
with time during solidafication. This is different from GTA spot welding, as discussed in
the next section.
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Fig. 10. The values of G, R, G/R, GR along 0° and 90° planes at the mushy zone-solid
interface as a function of time. (a) G; (b) R; (¢) G/R; (d) GR. Laser power: 1967 W, pulse

duration: 3.0 ms, and beam radius: 0.57 mm.

Furthermore, the solidification parameters vary with the locations in the weld pool. The
computed values of these parameters are shown in Figs. 9 and 10 for 0° and 90° planes.
This difference in solidification parameter is relative to the difference of weld pool
geometry. From Fig. 8, Dy is very close to Dy for case A, while for case B, Dy is much
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larger than Dgy. As a result, for case A, the values of these four parameters along 0° and
90° planes are very similar, while for case B, there are significant differences of these
four parameters between 0° and 90° planes. As discussed before, the value of average
temperature gradient at the 90° location is the higher than that at the 0° plane.

It should be noted that the validation of the numerical model was limited to the weld pool
geometry. The calculated solidification parameters have not been validated by comparing
with the corresponding experimental results in 304 stainless steel laser spot welds.
Calculations presented here indicate aspects of solidification in a qualitative manner,
since the focus here was the examination of the results of the transient heat transfer and
fluid flow model. Furthermore, the solidification process investigated in 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.

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

GTA linear  GTA spot Laser spot
welding welding welding
Materials AISI 1005 AIST 1003 304 stainless
carbon carbon steel
Manganese  MAanganese
steel steel
Power (KW) 1.9 1.9 1.9
Beam radius imm) 2.35 2.35 057
Pulse duration/ Velocity = 165 3ms
welding velocity 0.6mms~!
Peak 2000 2100 2700
temperature (K)
Depth (mm}) 185 1.8 0.22
Half-width {mm) 441 4.3 (.48
Cooling rate 40 250 41380
between
Ti3and 1073K
(Ks™h
Maximum 120 430 3050
temperature
gradient at the
lop surface
(Kmm™)
Maximum 0.6 30 920
solidification
rate at the
top surface
{mms™")

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

Laser spot welding is characterized by a much shorter time span than the GTA spot
welding or GTA linear welding. As a result, the temperature gradients in the work piece
and its heating and cooling rates are significantly different in the three processes. The
computed values of spatial and the temporal variations of temperature for the three
welding processes are compared in Table 3. The laser spot welding is characterized by
higher power intensity, higher peak temperature and smaller weld pool size. As a result,
the heating and cooling rate, temperature gradient and the solidification rate in the weld
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pool are much higher than those in GTA linear and spot welding. The computed results in
Table 3 indicate that during laser spot welding, the maximum temperature gradient in the
weld pool can reach to 12,560 K/mm and the maximum solidification rate can be as high
as 800 mm/s. For a typical GTA spot welding of 1005 steel, the maximum temperature
gradient in the weld pool is about 430 K/mm and solidification rate of 30 mm/s. More
important, the cooling rate in the laser spot welding is significantly higher than the GTA
welding. Therefore, it is possible to obtain the different solidification substructures in the
fusion zone depending on the welding process. The computed results in Table 3 provide
a good understanding of the relative values of important parameters for the three welding
processes. However, the results must be used with caution, since the temperature
gradients and the cooling rates presented in Table 3 depend strongly on the welding
parameters.

1.5. Conclusions

1) The fusion zone geometry, calculated from the transient heat transfer and fluid
flow model, was in good agreement with the corresponding experimentally
measured values for various laser spot welding conditions. During heating, the
heating rate varies significantly at different locations. As the weld pool cools
below the solidus temperature, the spatial variation of cooling rates decreases.

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

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

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

5) For laser spot welding, the heating and cooling rate, temperature gradient and the
solidification rate in the weld pool were much larger than those for GTA linear
welding and GTA spot welding.
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Section 2.

Probing Temperature during Laser Spot Welding from Vapor Composition and
Modeling

2.1. Introduction

Laser spot welding is characterized by the highly transient nature and very short duration
of the process. 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 process.! Knowledge of temperature and velocity fields, solidification rate and
thermal cycles are important to determine the geometry, composition, structure and the
resulting properties of the spot welds.'” Understanding the formation of non-equilibrium
phases and solidification cracking based on fundamental principles requires knowledge of
the heating and cooling rates. 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.”' 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.”'"™"* 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.

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.'*' 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
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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 recent decades, numerical models have been developed to understand the heat transfer
and fluid flow during welding. These models have been widely utilized to quantitatively
understand thermal cycles and fusion zone geometry.'”? Results from the heat transfer
and fluid flow study have also been used to study weld metal phase composition,**
inclusion structure,”' grain structure,”>>* and for prevention of porosity in welds.*
However, most of these studies were focused on linear steady state welds and not on very
short duration laser spot welds. Although a limited number of investigations of spot
welds have been undertaken in the past, the time scales studied were much longer than
the typical few milliseconds involved in laser spot welds. A detailed experimental and
theoretical study of laser spot welding has not been undertaken.

In this paper, recent theoretical and experimental research to estimate weld pool
temperatures are described. A transient, three-dimensional numerical heat transfer and
fluid flow model based on the solution of the equations of conservation of mass,
momentum and energy was used to calculate the temperature and velocity fields in the
weld pool as a function of time. The effects of spatial variation of surface tension and
buoyancy were considered to determine the weld pool convection as a function of time.
Very fine grids and small time steps were used to achieve accuracy in the calculations.
The model was tested by comparing the experimentally determined geometry of the spot
welds with those obtained from the computed temperature fields. Composition of the
metal vapor from the weld pool was 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 is 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.

