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Selective vaporizationof volatile elements during laser welding of automotive aluminum alloys affects
weld metal composition and properties. An experimental and theoretical study was carried out to seek
a quantitative understanding of the influences of various welding variables on vaporization and
composition change during conduction mode laser welding of aluminum alloy 5182. A comprehensive
model for the calculation of vaporization rate and weld metal composition change was developed
based on the principles of transport phenomena, kinetics, and thermodynamics. The calculations
showed that the vaporization was concentrated in a small high-temperature region under the laser
beam where the local vapor pressure exceeded the ambient pressure. The convective vapor flux driven
by the pressure gradient was much higher than the diffusive vapor flux driven by the concentration
gradient. The computed weld pool geometry, vaporization rates, and composition changes for different
welding conditions agreed well with the corresponding experimental data. The good agreement
demonstrates that the comprehensive model can serve as a basis for the quantitative understanding
of the influences of various welding variables on the heat transfer, fluid flow, and vaporization
occurring during conduction mode laser welding of automotive aluminum alloys.

I. INTRODUCTION their composition. For Al-Mg alloys that contain more than
1.5 pct of magnesium, loss of magnesium from the weldTHE 2000, 5000, and 6000 series aluminum alloys cho- metal substantially increases hot crack susceptibility.

sen for automotive applications provide substantial specific Experimental and theoretical investigations have been
strength, good crash-worthiness, and excellent corrosion conducted to understand the vaporization of various species
resistance.[1] Laser beam welding is characterized by high from the weld pool during fusion welding of several
welding speed, low heat input, and low weldment distortion; important engineering alloys and pure metals.[8–16] The weld
it is also amenable to automation. These attributes make metal composition change depends on the vaporization flux
laser beam welding potentially attractive for the joining of and the melting rate, the latter often being an important
automotivecomponentsin drive train assemblies, suspension factor in determining the composition change.[17] In order
components, and various body panels.[2,3] Currently, how- to achieve a quantitative understanding of the vaporization
ever, hot cracking, porosity, and weld metal composition and weld metal compositionchange, a comprehensive modelchange are major concerns in the welding of aluminum is needed.alloys for automotive applications.[4]

In early studies, the Langmuir equation[10,18] was widelyWeld metal composition change caused by selective used for the estimation of vaporization rates during welding.vaporizationof volatile alloying elements, especiallymagne-
This simple model is useful in predicting the relative vapor-sium, may affect the mechanical properties, corrosion resis-
ization rates of various alloying elements. However, since ittance, and hot crack susceptibility of the weldment.[5,6,7]

was derived for vaporizationin vacuum, where no significantThe yield strength of 5000 series aluminum alloys increases
condensation of the vaporized species occurs, the Langmuirlinearly with the concentration of magnesium, as shown in
equation significantly overestimates the vaporization rateFigure 1.[5] Loss of magnesium results in loss of the yield
under commonly used welding conditions. For example,strength of these alloys. Cieslak and Fuerschbach[6] investi-
Sahoo et al.[11] found that at a pressure of 80 Pa (7.9 3 1024

gated the loss of hardness resulting from the laser welding of
atm), the calculated vaporization rates of the pure metalsaluminum alloys. They found that magnesium vaporization
obtained from the Langmuir equation were nearly one orderfrom the weld pool results in reduced weld metal hardness
of magnitude higher than the experimental results. There-as compared with an equivalently treated base metal. For
fore, a realistic model for the calculation of the vaporizationthe alloys 5456 and 5086, they proposed that the loss of
rate has to take into account the ambient pressure.hardness resulted from a diminished solid solution strength-

Anisimov and Rakhmatulina[19] and Knight[20] derivedening effect caused by a lower magnesium concentration.
equations for the calculation of vaporization and condensa-The compositional and microstructural changes across the
tion rates for pure metals by solving the equations of conser-weldment may also deteriorate the corrosion resistance of the
vation of mass, momentum, and energy in a thin layeralloy.[5] Finally, it is known that the hot crack susceptibilityof
adjacent to the liquid-vapor interface, known as the Knudsenaluminum alloys, as shown in Figure 2,[7] is dependent on
layer. Their results have been incorporated into several
recent models[14,15,16] to calculate laser-induced vaporiza-
tion rates and the resulting composition changes. Chan
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Fig. 1—Correlation between yield strength, elongation, and magnesium Fig. 2—(a) through (d ) Effect of chemical composition of weld metal on
concentration for 5000 series aluminum alloys.[5]

relative crack susceptibility in various aluminum alloys.[7]

