Calculation of Weld Metal Composition
Change in High-Power Conduction Mode
Carbon Dioxide Laser-Welded Stainless Steels

K. MUNDRA and T. DEBROY

The use of high-power density laser beam for welding of many important alloys often leads to
appreciable changes in the composition and properties of the weld metal. The main difficulties
in the estimation of laser-induced vaporization rates and the resulting composition changes are
the determination of the vapor condensation rates and the incorporation of the effect of the
welding plasma in suppressing vaporization rates. In this article, a model is presented to predict
the weld metal composition change during laser welding. The velocity and temperature fields
in the weld pool are simulated through numerical solution of the Navier-Stokes equation and
the equation of conservation of energy. The computed temperature fields are coupled with ve-
locity distribution functions of the vapor molecules and the equations of conservation of mass,
momentum, and the translational kinetic energy in the gas phase for the calculation of the evap-
oration and the condensation rates. Results of carefully controlled physical modeling experi-
ments are utilized to include the effect of plasma on the metal vaporization rate. The predicted
area of cross section and the rates of vaporization are then used to compute the resulting com-
position change. The calculated vaporization rates and the weld metal composition change for
the welding of high-manganese 201 stainless steels are found to be in fair agreement with the

corresponding experimental results.

I. INTRODUCTION

DURING laser beam welding of many important en-
gineering alloys, pronounced vaporization of alloying
elements takes place from the weld pool surface. As a
consequence, the composition of the solidified weld pool
often differs significantly from that of the alloy being
welded. For example, significant changes in the com-
position of the weld metal have been reported!"=# in the
laser welding of high-manganese stainless steels and var-
ious aluminum alloys. The problem of composition change
is particularly pronounced in the welding of thin sheets!¥)
where lasers are most commonly used. Currently, there
is no comprehensive theoretical model to predict, from
fundamental principles, laser-induced metal vaporization
rates and the resulting weld pool composition changes.

Because of its importance, alloying element vaporiza-
tion from the weld pool has been investigated both ex-
perimentally and theoretically. Apart from the examination
of the weld metal composition and structure to evaluate
the direct effects of vaporization, much of the previous
experimental work was based on in situ monitoring of
the alloying element vaporization by emission spectros-
copy.'>%" It was found that during welding of stainless
steels, the most dominant species in the vapor phase were
iron, manganese, nickel, and chromium. Block-Bolten
and Eagar® used calculations based on the Langmuir
equation to demonstrate that iron and manganese were
the most prominent vapor species in the welding envi-
ronment. Although the rates calculated from the Langmuir
equation are useful for obtaining relative vaporization rates
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of various alloying elements,® the calculated vaporiza-
tion rates are significantly higher than the actual vapor-
ization rates under commonly used welding conditions.
Even at low pressures, of the order of 200 um of Hg,
the vaporization rates of pure metal drops were found™
to be about an order of magnitude lower than the values
calculated from the Langmuir equation.

The main difficulties in the calculation of the alloying
element vaporization rate are the estimation of the con-
densation rate of the vapor species on the surface of the
poolU®" and the determination of the effect of plasma®>'?
in the suppression of the vaporization rate. When a metal
is irradiated with a very high-power density laser beam,
a significant amount of vapor condensation can take place,
and the kinetics of vapor condensation must be taken
into account in the calculation of the net vaporization
rate. Anisimov and Rakhmatulina®” and Knight!"! de-
rived the equations for the calculation of the vapor con-
densation rates for pure metals 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. Chan and Majumdar!™ used
Knight’s results to calculate laser-induced material
vaporization rates from molten aluminum, titanium,
and a superalloy. In the works of Anisimov and
Rakhmatulina,!'® Knight,!'V and Chan and Majumdar, %!
the temperature calculations were performed in one di-
mension. Furthermore, in their studies, the emphasis was
on the calculation of the net vaporization rate, taking
into account the condensation of vapor. DebRoy et al.!'%!
synthesized the principles of weld pool transport phe-
nomena and the vapor-phase gas dynamics for the cal-
culation of laser-induced vaporization of pure metals. The
calculated rates were found to be in fair agreement with
the experimental data. Furthermore, the independent ex-
perimental results of Collur et al.'} on the effects of
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flow rate and the nature of the shielding gas on the va-
porization rate could be explained on the basis of the
model. However, in all of the previous works, the effect
of plasma®'?! was not taken into account, and no pre-
dictions of weld pool composition changes were
attempted.