2.2. 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

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. 1.
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Fig. 1: A schematic diagram of the experimental setup.

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 I.

Table 1. Welding Parameters

Pulse Beam Power Pulse
Sample : . '
number energy radius dens1t3£ duration
) (mm) (W/mm”®) (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

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)
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were made on each sample. The K value measurements were converted to approximate
oxide ratios and averaged together for each sample.

2.3. Mathematical formulation

Assumptions:

The weld metal was assumed to be incompressible, Newtonian fluid. Constant
thermophysical properties were used for the calculations and the variation of absorption
coefficient of the laser by the stainless steel at different temperatures was ignored for
simplicity.

Governing equations:

Because of the axisymmetric nature of the spot welding, the governing equations can be
solved in two-dimensions to calculate the temperature and velocity fields. However,
since the model is also used for welding with a moving heat source, a transient, three-
dimensional, heat transfer and fluid flow model was used for the laser spot welding. The
following momentum conservation equation was solved:*

ou,  oluu;) o ( au
Lt = L1+S,
P TP, ax, [“ axi] J

1

(D

where p is the density, t is the time, X; is the distance along the i =1, 2 and 3 directions, y;
is the velocity component along the j direction, p is the effective viscosity, and S; is the
source term for the jth momentum equation and is given as:

op , 0 [ Ou (1-f)
S =-— + -C .+ T-T 2
] 6Xj axj Hax fL3+B u] pr( ref) ( )

J

where p is the pressure, fi is the liquid fraction, B is a constant introduced to avoid
division by zero, C (=1.6x10% is a constant that takes into account mushy zone
morphology, B is the coefficient of volume expansion and T, is a reference temperature.
The third term on the right hand side (RHS) represents the frictional dissipation in the
mushy zone according to the Carman-Kozeny equation for flow through a porous
media.’”® The value of the effective viscosity in equation (1) is a property of the specific
welding system and not an inherent property of the liquid metal. Typical values of
effective viscosity are much higher than that of the molecular viscosity.”*** The higher
value is important, since it allows accurate modeling of the high rates of transport of
momentum in systems with strong fluctuating velocities that are inevitable in small weld
pools with very strong convection currents. The pressure field was obtained by solving
the following continuity equation simultaneously with the momentum equation:
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The total enthalpy H is represented by a sum of sensible heat h and latent heat content
AH, i.e., H=h+ AH where h= IdeT, C, 1s the specific heat, T is the temperature,

AH =f L, L is the latent heat of fusion and the liquid fraction f; is assumed to vary
linearly with temperature in the mushy zone:

1 T>T,

f=12"h pocrer @)
T, -Tq
0 T<T;

where Ty and Ts are the liquidus and solidus temperature, respectively. The thermal
energy transport in the weld work piece can be expressed by the following modified
energy equation:**

h) 8 [£ ahJ_ O(AH) _  o(u,AH) )

oh  o(u,
p— TP =
C, ox, ot 0X,

ot 0X; 0X,

where k is the thermal conductivity. In the liquid region, the value of the thermal
conductivity in equation (5) is taken as the effective thermal conductivity which is a
property of the specific welding system and not an inherent property of the liquid metal.
Typical values of effective thermal conductivity are much higher than that of the thermal
conductivity of the liquid. The higher value is important, since it allows accurate
modeling of the high rates of transport of heat in systems with strong fluctuating
velocities that are inevitable in small weld pools with very strong convection currents.”**
The weld top surface is assumed to be flat. The velocity boundary condition is given as:’

ou dy oT
b
Moz ™ aT ox
ov . dy oT
R (6)
oz dT oy
w=0

where u, v and w are the velocity components along the x, y and z directions,
respectively, and dy/dT 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:
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where f is the power density distribution factor, Q is the total energy of the heat source, n
is the absorption coefficient, r, is the heat source radius, ¢ is the Stefan-Boltzmann
constant, h, is the heat transfer coefficient, and T, is the ambient temperature. The first
term on the right hand side is the heat input from the heat source. The second and third
terms represent the heat loss by radiation and convection, respectively. For laser welding,
laser power density distribution factor f is taken as® 3.0. Laser power and beam radius
were experimentally measured. The reported values of the absorption coefficient vary
significantly.*”** For example, Cremers, Lewis and Korzekwa® indicated absorption
coefficient of Nd:YAG laser in 316 stainless steel 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.**

~ g 1/2 ~ g g 3/2
n(T)—0.365(7J 0.0667(x]+0.006(7j (8)

where A is the wavelength (cm), a is the electrical resistivity of the materials (Q2-cm). the
average electrical resistivity of 304 stainless steel is 80 pQ-cm,” and the wavelength of
Nd:YAG laser is 1.064 um. Substituting these values into equation (8), the absorption
coefficient is obtained as 0.27, which is the value taken in the calculations reported in this
paper. The data used for calculations™’ are presented in Table 2.