Table I. Composition of Aluminum Alloy 5182DebRoy et al.[15] and Mundra and DebRoy[16] coupled the
principles of weld pool transport phenomena and vapor-

Alloying Element Mg Si Mn Cr Cu Zn Ti Al
phase gas dynamics for the calculation of the laser-induced

Wt pct 4.20 0.20 0.35 0.10 0.15 0.07 0.10 balancevaporization of pure metals and stainless steel. Higher
accuracy in the calculated vaporization rates was achieved
due to the consideration of more details of the physical
processes involved. However, the previous models[15,16] Table II. Welding Parameters Used in the Study
are two-dimensional and axisymmetric and therefore, they

Laser power 1.5 to 3 kWare applicable only to spot welding or to welding at low
Welding speed 95.3 to 116.4 mm/sspeeds. Furthermore, the application of these models was
Beam defocusing 61.5, 61.75, 62 mmlimited to steels and pure metals. No quantitative investiga-

tion on composition change during laser welding of auto-
motive aluminum alloys has been reported in the literature
so far. wave Nd:YAG laser. The composition of the alloy is given

in Table I. In the table, the concentrations of magnesiumThe work presented in this article was conducted to under-
stand quantitatively the influences of various welding vari- and zinc were determined by a spectrochemical technique

from actual test samples while the concentrations of otherables on the vaporization rates and weld metal composition
changes during conduction mode laser beam welding of elements are nominal specified values. The welding parame-

ters used in this investigation are given in Table II. A defo-automotive aluminum alloy 5182. A comprehensive model,
integrating the calculation of turbulent fluid flow and heat cused laser beam was used in order to obtain a conduction

mode welding. A nomenclature of positive defocusing totransfer in three dimensionsand the calculationsof vaporiza-
tion rate and composition change in the weld pool, was represent the focal point to be above the top surface of the

workpiece, and negative defocusing to represent the focaldeveloped. Calculated weld pool geometry, vaporization
rates, and composition changes were compared with the point to be below the top surface, will be used throughout

this article. The laser beam was delivered using a 600-mm-corresponding experimental results.
diameter fiber of fused silica to an f2 focus optic manipulated
by a micropositioning stage mounted on a linear translation

II. EXPERIMENTAL PROCEDURE device. An ancillary copper nozzle having an 8-mm inner
diameter was utilized to provide helium shielding gas at aBead-on-plate autogenous welds of aluminum alloy 5182

plates of 1-mm thickness were produced using a continuous flow rate of 1.6 L/s.
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After welding, the weld pool cross-sectional area, depth,
and width were measured by standard metallography and
computer image analysis. The elemental composition in the
weld pool was determined by electron microprobe analysis.
The concentrationsof magnesium and aluminum in the weld
metal were obtained from the average of at least 15 data
points at different locations within the fusion zone. Since
other alloying elements constitute less than 1 wt pct, they
were not measured. In order to avoid erroneous data caused
by localized interdendritic segregation, each elemental mea-
surement was obtained over an area of 100 3 100 mm2.