The work reported in this article is aimed at predicting
the laser-induced composition changes in stainless steels.
The weld pool temperature distribution, calculated by the
numerical solution of the Navier-Stokes equations and
the equations of conservation of energy, was used to-
gether with the principles of gas dynamics and mass
transfer for the calculation of the vaporization rates. The
pressure gradient-driven vaporization rates of alloying
elements at the pool surface were determined from the
equations of conservations of mass, momentum, and
translational kinetic energy in the gas phase. In addition,
mass-transfer rates due to concentration gradients were
determined using available correlations among various
dimensionless numbers. The results of carefully con-
trolled physical modeling experiments obtained in our
laboratory!®12) were used to incorporate the effect of
plasma on the vaporization rate. The predicted compo-
sition changes were compared with the corresponding
experimentally determined values.

II. EXPERIMENTAL PROCEDURES

The details of the experimental procedure and the ex-
perimental data used for the validation of the model are
presented in our previou$ publications.'!6! A carbon
dioxide laser was used to irradiate samples of AISI 201
steel, as shown in Figure 1. The total rate of alloying
element vaporization was determined from the measured
values of the loss in sample weight and the laser material
interaction time. The interaction time was recorded by
an electronic chronometer suitably connected to a mov-
able specimen table to obtain automatic clock:start and
stop features. A portion of the vaporized material was
collected as condensate on the inner surface of a hollow,
cylindrical, open-ended quartz tube which wsas held sta-
tionary and coaxial with the laser beam. The:composi-
tion of the condensate was determined by atomic
absorption (AA) spectroscopy. The rates of vaporization
of the individual alloying elements. were determined from
the total vaporization rate and .the composition of the
condensate.

III. THEORETICAL INVESTIGATIONS
A. Heat Transfer and Fluid Flow in the Molten Pool

The change in the composition of a weld pool is a
strong function of the rate of vaporization of the alloying
elements and the volume of the molten metal. The rates
of vaporization of the various alloying elements from the
weld pool are largely dependent on the temperature dis-
tribution at the pool surface. Direct reliable measure-
ments of temperature profile at the pool surface are
difficult, since the weld pool is small in size and is often
covered by an intense plasmal>%7 which interferes with
most noncontact temperature measurement procedures.
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Procedures based on the selective vaporization of alloy-
ing elements™ do not provide spatial resolution of the
temperature at the pool surface. A recourse is to simulate
temperature fields by mathematical modeling of the es-
sential physical features of the process. The task in-
volves numerical solution of the Navier-Stokes equation
and the equation of conservation of energy. This ap-
proach has been adopted in this article. Since the ap-
propriate equations are well documented in standard
textbooks and the boundary conditions and other details
of the application of these equations to welding are avail-
able in the recent welding literature,!!”-'8:1%! these are not
presented here. Special features of the computational
scheme that have been taken into account in the bound-
ary conditions include the convective and radiative heat
loss from the surface of the pool and the evaporative heat
loss due to vaporization of alloying elements. Zacharia
et al.”® have shown that vaporization can significantly
influence the temperature field on the pool surface. The
local heat flux from the pool surface, J,, in J/m*-s is
given by

Jy=h(T,—T) + ea(Tt — TH + D JAH, [1]
i=1

where T, is the local weld pool surface temperature, T,
is the ambient temperature, ¢ is the emissivity, o is the
Stefan-Boltzmann constant, J; is the vaporization flux of
i inkg/m’-s, AH, is the enthalpy of vaporization of the
element i in J/kg, n is the number of alloying elements,
and % is the heat-transfer coefficient in J/m?-s- K. The
heat-transfer coefficient for a gas jet impinging on a sur-
face was derived from the graphical results of Schlunder
and Gniclinski®" and is given by the following relation:

_ 2Pr“?Re% Sk (1 s Reo.55)°‘5
- d 200

h

‘ r N
. [0.483 — 0.108 p +7.71 x 107 {2} ] 2]

where d is the diameter of the nozzle in meters, r is the
radial distance on the pool surface in meters, k is the
thermal conductivity of shielding gas in J/m-s K at
temperature T,,,~which is the arithmetic average of T,
and T,, Re is thé Reynolds number at the nozzle exit,
and Pr is the’Prandtl number.