Table 2 Data used for calculations***"!
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
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Effective thermal conductivity of liquid

(J/m-sec-K) 209.3
Temperature coefficient of surface tension 3
( N/m-K) -0.43 x 10
Coefficient of thermal expansion 1.96 x 107

The boundary conditions are defined as zero flux across the symmetric surface as:

Mo, v=0, My 9)
oy oy

oh

-0 10
oy (10)

At all other surfaces, temperatures are set at ambient temperature and the velocities are
set to be zero.

The governing equations were discretized and solved iteratively on a line-by-line basis
using a Tri-Diagonal Matrix Algorithm. The detailed procedure to solve the equations is
described in the literature.’® After obtaining the values of the sensible enthalpy, h, on
computational domain, temperature can be expressed as:

h—-H
Tiolid + el for h < Hmelt
S Cps
h—-H h—-H
Toig + —— =T g + ——2%(Tyuie = Tooiia )= Tootia + 1 X (Thiquia = Tior
T= solid (:pa solid Hcal _ Hmelt ( liquid solld) solid 1 ( liquid solld) (1 1)
for H, ., <h<H_,
h—-H
Thquia + cal for h>H_,
C,

where Tglid and Tiquia are the solidus and liquidus temperatures of the material,
respectively. Hpere 1s the total enthalpies at the liquidus temperatures, C,s and C,; are the
specific heat of solid and liquid, respectively, f is the liquid fraction. The specific heat,
Cpa, In the mushy zone was calculated by:

Cha =(Cps+Cpl)/2 (12)
Hca 1s given as:

Hcal = Hmelt + Cpa x (Tliquid - Tsolid) (13)

2.4. Results and discussion
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The local evaporation flux of an alloying element based on the Langmuir equation is
expressed as:*®

=P (14)

J27nM RT

where J; is the vaporization flux of the element 1, A is 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, P; is the vapor pressure of 1
over the liquid, M; is molecular weight of the vaporizing element i, R is the gas constant
and T is the temperature. At pressures close to atmospheric pressure, the value of A
cannot be estimated from fundamental principles. The lack of knowledge of A poses a
problem in the application of 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 A, Langmuir equation
can be used for predicting the relative vaporization rates of various alloying elements:

1
J. P (M)
i S U [ (15)
J. P\ M.

The equilibrium partial pressure P; over the alloy depends upon the composition and the
temperature of the weld metal. The vapor pressures of the alloying elements over pure
liquids are presented in Fig. 2(a) and those over 304 stainless steel are shown in Fig. 2(b).
The equilibrium vapor pressure data used in the calculations are presented in the
Appendix. It can be seen from Fig 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. 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. 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. 2: Equilibrium vapor pressures of the four alloying elements
(a) over respective pure liquids and (b) over the alloy at different
temperatures.

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, chromium and manganese in the vapor condensate as
a function of laser power density are shown in Figs. 3(a), (b) and (c), respectively. Fig.
3(a) shows that as the power density increases, the concentration of Fe in the vapor
condensate increases. This is because of the slope of the vapor pressure versus
temperature plot for iron is steeper than those of the other alloying elements as shown in
Fig. 2(b). For similar reason, 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.

Using the vapor pressures of various alloying elements over liquid stainless steel
presented in Fig. 2(b), the values of Jre/Jyvn and Je/Jun are calculated from equation (15)
as a function of temperature. The computed values are shown in Fig. 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
Fig. 3(a), (b) and (c) and the Jg/Jymn and Jc/Jun versus temperature plots in Fig. 4,
effective weld pool temperatures can be determined for various power densities.
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Fig. 4: The ratio of calculated vaporization rates of (a) Fe and
Mn and (b) Cr and Mn as a function of temperature.

The results are shown in Fig. 5. It can be observed that the temperatures calculated from
Jre/JMn are in good agreement with those obtained from Jc/Jun indicating that the
estimated effective temperatures are independent of the choice of element pairs.
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Fig. 5: Temperature values calculated from the ratio of vapor flux.
The power density is defined as the ratio of power and laser beam
area.

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. 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.
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Fig. 6: Experimental and calculated weld pool cross sections.
Laser power: 1067 W and pulse duration: 3 ms. (a) Beam radius:
0.325 mm and (b) Beam radius: 0.466 mm.
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It will be shown later in this paper that for the conditions of the experiments described
the surface temperature change is most pronounced in the first millisecond. The changes
in temperature 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.

The experimentally determined weld pool cross sections are compared with the
corresponding numerically computed values in Fig. 6. It is observed that the calculated
weld pool geometry and dimensions agree well with the experimental results. The good
agreement indicates the validity of the transient heat transfer and fluid flow model. The
experimental and calculated values of weld pool depth and width for various laser power
densities are presented in Fig. 7.
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Fig. 7: The effects of laser power density on (a) weld pool Depth
and (b) weld pool width. Laser power: 1967 W, and pulse duration:
3.0 ms. The power density is defined as the ratio of powerand laser
beam area.

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 weld pool depth to half-width is presented in Fig.
8. 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.'” However, the
difference between the experimental and the computed values of weld pool depth at

42



power density 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.
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Fig. 8: The variation of D/W with laser power density. Laser
power: 1967 W and pulse duration: 3.0 ms.