MATHEMATICAL MODELING

A. Heat Transfer and Fluid Flow in the Molten Pool

Fig. 3—Equilibrium vapor pressure of metals at different temperatures.The Navier–Stokes equations and the equation of conser-
vation of energy were solved numerically to obtain the three-
dimensional temperature and velocity fields in the weld pool.

in Figure 3. It is observed that the vapor pressure of magne-The standard K-« turbulence model[21] was incorporated to
sium is much higher than that of aluminum and other ele-calculate the effect of turbulent agitation in the weld pool.
ments, except zinc. Since the concentration of zinc in alloyThe transient problem was transformed into a steady state
5182 is very low, only the vaporization of magnesium andproblem by the use of an Eulerian coordinate system. The
aluminum were considered in the study.heat loss due to the vaporizationof alloying elements signifi-

Several assumptions were made in the calculations: (1)cantly influences the temperature field on the weld pool
the activity of magnesium in the molten pool was calculatedsurface.[16] In the present model, the evaporative heat loss
assuming Henry’s law,[27] i.e., aMg 5 0.88XMg, while thewas taken into account in the boundary conditions on the
activity of aluminum was obtained from Raoult’s law, i.e.,pool surface. Since the appropriate equations and the bound-
aAl 5 XAl, where XMg and XAl are the mole fraction ofary conditions have been well documented in the litera-
magnesium and aluminum in the alloy, respectively; and (2)ture,[21–24] these are not presented here.
the concentrations of aluminum and magnesium in the weldThe power density distribution of the laser beam was
pool were considered to be uniform. This is justified owingGaussian in nature. The distribution of absorbed laser power
to rapid mixing in the weld pool due to the vigorous convec-density on the weld pool surface is thus given by[25]

tive flow of liquid metal.
J(r) 5

2hQ
prb

2 e(22r2/rb
2) [1] 1.1. Vaporization flux

a. Vapor flux due to concentration gradient
The concentrations of metal vapors are higher near thewhere h is the absorption coefficient, Q is the laser power,

weld pool surface than in the bulk shielding gas. The vaporrb is the beam radius, and r is the radial distance from the
flux of element i, Jci, due to such a concentration gradientbeam axis. The beam radius at various locations along the
is defined asbeam axis z is given by[26]

rb 5 r0 [ 1 1 {lzM 2/(pr0
2)}]1/2 [2]

Jc,i 5 Kg,i 1Mi
aiPi

o

RT1
2 Ci

b2 [4]
where r0 is the beam radius at the focal point, l is the beam
wavelength, z is the beam defocusing, i.e., the distance from where ai is the activity of element i in the liquid metal, Pi

o

the focal point to the top surface of the weldment, and is the equilibrium vapor pressure of element i over pure
M 2 is a dimensionless beam quality figure of merit that is liquid, Mi is the molecular weight of element i, R is the gas
given by[26]

constant, Tl is the temperature at the weld pool surface, Kg,i

is the mass transfer coefficient of element i, and Ci
b is theM 2 5 pr0b/l [3]

concentration of element i in the shielding gas. Since the
where b is the half-angle of beam divergence. For a given concentrationof element i in the shielding gas, Ci

b, is signifi-
laser, the value of M 2 usually varies with increasing laser cantly lower than that at the weld pool surface, it can be
power due to the intrinsic distortions of the laser beam.[26] neglected. The mass transfer coefficient between the weld
For a Nd:YAG laser, intrinsic distortion is caused by the pool surface and the exit of the shielding gas nozzle is
temperature gradient across the laser rod. As a result, the calculated from the graphical results of Schlunder and
beam size often increases with increasing laser power. This Gniclinski for a jet impinging on a flat surface[28] and is
effect is taken into account in the calculations. given by

Kg,i 5
2 Sci

0.42 Re0.5 Di

d 11 1
Re0.55

200 2
0.5

[5]
B. Composition Change in the Weld Pool

The rate of vaporization for a metal is influenced by its
equilibrium vapor pressure. The equilibriumvapor pressures F 0.483 2 0.108

r
d

1 7.71 3 1023 1r
d2

2G
of various alloying elements vs temperature are presented
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functionspresented in Figure 4. The derived jump conditions
across the Knudsen layer are given by
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Fig. 4—Velocity distribution functions of vapor molecules at various
locations. b 5 F(2m2 1 1) 2 m! p

Tl
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G em2 rl

rv
! Tl

Tv
[8]

where m 5 u/! 2RvTv, Rv , 5 R/Mv , R is the gas constant,
gv , is the ratio of specific heats of the vapor, which is treatedwhere d is the diameter of the nozzle in meters, r is the
as a monatomic gas, and b is the condensation factor. Theradial distanceon the pool surface in meters, Di is the average
equilibriumvapor pressure Pl, at the pool surface is obtaineddiffusivity of element i in the shielding gas, Re is the Reyn-
from the equilibrium vapor pressure-temperature relation-olds number at the nozzle exit, and Sci is the average
ships of the various alloying elements:Schmidt number.