B. Vaporization Due to Pressure Gradient

In laser processing of metals and alloys, the temper-
atures reached on the surface of the material often ex-
ceed the boilingpoint.?2%] For example, von Allmen?*
determined molten pool temperatures in excess of boil-
ing point for laser treatment of copper. Batanov et al.1?*!
indicated that temperatures on the surface of the laser-
irradiated material can be higher than the normal boiling
point. Paul and DebRoy!!"”! and Zacharia et al.*! have
reported temperatures close to the boiling point for laser
welding. Khan and DebRoy!?! measured the liquid pool
surface temperatures close to the boiling point from the
ratio of the rates of vaporization of alloying elements.
Chan and Majumdar!'?! have also reported temperatures
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Fig. 1 —Schematic diagrams of (g) the experimental setup and
(b) laser material interaction.

greater than boiling point for the laser irradiation of alu-
minum, titanium, and a superalloy. Theoretical calcu-
lations of the vaporization rates by Knight!'!! and Anisimov
and Rakhmatulina''® are based on the premise that the
liquid pool surface temperatures are higher than the boil-
ing point.

At temperatures greater than the boiling point, the
pressures at the pool surface are higher than the ambient
pressure, and the excess pressure provides a driving force
for the vapor to move away from the surface. The ve-
locity distribution functions of the vapor molecules, f;,
>, and f3, escaping from the weld pool surface at various
locations are shown schematically in Figure 2. Near the
weld pool surface, the molecules cannot travel in the
negative direction, and as a consequence, the distribu-
tion function is half-Maxwellian. Close to the weld pool
surface, there exists a space of several mean free paths
length, known as the Knudsen layer,'®!'!! at the outer
edge of which the velocity distribution reaches the equi-
librium distribution. Here, the vapor molecule velocity,
¢, can vary from —» to +o, as observed in Figure 2. A
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Fig. 2— A schematic diagram of the velocity distribution functions
in the Knudsen layer and in adjacent regions.
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portion of the vaporized material condenses on the liquid
surface. »

The temperature T,, density p,, pressure P,, and mean
velocity of the vapor, u, at the edge of the Knudsen layer
can be related to temperature, T, by pressure, P,, and
the density, p;, of the vapor at the liquid surface by treat-
ing the Knudsen layer as a gas-dynamic discontinuity.
Anisimov and Rakhmatulinal'® and Knight!!"! derived
expressions for the changes in the vapor density, tem-
perature, velocity, and the extent of condensation by using
the velocity distribution functions presented in Figure 2
and solving the equations of conservation of mass, mo-
mentum, and translational kinetic energy across the
Knudsen layer. Since the details of the procedure are
available in their articles, only a summary of the results,
commonly referred to as the jump conditions, are pre-

2 2
Tv v 1m Yy 1m
—=< 1+n(7 —) ~Va?t —) (3]
T, Y, +12 v, +12
where m = u/V2R,T,, R, = R/M,, R is the gas con-
stant in J/mole - K, ¥, is the ratio of specific heats of
the vapor, which is treated as a monoatomic gas, and

M, is the average molecular weight of the vapor in
kg/mole.

(2
- = —_ —je eric(m) — ——
] Tv 2 \/7—7

+ %? (1 — Vo me™ erfc (m)) (4]

v

sented in Eqs. [3] through [5].

where erfc is the complimentary error function.
The condensation factor, B, is given by

Aam s —ma] 2) wo [T
B <(2m +1)—m 'rrTv e 0 T, [5]