Figs. 9(a) through 9(e) show the computed temperature and velocity fields as a function
of time. The liquid metal motion in the weld pool is driven mainly by the surface tension
force and to a much lower extent by the buoyancy force. Because of the negative values
of the temperature coefficient of surface tension, the surface tension drives the liquid
metal from the center to the periphery at the top surface of the weld pool. As a result, the
weld pool becomes wide and shallow. During the initial period of laser spot welding, the
weld pool grows rapidly in size and the temperature and velocity of liquid increase with
time. At the end of the pulse, the peak temperature and velocity of liquid drops and the
weld pool shrinks rapidly. The maximum velocity of liquid in the weld pool is 0.86 m/s.
After 5.0 ms, i.e., 1.0 ms after the laser is switched off, the maximum velocity is still
about 4.1 mm/s, which is driven mainly by inertia.
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Fig. 9: Computed temperature and velocity fields at different
times: (a) t=1 ms, (b) t=2 ms, (¢) t =4 ms, (d) t =4.5 ms, and
(e) t=15 ms. Laser power: 530 W, pulse duration: 4.0 ms, and
spot radius: 0.171 mm.

A two-phase solid-liquid mushy zone exists in the thin region between the solidus (1697
K) and liquidus (1727 K) temperatures. The size of this zone is very small during heating
(as shown in Figs. 9(a) through 9(c)). After the pulse is switched off, the mushy zone

begins to expand (shown in Figs. 9(d) and 9(e)), which could be explained by considering
the effect of the latent heat of fusion.

3500
i o

3000 } 90
< | S T3

2
o 500 L 35 e
o} 1
+— E 7
@ 2000 X
> Top surface
g- 1500 Solidus Temperature
&

1000

500 L I I I I I I

0 2 4 6 8 10 12 14

Time (ms)
Fig. 10: Weld thermal cycles at different locations on the top
surface of weld pool. Distance from the weld center: 1: 0.0 mm;
2:0.058 mm; 3: 0.125 mm, as shown in the small figure. The
solid horizontal line indicates solidus temperature. Laser power:
530 W, pulse duration: 4.0 ms, and beam radius: 0.171 mm.
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When the temperature is higher than the liquidus temperature, the heat loss is
accompanied by the 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. The existence of mushy
zone has significant effect on the final solidified microstructure.

Fig. 10 shows changes in the computed temperatures at three selected locations as a
function of time. These locations represent distances of 0, 0.085 and 0.125 mm,
respectively from the location of the heat source, as shown in the small figure. The results
indicate that the peak temperatures and the heating rates at different locations vary
significantly. The weld pool solidifies completely in about 1.66 ms after the laser pulse is
switched off. After 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 very low cooling rate due to the release of the latent heat of
fusion. Depending on the position, 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 1073 to 873 K range, the variation of the cooling rate with temperature
is small due to nearly constant outward heat loss from all locations of the weld. Thus, in
steels where the final microstructure is determined by the cooling rate through this
temperature range, the spatial variation of the microstructure is expected to be small.
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Fig. 11: The variation of peak temperature on the weld pool surface with
laser power density.

The variation of the computed peak temperature with power density is shown in Fig. 11.
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 3. It can be seen that the temperatures from the model are in fair agreement with
the effective temperatures determined from the vapor composition. Thus, the vapor
composition can provide a useful estimate of the weld pool peak temperature.
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Table 3 Temperatures calculated from vapor compositions and numerical model

Temperature (K)

sample L0V e j’;";’ﬁf : By the
’ (W) (mm) (W/mmyz ) Byrtéggzllent value of BZ ;?Sr/\;ﬁ:e
Jre/Ivn
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. 0.326 3185 2888 2885 2855
A 1063.  0.28 4317 3145 3075 3030

2.5. Conclusions

Weld pool peak temperature during laser spot welding of 304 stainless steel has been
investigated experimentally and theoretically. Experimental work involved 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. 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. A three-
dimensional, transient, numerical model was used to calculate the temperature and
velocity fields in the weld pool as a function of time. The experimentally determined
geometry of the spot welds agreed well with that determined from the computed
temperature field. The effective temperature determined from the vapor composition was
found to be close to the numerically computed peak temperature at the weld pool surface.
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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Section 3.

Alloying Element Vaporization during Laser Spot Welding of Stainless Steel

3.1. Introduction

During laser welding of many important engineering alloys, pronounced vaporization of
volatile alloying elements takes place from the weld pool surface when the weld pool
temperatures are very high.''® When this temperature is higher than the boiling point, 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 loss of alloying elements can
result in significant changes in the microstructure and degradation of mechanical
properties of weldments.”'* Moon and Metzbower’ 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. Cieslak
and Fuerschbach'® 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
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solution strengthening effect as a result of lower magnesium concentration. 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,
evaporation of alloying elements needs to be minimized. Therefore, quantitative
understanding of the evaporation of alloying elements is important in the welding of
engineering alloys.

During welding of stainless steel, the main constituents of the metal vapor are iron,
manganese, chromium and nickel.*'*" In the high manganese stainless steel, such as
AISI 201, iron and manganese were the prominent vapor species in the welding
environment. In order to have a quantitative understanding of vaporization of weld metal,
a comprehensive model is needed. Anisimov'’ and Knight'® 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'""'? to calculate the laser-induced vaporization rate.