Pl 5 o
n

i51
aiPi8 [9]b. Vapor flux due to pressure gradient

During laser welding, the peak temperature on the weld
pool surface can exceed the boiling point of the alloy and, and Mv , the average molecular weight of the vapor, is
consequently, the vapor pressure at the weld pool surface can given by
be higher than one atmosphere. For example, von Allmen[29]

determined molten pool temperatures in excess of the boiling Mv 5 o
n

i51
Mi

aiPi8

Pl
[10]

point for the laser treatment of copper. Batanov et al.[30]

also indicated that temperatures on the surface of a laser-
where ai the activity of element i in the weld pool, Pi8 isirradiated material can be higher than the boiling point. Chan
the equilibrium vapor pressure of pure element i at tempera-and Mazumder[14] have also reported computed temperatures
ture Tl, and Mi is the molecular weight of element i.greater than the boiling point during laser irradiation of

There are four unknowns in eqs. [6] through [8], namely,aluminum, titanium, and a superalloy. Theoretical calcula-
Tv , rv , b, and m. Therefore, another independent equationtions of the vaporization rates by Anisimov and Rakhmatul-
is required to obtain the unique values of these variables.ina[19] and Knight[20] are based on the premise that the liquid
The necessary equation is obtainedby applyingthe Rankine–pool surface temperatures are higher than the boiling point.
Hugoniot relation[31] to relate the pressure at the edge of theTherefore, the convective flux of the vaporized elements,
Knudsen layer to the ambient conditions bydriven by the excess pressure, is an important contributor

to the overall vaporization flux. Pl

Pg

P2

Pl
5 1 1 gg MG Fgg 1 1

4
MG

[11]
The velocity distribution functions, f1, f2, and f3 of the

vapor molecules escaping from the weld pool surface at
various locations are shown schematically Figure 4. On the

1 ! 1 1 1gg 1 1
4

MG2
2Gweld pool surface, the velocity distribution, f1, is half-Max-

wellian because the vapor molecules only move away from
the pool surface, i.e. the velocity varies from 0 to 1 `. where Pg and P2 are the pressures in front of and behind
There exists a space of several mean free paths length near the wavefront, respectively, P2 5 Pv , gg is the ratio of
the weld pool surface, known as the Knudsen layer, at the

specific heats for shielding gas, G 5 ! gvRvTv/! ggRgTg, andouter edge of which the velocity distribution, f3, just reaches
M is the Mach number which is related to m by the relationMaxwellian. Here, the velocity can vary from 2̀ to 1̀ ,

as shown in Figure 4. A portion of the vaporized material,
m 5 M ! gv

2
[12]f2, condenses on the liquid surface. This rate of condensation

was taken into account in the model.
The Mach number M and the density rv , obtained byThe temperature Tv , density rv , pressure Pv , and the mean

solving Eqs. [6] through [12], can be used to calculate thevelocity u of the vapor at the edge of the Knudsen layer can
vaporization flux due to pressure gradient at the weld poolbe related to temperature Tl , density rl , and pressure Pl of
surface corresponding to a local surface temperature Tl fromthe vapor at the liquid surface by treating the Knudsen layer

as a gas dynamic discontinuity. Anisimov and Rakhmatul- JP 5 rvMS [13]
ina[19] and Knight[20] derived expressions for the jump condi-
tions in the vapor temperature, density, velocity, and the where S is the speed of sound in vapor at temperature Tv.