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

P - P}
P, ‘P

4

[6]

i=1

where P, is the ambient pressure, a; is the activity of the
alloying element i, and P! is the equilibrium vapor pres-
sure of the pure element i at 7, and n is the number of
alloying elements. The Knudsen layer extends only a few
molecular mean free path in thickness and is filled with
metal vapor. Therefore, the total pressure is determined
by adding the equilibrium vapor pressures of individual
components. The shielding gas is not present in this layer.
Since the temperatures at the weld pool surface are very
high, the activities were taken to be equal to the corre-
sponding mole fractions. The average molecular weight
of the vapor, M,, in the Knudsen layer is given by
n a;P ?
M v = M i [7]

i=1 !
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where M, is the molecular weight of species i, a; is the
activity of species ¢ in the liquid metal, and P? is the
equilibrium vapor pressure of the pure element i at 7).
Since there are four unknowns in Eqgs. [3] through [5],
namely, T,, p,, B, and m, it is necessary to have an ad-
ditional equation to have unique values of these vari-
ables. The necessary equation is obtained by relating the
pressure at the edge of the Knudsen layer to the ambient
conditions. Across the Knudsen layer, the vapor wave-
front moves into the shielding gas, as shown in Figure 2.
The moving interface between the vapor and the shield-
ing gas is a contact discontinuity. Across this interface,
the pressures are the same; i.e., P, = P,. However, there
are discontinuities in temperature and the density.?” The
pressure rise at the liquid-vapor interface propagates as
a pressure wave, as shown in Figure 2. The wavefront
may be treated as a pressure discontinuity, and the pres-
sure change across the wavefront may be obtained by
applying the Rankine-Hugoniot relation. 8]

+1
=1+ ngF<yg4 MT

where P, and P, are the pressures in front of and behind
the wavefront, respectively, v, is the ratio of specific
heats for shielding gas, and T = Vy,R,T,/Vy,R,T,.
The Mach number, M, is related to m according to the

equation
Yy
m=Mq[— 9
\[2 v

In Eq. [8], P,/P, can be computed from Eq. [6] for a
given local surface temperature, and since P, = P,, for
an ideal gas, P,/P, can be expressed as a function of m
with the help of Eqs. [3] and [4]. Thus, Eq. [8] is ef-
fectively reduced to a nonlinear equation in m and can
be solved iteratively or graphically to obtain m and the
Mach number for a given local weld pool surface tem-
perature. The values of T,, p,, and B, corresponding to
a local temperature T, can be determined from Egs. [3]
through [5] by using the computed value of m. The Mach
number and the density p, can then be used to calculate
the vaporization flux, J,, in kg/m’-s, due to the pres-
sure gradient at the pool surface corresponding to a local
surface temperature 7.

J, = p,MS [10]

where S is the speed of sound in vapor at temperature
T,. Since the rate of vaporization of an alloying element
is proportional to its partial pressure over the pool, its
flux, J,;, is given by
oM.
Jo=a——1J, . 11
g M, (]

! v
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4

The total condensation flux, J ., in kg/m®-s, due to
the excess pressure at surface temperature 7, is given by!'!

R,T, _.
Jcona = ﬁpv\/ o (e™™ — mVwerfc (m)) [12]

where B is the condensation factor defined by Eq. [5].

C. Vaporization Due to Concentration Gradient

At the pool surface, the concentrations of the alloying
elements in the vapor are considerably higher than their
respective concentrations in the bulk shielding gas. The
vaporization flux of an element i due to concentration
gradient, J_,, in kg/m?-s, is then defined as

J.. =K. M a.p? [13]
i 8. i RT,

where P} is equilibrium vapor pressure of the element i
over pure liquid / in atmosphere, M; is the molecular
weight of the element i in kg/kg-mole, R is the gas
constant in m’ atm/kg - mole K, and K, is the mass-
transfer coefficient of the element i in m/s. The mass-
transfer coefficient was derived from the graphical
results of Schlunder and Gniclinski®?!! and is given by

28RS D Re? 5 0.5
=BT 1)
d 200

r r ?
. [0.483 - 0.108 y +7.71 X 10‘3{2} ] [14]

where d is the diameter of the nozzle in meters, r is the
radial distance on the pool surface in meters, D is the
diffusivity of the element in the shielding gas in m*/s at
temperature 7, Re is the Reynolds number at the nozzle
exit, and Sc is the Schmidt number of the element at
average temperature T,,. The total vaporization flux, J,,
for an element i is then given by

Ji=d+d. [15]