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. Thus, in addition to vaporization of alloying elements,
ejection of metal particles may also take place when a high power laser beam is used for
welding. The expulsion of liquid metal is not acceptable during welding, since the metal
loss can adversely affect the weld geometry and weldment properties. Expulsion of liquid
metal has also been reported in the literature."””* Chun and Rose'’ irradiated an
aluminum target with a Nd-doped glass laser and found that as much as 90% of the
material lost was removed from the molten pool as liquid. The fraction of material lost as
liquid depended on the laser pulse characteristics and material properties. Von Allmen®'
suggested that the vapor pressure acts like a piston on the liquid weld pool and forces
liquid metal out of the cavity. Basu and DebRoy** examined the conditions for the
initiation of liquid-metal expulsion during laser irradiation experimentally and
theoretically. They proposed that when the vapor recoil force exceeds the surface tension
force of the liquid metal at the periphery of the weld pool, liquid expulsion takes place.

The work presented in this article was conducted to quantitatively understand the
vaporization rate of alloying elements during laser spot welding. The temperature field
used to calculate the vaporization rate was obtained from a well tested comprehensive 3-
D transient numerical model. ''"'>*?° Using the computed temperature fields, vapor
composition and total mass loss due to vaporization of various alloying elements
resulting from both concentration and pressure driven transport were calculated. The
experimentally determined weld pool dimensions, vapor composition and overall
vaporization loss were compared with the corresponding modeling results. The
possibility of metal expulsion was also examined experimentally and theoretically.
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3.2. Experimental procedure

Several 304 stainless steel welds were fabricated at the Sandia National Laboratories. The
steel had the following composition: 1 wt% Mn, 18.1 wt% Cr, 8.6 wt% Ni, 0.69 wt% Si,
0.046 wt% C, 0.012 wt% P, 0.003 wt% S, and balance Fe. A Raytheon SS 525 pulsed
Nd:YAG laser was used for laser spot welding with pulse energies of 2.1 J, 3.2 J and 5.9
J and pulse durations of 4.0 ms and 3.0 ms, respectively. 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. Individual spot
welds from a pulsed laser beam were made on 3 by 10 by 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.* Longitudinal
metallographic cross-section measurements through several collinear welds for each plate
were averaged to determine weld pool width and depth. The mass loss was
experimentally determined by weighing each specimen before and after welding with a
Metler MTS5 micro-balance. To increase the accuracy of the weight loss measurements,
the reported mass loss per pulse is the average of the fifteen spot welds made on each
sample.

In order to determine the concentration of various alloying elements in the vapor, 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. 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.

3.3. Mathematical modeling
3.3.1 Transient temperature profiles

A well tested, transient heat transfer and fluid flow model was used to calculate the
temperature and velocity fields in the weld pool both during heating and cooling. The
assumptions, model framework and the solution procedure have been described in details
in recent papers™>* and are not repeated here. The computed temperature fields as a
function of time were then used to calculate the vaporization rates of alloying elements.
The data used for calculations™*>* are presented in Table 1.
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Table 1. Data used in calculations.

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) 8374
Thermal conductivity of solid (J/m sec K) 19.26
Effective thcrl:ﬁ!l f::;i;l(c}li\-'ity of liquid 209.3
Temperature n.oc(ﬂﬁ:s:i:{(})l surface tension 043% 107
Coefficient of thermal expansion 1.96e-5
Surface tension coefficient (N/m) 1.872

3.3.2 Vaporization due to concentration gradient

At the weld pool surface, the concentrations of the alloying elements in the vapor are
higher than those in the bulk shielding gas. The vaporization flux of element 1, J;, can be
defined as:

0
Jc,i = Kg,i(Mi ;Ej _C?j (D
1

where Kg; is the mass transfer coefficient of element i, M; is the molecular weight of the
element i, a; is the activity of element i 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 (K)
at 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. Since the concentration
of element i in the shielding gas, C;°, is significantly lower than the concentration at the
weld pool surface, C{° can be neglected. The mass transfer coefficient between the weld
pool surface and the shielding gas is calculated from the graphical results of Schlunder
and Gniclinski® for a jet impinging on a flat surface and is given by:

2

0.5
J 0.483 — 0.108i +7.71x10° Gj )

0.42 0.5 0.55
K. - 2Pr ™" Re™ D, 1+ Re
® d 200
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where Pr is Prandtl number, Re is the Reynolds number at the nozzle exit, D; is the
average diffusivity of element i in the shielding gas at average temperature T,y, d is the
diameter of the nozzle, and r is the radial distance on the weld pool surface.

3.3.3 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 at 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, driven by the excess pressure is an important contributor to the
overall vaporization flux.

(&-u Shielding Gas P T
ap( g P+ Pressure
£ 2nRT, 2RT —— —— i —— Wavefront
: Shielding Gas Py P, T, Contact
2 I N Discontinuity

; / / f
2 Knudsen Layer
ﬂ,{ -0 \ ppPp T,
_,, 3 D -
f-Bf s Liq1|1id V2 ermp a7 ZRT)

Solid

Fig. 1 A schematic diagram of the velocity distribution functions
in the Knudsen layer and in adjacent regions

The velocity distribution functions of the vapor molecules, fj, f,, and f3, escaping from
the weld pool surface at various locations are shown schematically in Fig. 1. On the weld
pool surface, the molecules cannot travel in the negative direction, and as a consequence,
the velocity distribution is half-Maxwellian. The velocity varies from 0 to +oo0. Close to
the weld pool, there exists a space of several 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 was taken into account in the model.