The vaporization flux of an alloying element i, JPi, is givenextent of condensation across the Knudsen layer by solving
the equations of the conservation of mass, momentum, and by the product of the total vapor flux and the mole fraction

of i in the gastranslational kinetic energy, using the velocity distribution
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Table IV. Welding Conditions and the CorrespondingTable III. Data Used for the Calculations of Weld Pool
Temperature and Velocity Fields[5,32–34] Beam Radius and Absorption Coefficient Used for the

Calculations
Property (Unit) Value Reference

Nominal Measured Beam Welding BeamLiquidus temperature (K) 911 32
Power Power Defocusing Speed Absorption RadiusSolidus temperature (K) 850 32
(W) (W) (mm) (mm/s) Coefficient (mm)Density of liquid metal (kg/m3) 2300 5

Enthalpy of solid at melting point 721 5 1500 1600 1.50 105.8 0.23 0.32
2000 1700 1.50 105.8 0.25 0.35(J/g)

Enthalpy of liquid at melting 1116 5 2500 2040 1.50 105.8 0.23 0.38
3000 2510 1.50 105.8 0.22 0.41point (J/g)

Specific heat of solid (J/g K) 0.9 5 3000 2510 1.75 95.3 0.22 0.42
3000 2510 1.75 105.8 0.22 0.42Specific heat of liquid (J/g K) 1.2 5

Thermal conductivity of solid 168 5 3000 2510 1.75 116.4 0.22 0.42
3000 2510 2.00 95.3 0.23 0.43(J/m s K)

Thermal conductivity of liquid 108 5 3000 2510 2.00 105.8 0.23 0.43
3000 2510 2.00 116.4 0.23 0.43(J/m s K)

Viscosity of liquid (g/m s) 1.1 5
Temperature coefficient of 23.5 3 1024 33

surface tension (N/m K)
Heat of vaporization for Mg (J/g) 5253 33 surface condition and the addition of alloying elements
Heat of vaporization for Al (J/g) 10,780 33 greatly affects the absorption of laser radiation by aluminum.
Partial heat of mixing for Mg in 556 34 The reported values of the absorption coefficient of Nd:YAG

Al (J/g) laser radiation by aluminum alloys vary from about 0.05 for
very clean aluminum[35,36] to about 0.45 for chemically
etched alloy AA1050.[37] Due to the high sensitivity of the
absorption coefficient to the surface conditions, small varia-
tions in absorption coefficient are expected. In the presentJP,i 5 ai

Pi8

Pl

Mi

Mv
JP [14]

model, the absorption coefficient was adjusted in the range
of 0.22 to 0.25 to fit the experimentally determined weldFrom the results of Eqs. [4] and [14], the total vaporization
pool size.flux for element i can be obtained from

The laser beam radius and absorption coefficient for vari-
Ji 5 Jc,i 1 JP,i [15] ous welding conditions are presented in Table IV. The nomi-

nal laser powers, which are different from the measured
2. Vaporization rate and composition change laser powers, are used to identify the welding conditions
The vaporization rate of element i, Gi is obtained by throughout this article. The data used for the calculation of

integrating the vapor flux over the entire weld pool surface, vapor fluxes are presented as a function of temperature T
and the total vaporization rate of all the elements, G, is and/or pressure P, as shown in Table V.[33,38]

given by

IV. RESULTS AND DISCUSSIONG 5 o
n

i51
Gi 5 o

n

i51
ee

s

Ji dx dy [16]
A. Temperature and Velocity Fields in the Weld Pool

where Ji is the vapor flux of element i and s indicates the The calculated temperature and velocity fields in weld
weld pool surface. The final composition in the weld pool pool cross sections and the experimentally obtained weld
is calculated by an iterative scheme with the initial values pools for laser powers of 1.5 and 3 kW are shown in Figure
chosen to be those of the base metal. The concentration of 5. It is observed that the calculated weld pool geometry and
element i in the weld pool, Ci , is given by dimensions agree well with the experimental results. The

peak temperatures near the center of the weld pool were
Ci 5

nArCi,b 2 Gi

nAr 2 G
[17] about 2150 K, and these decreased progressively toward the

periphery. For both cases, there is a recirculating flow in
the weld pool driven mainly by surface tension (Marangoni)where Ci and Ci,b are the concentration of element i in the

weld pool and in the base metal, respectively, n is the force. Since the temperature coefficient of surface tension
is negative for this alloy, the molten metal on the surfacewelding speed, A is the across section area of the weld, and

r is the density of the weld metal. After each iteration, the flows from the center to the periphery of the pool, as shown
in Figure 5. The maximum flow velocities on the weld poolactivities of the alloying elements in the weld pool are

recalculated based on the calculated composition in the surface are on the order of 1 m/s. The general features of
the calculated temperature and velocity fields are consistentweld pool. Using the new values of activities of alloying

elements, all calculations are repeated until the calculated with the calculated results reported in the literature.[22–24,39]