D. Composition Change in the Weld Pool

If the total rate of vaporization and the rates of va-
porization of the alloying elements are known, the com-
position of the weld metal can be predicted by simple
mass balance. The final weight percent of an element i,
(wt pct i), is given by

vAp(wt pcti); — IOOf 2@J,rdr
4]
(wtpcti),= , [16]
vAp—f 2gqJrdr
0

where v is the scanning speed in m/s, p is the density
of the weld metal in kg/m’, (wt pct ), is the initial weight

percent of an element i in the weld metal, [; 2#J;rdr

and [j 2w Jrdr are the rates of vaporization of an element
i and the total rate of vaporization, respectively, in kg/s,
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and A is the area of the vertical cross section perpen-
dicular to the scanning direction in m’. For low laser
beam scanning velocities, the weld pool top surface is
approximately circular in shape. The composition change
is then given by

(A wtpcti) = (wtpcti), — (wtpcti), [17]

IV. RESULTS AND DISCUSSION
A. Velocity and Temperature Fields

Zacharia et al.?8! showed that in laser welding, a ther-
mal quasi-steady state is achieved very rapidly. Mehrabian
et al.™! demonstrated that the time required to reach the
maximum melt depth in iron for a laser power of 2 X
10° W/m2 is of the order of 1 ms. Thus, for laser irra-
diation extending to several milliseconds or more, the
molten pool remains in a steady state for almost the en-
tire time span. Typical steady-state temperature and ve-
locity fields obtained from the solution of Navier-Stokes
equations and the equations of conservation of mass and
energy are shown in Figure 3. The calculation takes into
consideration the convective heat loss to the shielding
gas and the radiative and evaporative heat losses at the
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Fig. 3— Velocity and temperature fields for a laser power of 3000 W.
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pool surface. The calculations indicate that the convec-
tive and radiative heat losses are less than 1 pct of the
evaporative heat loss. The average thermophysical prop-
erties and other data used for the calculations are pre-
sented in Tables I and II. The details of the calculations
of thermal conductivity and viscosity of the shielding gas
are presented in Appendix I. The velocity field dem-
onstrates the importance of the convective flow on the
heat transfer in the pool. For low concentrations of surface-
active elements and high surface temperatures, the tem-
perature coefficient of surface tension is negative.303!
Therefore, the velocities at the weld pool surface; shown
in Figure 3, are radially outward, resulting in a relatively
shallow pool. The maximum radial velocity is of the order
of 0.9 m/s, which is close to the value reported by
Zacharia et al.”® and Paul and DebRoy.!"”! The com-
puted strong temperature gradient on the surface of the
pool is consistent with the absorption of a significant
amount of energy in a small localized area near the laser
beam axis. It is observed from Figure 4 that the calcu-
lated values of the area of cross section of the weld pool
for different laser powers are.in good agreement with the
corresponding experimental values. . As indicated in
Table I(b), the expansion of the laser beam radius with
power was taken into account. In the range of laser pow-
ers investigated, slight adjustent of the absorption
coefficient values, within =15 pct, was necessary to ob-
tain good agreement between the experimental and the
calculated cross-sectional areas.

The peak temperatures decreased slightly with power,
as can be observed from Figure 5(a), mainly because of
the difference in the focusing optics and the resulting
changes in beam characteristics at high laser powers. The

Table I(a).‘ Data Used for Calculations

Property/Parameter Value

Density (kg/m®) 7200
Melting point (K) 1811
Effective viscosity (kg/m*s) 3.0 x 1072
Thermal diffusivity of solid (m?/s) 3.8 x 107°
Thermal diffusivity of liquid (m*/s) 3.5 x 107°
Specific heat of solid (J/kg - K) 710.6
Specific heat of liquid (J/kg - K) 836
Temperature coefficient of surface

tension (N/m - s) -43 x 107*
Ratio of specific heats of vapor (7yy) 1.667
Helium flow rate (m’/s) 55 x 107*
Scanning speed of the laser (m/s) 15.24 x 1073
Emissivity of the pool surface 0.1

Table II. Enthalpies of
Vaporization of the Alloying Elements™?

Enthalpy

Element kI /kg)
Iron 6087
Manganese 4005
Chromium 6577
Nickel 6388
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Fig. 4— Comparison of the experimental and the predicted areas of
cross section.