The temperature Ty, density py, pressure P, and the mean velocity u of the vapor, at the
edge of the Knudsen layer can be related to temperature Tj, density p;, and pressure P; of
the vapor at the liquid surface by treating the Knudsen layer as a gasdynamic
discontinuity. Anisimov'’ and Knight'® 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, using the
velocity distribution functions presented in Fig. 1. The derived jump conditions across
the Knudsen layer are given by:
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) Jlm{LVlEJ Jplolm 3)
Y

vy, +12 L2

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

weight of the vapor, vy, is the ratio of specific heat of the vapor, which is treated as a
monatomic gas.

Py _ Lsz + %jemz erfc(m) - g} + %% [1 —Jnme™ erfc(m)] (4)

pl TV \/E

where erfc is the complimentary error function. The condensation factor 3 can be given
by

p, VT,

v

B:{(2m2+1)—m n%}emzﬂ £ (5)

The density, p;, can be computed from P, and T; assuming that the vapor behaves like an
ideal gas. The equilibrium vapor pressure, P;, at the weld pool surface is obtained from
the equilibrium vapor pressure-temperature relationships of the various alloying
elements:

P = z a,P’ (0)
o1

and M,, the average molecular weight of the vapor is given by:

n a.P.O
M, =;Mi o (7

1

where a; is the activity of element i in the weld pool, P is the equilibrium vapor pressure

1

of pure element i at temperature Tj, and M; is the molecular weight of element 1.

There are four unknowns in equations (3) through (5), namely, Ty, vy, B and m. Therefore,
it is necessary to have an additional equation to have unique values of these variables.
The necessary equation is obtained by applying Rankine-Hugoniot relation’® to relate the
pressure at the edge of the Knudsen layer to the ambient conditions:

2
P P +1 +1
L2y MT Y v+ i+ v (8)
P P 4 4

g 1
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where P, and P, are the pressures in front of and behind the wavefront, respectively, P, =
Py, v, is the ratio of specific heats for shielding gas, and I' = \/yVRVTV / \/ngng . The

Mach number, M, is related to m by the following relation:
m=M, ¥ )

The Mach number M and the density py, obtained by solving Equations (3) through (9),
can be used to calculate the vaporization flux due to pressure gradient at the weld pool
surface corresponding to a local surface temperature Ti:

J,=p,MS (10)

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, its flux, Jp;, due to pressure gradient can be given by:

P’ M.
J =a 4+ —1J (11)

pi i p
P M,

3.3.4. Overall vaporization rate and weight loss due to vaporization

The total vaporization flux for element i is the sum of diffusion driven and pressure
driven vapor fluxes and can be given by:

J; :Jc,i+Jp.i (12)

The vaporization rate of element 1 is obtained by integrating the vapor flux over the entire
weld pool surface, and the total vaporization rate of all the elements is given by:

GziGi :i”Jidxdy (13)

i=1 g

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

AW, = > [[ 7,Atdxdy (14)

where At is the time step.
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3.4 Results and discussion

3.4.1. Computed temperature fields and weld pool geometry

0
-0.2 < (mm)

O0gg 04
Fig. 2 Computed temperature and velocity fields at different times:
(@)t=1ms, (b)t=3 ms and (c) t =5 ms. Laser poser: 1967 W,

pulse duration: 3.0 ms and spot radius: 0.428 mm.

Figs. 2(a) through 2(c) show the computed temperature and velocity fields as a function
of time. The liquid metal motion in the weld pool is driven mainly by the surface tension
force and to a much lower extent by the buoyancy force. Because of the negative values
of the temperature coefficient of surface tension, the surface tension drives the liquid
metal from the center to the periphery at the top surface of the weld pool. As a result, the
weld pool becomes wide and shallow. During the initial period of laser spot welding, the
weld pool grows rapidly in size and the temperatures increase with time. After the laser is
switched off, the temperatures decrease rapidly and consequently, the weld pool begins to
shrink. The maximum velocity of liquid in the weld pool is 0.73 m/s after 3 ms. This
velocity decreases rapidly after the laser is switched off. The maximum velocity is
reduced to 4.5 mm/s 2.0 ms after the laser is switched off. The computed results show
that it takes about 3.55 ms after the power is switched off for the weld pool to solidify
completely.
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Fig. 3 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 lines indicates solidus
temperature. Laser power: 1967 W, pulse duration: 3.0 ms and
beam radius: 0.428 mm

Fig. 3 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, as shown in
the figure. 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.

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

B upCpLR
k

Pe

(15)

where u is the velocity, p is the density, C, is the specific heat, Lr is the characteristic
length taken as the pool radius at the top surface of weld pool, and k is the thermal
conductivity. When Pe is less than one, the heat transport within the weld pool occurs
primarily by conduction.
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Fig. 4 The variation of Peclet number with time. Laser power:
1967 W, pulse duration: 3.0 ms and beam radius

When Pe is much higher than 1, the convective heat transport is the primary mechanism
of heat transfer. Fig. 4 shows the change of Peclet number with time. 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.
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Fig. 5 The effects of laser power density on (a) the computed peak
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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. The variation of peak temperature and maximum velocity with power
density is shown in Fig. 5. Both the peak temperature and the maximum velocity
represent the highest values in the weld pool at the end of the pulse. The high maximum

velocity at high power densities means a more dominant role of convection at high power
densities.
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Fig. 6 Experimental and calculated weld pool cross sections. (a)
laser power: 1967 W, pulse duration: 3 ms and beam radius: 0.521
mm; (b) laser power: 1507 W, pulse duration: 4 ms and beam
radius: 0.389 mm.