The high velocity flows occurring in weld pools resultedcomposition in the weld pool converges.
in rapid mixing and caused turbulence, which enhanced the
rates of transport of energy and momentum. In the present

C. Data Used in the Calculations model, turbulence was simulated by the use of effective
viscosity, meff 5 m 1 mt , and effective thermal conductivity,The temperature and velocity fields in the weld pool were

calculated using the data presented in Table III.[5,32–34] The keff 5 k 1 kt , in the equations of conservation of energy
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Table V. Data Used for the Calculations of Vaporization Rates[33,38]

Parameter Formula Reference

Viscosity of He (g/m s) 2.20 3 1022 1 2.22 3 1025 3 T 38
Diffusivity of Al in He (mm2/s) (21.20 3 102 1 0.39 3 T 1 2.09 3 1024 3 T 2)/P 38
Diffusivity of Mg in He (mm2/s) (21.10 3 1022 1 0.36 3 T 1 1.96 3 1024 3 T2)/P 38

Al vapor pressure, P (atm) log P 5 12.36 2 1.65 3 104/T 2 1.02 3 log T 2 log 760 33
Mg vapor pressure, P (atm) log P 5 12.79 2 7.55 3 103/T 2 1.41 3 log T 2 log 760 33

(a)

(a)

(b)

Fig. 5—Experimental and calculated weld pool cross sections for laser
power of (a) 1.5 kW and (b) 3.0 kW. Welding speed 105.8 mm/s and beam
defocusing 11.5 mm.

and momentum. Here, m and k are the molecular values of
viscosity and thermal conductivityof the liquid, respectively.
The turbulentviscosity mt and turbulent thermal conductivity

(b)kt in the weld pool were calculated by solving the equations
Fig. 6—Distributions of (a) ratio of effective to molecular viscosity andof conservation of turbulent kinetic energy K and its dissipa-
(b) ratio of effective to molecular thermal conductivity in weld pool crosstion rate « from the K-« model.
section. Laser power3 kW,welding speed 105.8mm/s, and beam defocusingThe distributions of the ratio of effective to molecular
61.5 mm.

viscosity, meff/m, and the ratio of effective to molecular ther-
mal conductivity, keff/k, in the cross section of a weld pool
are shown in Figure 6. The ratio of turbulent to molecular
viscosity, mt /m, reflects the degree of turbulence and is also B. Vaporization and Composition Change
defined as turbulence Reynolds number. The flow is consid-
ered fully turbulent when the value of mt /m is higher than The distributions of temperature and various vapor fluxes

on the weld pool surface are shown in Figure 7. The total100.[39] Figure 6(a) shows that the maximum value of mt /m
is more than 110 near the weld pool surface, indicating a vapor flux is the sum of fluxes in parts (b) and (c) or

alternatively, the sum of fluxes in parts (d) and (e). It isfully turbulent flow there. The maximum value of mt /m is
almost the same as that obtained for gas-tungsten-arc (GTA) observed that the distribution patterns of vapor fluxes are

similar to the patterns of the surface temperature, indicatingwelding of aluminum alloy 6061.[39] The distribution of the
ratio of effective to molecular thermal conductivity, keff/k, the vapor fluxes are predominantly determined by tempera-

ture. Most of the vaporization occurs from a small regionshown in Figure 6(b) has the same pattern as that of meff/m.
The maximum value of keff/k is about 2.5. It is observed that near the center of the beam-workpiece interaction zone

where the weld pool surface temperatures exceed the boilingthe maximum values of mt /m and kt /k occur at locations
where the velocity gradient is the highest. The values and point of the alloy (about 1930 K). The vaporization flux

here is primarily driven by the pressure gradient. The radiusdistribution patterns of meff/m and keff/k shown in Figure 6
are comparable with results in the literature.[39] of this active region is approximately 0.15 mm, which is
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(a) (b)