Table I(b). Beam Radius and
Absorption Coefficient Values Used for Calculations

Power Radius of the Absorption
(W) Beam (m) Coefficient
1000 1.5 x 107 0.16
2000 3.1 x 10" 0.19
2500 3.9 x 107* 0.19
3000 52 % 107* 0.20
4000 7.7 x 1074 0.21

’

computed results also demonstrate the importance of
evaporative heat loss in the calculation of the peak tem-
perature for different laser powers. It is observed from
Figure 5(a) that the evaporative heat loss significantly
reduces the peak temperature, and substantial errors in
the calculated temperatures result if the heat loss is ig-
nored. The computed results are consistent with the ob-
servations of Zacharia et al.,” who reported a significant
drop in temperatures when evaporative heat loss from
the pool surface was considered. It is observed from
Figures 4 and 5(b) that both the surface area and the area
of cross section of the pool increase with power. Be-
cause of the pronounced increase in the surface area, the
rate of vaporization, and consequently, the heat loss due
to vaporization, increases significantly with power.

B. Vaporization Rates

From the peak temperatures plotted in Figure 5(a), it
is observed that the temperatures reached at the center
of the pool are greater than the boiling point of pure iron.
The temperature at which the pressure on the surface is
equal to 1 atmosphere was calculated to be 2953 K from
the equilibrium vapor pressure-temperature relationship
for the various alloying elements presented in
Appendix II and the composition of the steel indicated
in Table III. When the local surface temperature is higher
than this value, the pressure at the weld pool surface is
greater than the ambient pressure. In such a case, the
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Fig. 5— (a) Peak temperatures with and without the evaporative heat
loss vs power and (b) surface area of the pool vs power.

Table III. Initial and Final
Compositions of the Steel after Welding*
Final

Initial Expected  Expected

Composition Activity Composition  Change

Elements (Wt Pct) (Mole Fraction) (Wt Pct) (Wt Pct)
Manganese 6.50 0.066 6.16 -0.34
Chromium 17.00 0.180 16.93 -0.07
Nickel 4.25 0.041 4.28 +0.03
Iron 70.94 0.710 71.30 +0.36
Remainder 1.31 — 1.33 +0.02

*Laser power, 3000 W; welding speed, 15.24 X 107 m/s.

relations among the temperature, pressure, and the Mach
number for a material can be represented on a plot of
temperature vs pressure for various values of Mach num-
ber. The plot, commonly referred to as the flow state
diagram, obtained from the solution of Egs. [3] through
[9], is shown in Figure 6. For a given surface temper-
ature, the Mach number of the vapor across the Knudsen
layer is uniquely defined and is given by the line that
intersects the equilibrium vapor pressure curve at that
temperature. For example, at 3200 K, the value of the
Mach number is 0.29. The calculated variations of tem-
perature, pressure, and density at various locations in the
gas phase are presented in Figure 7. The details of the
calculation procedure are given in Appendix III. The
values of the Mach number and the density of the vapor
across the Knudsen layer are presented in Figure 8 for
various surface temperatures. The computed values of
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Fig. 6—Flow state diagram for AISI 201 stainless steel in helium
atmosphere. The Mach numbers for various lines are indicated in the
figure.

both the Mach number and the vapor density indicate
their strong dependence on the surface temperature due
to the direct correlation between the vapor pressure and
temperature. From the values of the Mach number and
the density, total vaporization flux and the flux of the
individual alloying elements due to pressure gradient are
calculated from Eqs. [10] and [11]. The vaporization rate
due to concentration gradient is calculated from mass
transport considerations. The procedure takes into ac-
count the gas flow conditions and the nature of the
shielding gas in accordance with Eq. [13}].

The radial distribution of the total flux and the va-
porization flux of the various alloying elements due to
the combined effects of total pressure and concentration
gradients are plotted in Figure 9. Similarly, the radial
distribution of the vaporization flux of the individual al-
loying elements and the total flux calculated from the
Langmuir equation are plotted in Figure 10. In Figures 9
and 10, vaporization fluxes are plotted only in the region
close to the center of the pool where vaporization is sig-
nificant. Comparison of the results in Figures 9 and 10
indicates that the flux of the alloying elements predicted
from the Langmuir equation is much higher than the cor-
responding value calculated in the present work.