The experimentally determined weld pool cross sections are compared with the
corresponding computed values under two welding conditions in Fig. 6. It is observed
that the calculated weld pool geometry and dimensions agree well with the experimental
results. At various other laser power densities, experimentally measured and computed
values of weld pool depth and width are presented in Table 2. The total power was kept
constant at 530 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 fair agreement with the
experimental results.

Table 2. Calculated and experimental weld pool dimensions
for different welding conditions

. Depth (mm) Width (mm)
Spot radius
(mm) . .
Calculated | Experimental | Calculated | Experimental
0.159 0.202 0.190 0.512 0.625
0.210 0.199 0.267 0.536 0.416
530w,
40ms | 0272 0.181 0.117 0.550 0.550
pulse
0.313 0.170 0.092 0.576 0.519
0.433 0.130 0.058 0.602 0.477
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3.4.2. Mass loss

Because the weld pool surface temperatures reach high values, pronounced evaporation
of alloying elements takes place during high power laser spot welding. Fig. 7 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-work piece interaction zone where the weld pool surface temperatures are very
high as observed from Fig. 7(a). The diameter of this active region is approximately 0.6
mm as can be observed from Figs. 7(b) through (h). This dimension is comparable but
somewhat smaller than the diameter of the laser beam at the focal point.
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Fig. 7 Distribution 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.

From the computed vapor fluxes presented in Fig. 7(e) through 7(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 the Appendix.
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
at 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 8 Weight percent of different elements in vapor composition.
(a) laser power: 1064 W, pulse duration: 3.0 ms and beam radius:
0.28 mm; (b) laser power: 530 W, pulse duration: 4.0 ms and beam
radius: 0.171 mm.

The vapor composition was also determined from the experiments. The concentrations of
different elements in the vapor obtained from both experiments and calculations are
presented in Fig 8. Iron and chromium were the main vaporizing species. It is also
observed that the calculated concentrations of various vaporizing species agree well with
those obtained from measurements.
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Fig. 9 Experimental and computed concentrations of (a) Fe and (b)
Cr in the vapor.

The experimentally determined and the calculated concentrations of different alloying
elements in the vapor are presented in Table 3 for various welding conditions. The
change in the concentrations of the main vaporizing species, i.e., iron and chromium,
with power density is shown in Fig. 9. 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 similar reason, the concentration of chromium in the vapor condensate
increases slightly with power density.

Table 3. Experimentally determined and calculated vapor
compositions for different welding conditions.

Fe (%) Mn (%) Cr (%) Ni (%)
Spot radius (mm)
Exp Cal Exp Cal Exp Cal Exp | Cal
0289 | 485 | 41.7 | 239 | 404 | 223 | 162 | 54 | 1.7
530 W,
40ms | 0247 | 644 | 490 | 88 | 304 | 209 | 184 | 59 | 23
pulse 1657 | 576 | 526 | 74 | 255 | 204 | 193 | 147 | 26
0.171 | 640 | 627 | 64 | 114 | 232 | 220 | 64 | 39
1063.3 | 0326 | 67.1 | 586 | 81 | 175 | 188 | 207 | 6.0 | 3.3
W, 3.0
mspulse | 028 | 640 | 642 | 59 | 85 [ 239 | 231 | 62 | 42

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

The calculated mass loss due to evaporation is compared with the experimental results of
mass loss at various power densities in Fig. 10. Some additional results are also presented
in Table 4 for completeness. 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
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results must be carefully considered. In other words, a possibility that all of the mass loss
is attributable to the vaporization of alloying elements and the model chronically
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.

Table 4. Calculated mass loss due to evaporation is compared
with the experimentally determined mass loss for different
welding conditions.

~ Weight loss (ug)
Spot radius (mm) :“‘a;CLtE:ICd !)c;l;
cIperature | Calculated Experimental
0.350 3628 21.52 51.6
0.379 3448 8.50 553
1967 W, =
3.0 ms pulse 0.428 3205 1.42 54.8
0.521 2814 0.08 247
0.570 2674 0.04 13.7
0.225 3561 8.43 29.5
0.260 3270 1.42 26.7
1067 W, 1
3.0 ms pulse 0.325 2879 0.07 253
0.389 2606 0.02 11.6
0466 | 2365 4.7%10° 4.4
0.159 | 3176 0.46 15.6
0.210 2761 0.03 3.6
530W, T T 3 |
ol 2. .
4,0 ms pulse 0.272 2451 6.7x10 1.6
0.313 2308 3.0x107 0.6
0.433 2032 0.5%10™ 0.333

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'"'?. 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 4. 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.
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Fig 10 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.

Although temperatures higher than the boiling point have been reported in the
literature,'"'**">? the reported temperatures are not significantly different from the
boiling points for power densities close to about 10° 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 4 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 lower 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 4 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'’ and Knight.'®
The same model has been extensively applied to calculate the laser induced vaporization
rates of alloying elements.'"'*** In each case, the computed vaporization rate was
comparable to the corresponding experimental data. So, the difference between the
computed vaporization loss and the experimental mass loss cannot be attributed to the
inaccuracies resulting from the evaporation model. It is also worth noting that the
experimentally measured mass loss indicated in Table 4, if totally attributed to
vaporization, demands unrealistically high values of vaporization rate. For example, let
us consider the experiment with 0.159 mm radius laser beam having 530 W power
applied for 4 ms. The total mass loss was found to be 15.6 microgram. 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.”® Thus, the
experimental value of mass loss is far too high to be explained by vaporization alone.
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A possible reason for the observed 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 was examined.