(c) (d)

(e)

Fig. 7—(a) through (e) Distributions of temperature and various vapor fluxes on the weld pool surface. Laser power 3 kW, welding speed 105.8 mm/s,
and beam defocusing 61.5 mm.

smaller than the laser beam radius of 0.41 mm. The vaporiza- of magnesium loss in the weld pool DCMg were obtained
from the concentration profiles across the weld pool, astion flux outside of this active region is very low and is

driven by diffusion. Figure 7 also shows that magnesium shown in Figure 8.
The computed vaporization rates are compared with thevapor flux is about two orders of magnitude greater than

aluminum vapor flux, resulting in a lowering of the magne- corresponding experimental values in Table VI. The data
show that the calculated rates agree well with the experimen-sium concentration in the weld metal.

The vaporization rates of alloying elements were calcu- tal results for various welding conditions. Therefore, the
comprehensive modeling presented here can serve as a basislated by integrating the vapor fluxes over the weld pool

surface in the model. The vaporization rates can also be for the quantitative understanding of the influences of vari-
ous welding parameters on weld pool geometry, vaporizationobtained from the experimental data of magnesium loss from

the weld pool DCMg, the weld pool cross section area A, and rate, and composition change during conduction mode laser
welding of aluminum alloys.the welding speed n. Assuming the vaporization rate of

aluminum to be negligible, a mass balance of magnesium
results in the following expression for magnesium vaporiza-

C. Influence of Laser Powertion rate GMg:
According to eq. [18], the composition change from evap-GMg 5 DCMg rnA [18]

oration during welding is proportional to the ratio of vapor-
ization rate and melting rate given by rnA. At a constantwhere r is the density of the alloy. The experimental data
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welding speed, the melting rate is proportional to the cross
sectional area A. The influences of laser power on weld
pool cross-sectional area, vaporization rate, and composition
change in the weld pool are presented in Figure 9. Data in
Figure 9(a) show that both the vaporization rate and the
cross-sectional area increased roughly equally with the
increase in the power, and kept their ratio almost constant.
Since this ratio was not sensitive to laser power, the differ-
ence in the concentrations of magnesium between the base
metal and the weld metal was not affected by the laser power.
This behavior is observed in Figure 9(b).

It is instructive to compare the observed effect of power
on the compositional change in the aluminum alloy with
that reported for loss of manganese from stainless steels
during laser welding. During CO2 laser welding of stainlessFig. 8—Typical magnesium concentration profile across the weld pool

width. The data were taken on three weld pool cross sections made using steel,[12] the change in the weld pool size with power was
the same welding conditions: laser power 3 kW, welding speed 105.8 mm/ much more pronounced than that for the aluminum alloy.
s, and beam defocusing 11.5 mm.

As a result, the change in the concentration of manganese
was much more pronounced at low powers. Therefore, the
quantitative understanding of the influences of laser power

Table VIa. Calculated and Experimental Weld Pool Geometry, Vaporization Rate, and Loss of Magnesium in the Weld
Pool for Different Laser Powers at Welding Speed of 105.8 mm/s and Beam Defocusing of 6 1.5 mm

1500 2000Laser power (W)
Calculated or experimental Calculated Experiment Calculated Experiment

Depth (mm) 0.32 0.31 0.35 0.35
Width (mm) 0.96 0.98 1.06 1.04
Cross-sectional area (mm2) 0.24 0.23 0.29 0.29
Vaporization rate (mg/s) 0.32 0.32 0.45 0.44
Dwt pct Mg loss 0.47 0.49 0.54 0.55
Laser power (W) 2500 3000
Calculated or experimental Calculated Experiment Calculated Experiment
Depth (mm) 0.36 0.37 0.40 0.42
Width (mm) 1.12 1.11 1.26 1.32
Cross-sectional area (mm2) 0.32 0.31 0.39 0.40
Vaporization rate (mg/s) 0.53 0.49 0.59 0.58
Dwt pct Mg loss 0.56 0.57 0.53 0.52