800
8 600 |
g I
% L Recoil force
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Fig 11 Recoil and surface tensio forces as a funtion of time. Laser
power: 1067 W, pulse duration: 3.0 ms and beam radius: 0.225 mm

Expulsion of metal drops takes place when the vapor recoil force exceeds the surface
tension force of the liquid metal at the periphery of the weld pool.*” The vapor recoil
force F;and the surface tension force at the periphery Fs can be expressed by:

F =2n jo rAP(r)dr (16)
F, =2nrc (17)

where rp is the radial distance at which the surface temperature reaches the boiling point,
AP(r) is the difference between the local equilibrium vapor pressure and the atmosphere
pressure and is the function of radial distance from the beam axis, ry is the radial distance
at which the temperature is equal to the melting point, ¢ is the surface tension coefficient
at the melting point. Fig. 11 shows the computed values of these two forces during
welding. As the temperature increases with time, the equilibrium vapor pressure and the
resulting recoil force increases significantly. At about 1.4 ms after the start of the pulse,
the two forces are roughly equal. Further heating results in higher recoil force than the
surface tension force. When the recoil force exceeds the surface tension force, ejection of
metal droplets is anticipated. To verify the model prediction of metal droplet ejection, a
few experiments were conducted where both end open quartz tubes were placed co-axial
to the laser beam and right above the 304 stainless steel sample during the laser spot
welding. The interior surface of the tube was examined after the experiments. Fig. 12
shows the presence of metal vapor and tiny metal droplets on the interior wall of a quartz
tube. Three small droplets can be seen in this macrograph. Clearly, mass loss is
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contributed by both vaporization of alloying elements as well as the ejection of metal
droplets.

Ejected particles

Fig. 12 Particles of 304 stainless steel, effected from the weld pool,
were captured on the inner surface of a both end open quartz tube
place co-axial with the laser beam during spot welding. Laser
power: 1967 W, pulse duration: 3.0 ms and beam radius: 0.379 mm

3.5. Conclusions

Loss of alloying elements from the weld pool during laser spot welding of stainless steel
was investigated experimentally and theoretically. The experiments involved
measurements of weight loss 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. The theoretical work involved numerical modeling of transient
temperature and velocity fields in the weldment and calculation of the vaporization rate
of the alloying elements using the computed temperature profiles. The fusion zone
geometry could be predicted from the transient heat transfer and fluid flow model for
various welding conditions. In the range of variables investigated, the laser power and the
pulse duration were the most important variables in determining the temperature profile.
During heating, temperatures and velocities increased with time and convection played an
increasingly important role in the heat transfer within the weld pool. The peak
temperatures and velocities increased significantly with the laser power density. At very
high power densities, the computed temperatures at 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 total 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. The ejection of metal droplets was
predicted by computations and verified by experiments.
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Report Summary

Successful development of a comprehensive analytical model required that both the
incident laser beam parameters and the experimental results be accurately determined.
Loss of alloying elements from the weld pool during laser spot welding was examined
through accurate mass loss measurements and microprobe analysis of the chemical
composition of the vapor. Longitudinal metallographic cross-section measurements
through several collinear laser spot welds were examined to determine fusion zone
dimensions. The measured vapor composition was employed in an analytical expression
to determine an effective temperature of the weld pool.

A three-dimensional, transient, numerical model was used to calculate the temperature
and velocity fields in the weld pool as a function of time. Results from the analytical
model enabled an insightful examination of the responses inside the laser spot weld pool.

The fusion zone geometry was in good agreement with the corresponding experimentally
measured values for various laser spot welding conditions. During heating, the heating
rate varies significantly at different locations, temperatures and velocities increased with
time, and convection played a very important role in the heat transfer especially towards
the end of the laser pulse.. The peak temperatures and velocities increased significantly
with the laser power density. The liquid flow is mainly driven by the surface tension and
to a much less extent, by the buoyancy force. Heat transfer by conduction is important
when the liquid velocity is small at the beginning of the pulse and during weld pool
solidification.

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 gradients (G) in the mushy zone at the
mushy zone/solid interface decrease with the solidification time. The solidification rate
(R) of the mushy zone/solid interface increases with time.

The effective temperature determined from the vapor composition was found to be close
to the numerically computed peak temperature at the weld pool surface. At very high
power densities, the computed temperatures at 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 total pressure and concentration gradients. The calculations
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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. The ejection of metal droplets was predicted
by computations and verified by experiments.
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Appendix
Equilibrium vapor pressure data used for the calculations
The equilibrium vapor pressures of the various vaporizing species over pure liquid were

calculated using the following equations.””* In these equations, the vapor pressure is
expressed in atm and the temperature is in K.

log(Py, x 760) =11.5549 -1.9538 x 104%- 0.6254910gT -2.7182x10° T +1.9086 x 10 T*

log(P2 x1.013x10°) =-5.58x107* T —1.503 % 10-4%+ 12.609

log(P2 x1.013x10%) =-13.505x10° %+33.65810gT ~9.29x107°T +8.381x107'T? —87.077

logP!, = 6.666 - 20765%

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’

where X; is the mole fraction of element i in the alloy, P’ is the equilibrium vapor
pressure of element i over the pure liquid.
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