Table VIb. Calculated and Experimental Weld Pool Geometry, Vaporization Rate, and Loss of Magnesium in the Weld
Pool for Different Welding Speed and Beam Defocusing at Laser Power of 3 kW

Beam defocusing 61.75
(mm) 95.3 105.8 116.4

Welding speed
(mm/s) Calculated Experiment Calculated Experiment Calculated Experiment

Depth (mm) 0.41 0.41 0.40 0.41 0.39 0.37
Width (mm) 1.27 1.26 1.26 1.27 1.20 1.20

Cross section area (mm2) 0.40 0.39 0.39 0.39 0.35 0.34
Vaporization rate (mg/s) 0.69 0.64 0.72 0.60 0.68 0.59

Dwt pct Mg loss 0.66 0.65 0.64 0.55 0.61 0.56

Beam Defocusing 62.00
(mm) 95.3 105.8 116.4

Welding speed
(mm/s) Calculated Experiment Calculated Experiment Calculated Experiment

Depth (mm) 0.42 0.44 0.42 0.42 0.40 0.40
Width (mm) 1.33 1.35 1.30 1.29 1.25 1.26

Cross section area (mm2) 0.43 0.46 0.41 0.41 0.39 0.38
Vaporization rate (mg/s) 0.68 0.68 0.69 0.76 0.69 0.70

Dwt pct Mg loss 0.60 0.59 0.57 0.66 0.55 0.60
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(a)
(a)

(b)(b)
Fig. 10—(a) and (b) Influence of welding speed on melting rate, vaporiza-Fig. 9—(a) and (b) Influence of laser power on weld pool size, vaporization
tion rate, and composition change. Laser powers 3 kW and beam defocusingrate, and composition change. Welding speed 105.8 mm/s and beam defo-
62 mm.cusing 61.5 mm.

was important and as a result, beam absorption by the work-on weld pool cross-sectional area and vaporization rate is a
piece was more efficient at higher welding speeds. Conse-key in predictingweld metal compositionchange for welding
quently, the vaporization rate of manganese increasedwith different laser powers.
somewhat with the increase in welding speed. However, this
increase was compensated for by the increase in the product
of the weld pool cross-sectional area and the welding speed,D. Influence of Welding Speed
i.e., the volumetric melting rate. Therefore, the composition

The influence of welding speed on the melting rate, vapor- change in the welding of stainless steel and aluminum alloy
ization rate, and composition change are presented in Figure 5182 was practically unaffected by the changes in the weld-
10. The decrease in weld pool cross section area was roughly ing speed.
compensated by the increase in welding speed and, as a
result, the melting rate did not change significantly with

V. SUMMARY AND CONCLUSIONSwelding speed, as shown in Figure 10(a). Similarly, the
vaporizationrate was almost unaffected by the welding speed The weld metal composition change during conduction
in the range of variables reported in this investigation.Since mode continuous wave laser beam welding of aluminum
the ratio of the vaporization rate and the melting rate was alloy 5182 was investigated through experiments and com-
almost constant, the difference in the concentration of mag- puter modeling. The major findings are as follows:
nesium between the base metal and the weld metal did not
vary with welding speed, as shown in Figure 10(b). 1. The vaporizationrate of magnesium was about two orders

of magnitude greater than that of aluminum. The signifi-A similar result was also reported by Khan et al.,[12] who,
for a different reason, found that the composition change cant magnesium loss from the weld pool resulted in a

lower magnesium concentration in the weld metal thanduring the CO2 laser welding of stainless steels was not
sensitive to welding speed. Unlike in the welding of alumi- was present in the base metal. The vaporization rate

increased with an increase in laser power. However, thenum alloys using a Nd:YAG laser, in the CO2 laser welding
of stainless steels, absorption of the laser beam by plasma higher loss was compensated for by an equivalent
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