C. Effect of Plasma on Vaporization Rate

During laser welding, a plasma plume is always pres-
ent near the weld pool. The effect of plasma in influ-
encing vaporization rates of metal drops was determined
in our laboratory by conducting appropriate physical
modeling experiments.!®'?! Figure 11(a) shows the re-
sults of these experiments. It is observed from the data
that the presence of plasma lowers the vaporization rate
significantly. In the plasma, both the excited neutral and
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Fig. 7— Values of temperature, pressure, and density at various lo-
cations in the gas phase for a pool surface temperature of 3200 K.
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the ionized metal and shielding gas species are present
along with free electrons. In view of the high mobility
of the electrons among the various charged species in
the system, the flux of the electrons to the liquid metal
surface is far higher than the flux of the heavier species
in the plasma. As a result, the liquid metal surface ac-
quires negative charge, and the vapor near the surface
becomes densely populated with positively charged ions,
as shown in Figure 11(b). The attraction between the
positively charged metal ions and the negatively charged
vaporizing surface leads to enhanced condensation of
metallic species. For iron, the vaporization rate in the
presence of plasma varied from 50 to 90 pct of the va-
porization rate when no plasma was present. The results
of the controlled physical modeling experiments®'2 were
used to incorporate the effect of the plasma on the va-
porization rate. An average of one third of the vaporized
material was assumed to recondense on the surface of
the material due to the space charge effect.

100
801

60-

40-

Vaporization Flux (kg/m?2-s)

0.00 0.05 0.10
Radius x 102 (m)

Fig. 9— Total vaporization flux and flux of various alloying elements
calculated from the present model for a laser power of 3000 W.
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Langmuir

BOoepQO

Vaporization Flux (kg/mZ2-s)

Radius x 102 (m)

Fig. 10— Vaporization flux for various alloying elements and the total
flux computed using the Langmuir equation for a laser power of
3000 W.
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D. Composition Change

In Figure 12, the total vaporization rate computed from
the model and the value calculated from the Langmuir
equation are compared with the experimentally deter-
mined rate for a laser power of 3000 W. It is observed

Fe-i, 1873 K
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B Plasma Absent

—
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2
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Fig. 11 — (a) Vaporization flux for controlled laboratory experiments
with metal drops in the presence and absence of plasma'® and
(b) schematic representation of the space charge effect.’s!
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Fig. 12— Comparison of the vaporization rates calculated from the
Langmuir equation and from the present model with experimentally
determined values for a laser power of 3000 W.
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that the computed value of the vaporization rate is in
good agreement with the experimental data. The rate cal-
culated from the Langmuir equation was significantly
higher than the experimental value. Similarly, the ex-
perimentally determined rates of vaporization of Mn and
Fe agreed well with the corresponding calculated results.
For various laser powers, the changes in the manganese
concentrations calculated from its rates of vaporization
and the corresponding weld geometries are presented in
Figure 13. It can be observed that the the calculated
changes in manganese concentrations are in good agree-
ment with the experimentally observed composition
changes. Furthermore, the values predicted by the

' Langmuir equation are significantly higher than the cor-
responding experimental values. Although the rate of va-
porization of manganese increases with power, the change
in the concentration of manganese in the weld pool be-
comes less pronounced at high laser powers. This is be-
cause at high powers, the increase in vaporization rate
is also accompanied by an increase in the volume of the
weld pool. The volume increase outweighs the effect of
increased vaporization rate. The expected changes in the
concentrations of iron, chromium, and nickel for a laser
power of 3000 W are presented in Table III. It is ob-
served from the computed results that the concentrations
of manganese and chromium decreased and those of iron
and nickel slightly increased due to welding. The results
are consistent with the experimental data of Khan and
DebRoy!? who found increased weight percentages of
iron and nickel and decreased weight percentages of
manganese and chromium in the laser-welded 202 stain-
less steel.

V. CONCLUSIONS

The rates of vaporization of the various alloying ele-
ments predicted by taking into account the vapor con-
densation and the effect of plasma were in good agreement

7

© Predicted
61 . Experimental
541 ° Langmuir

% Mn Loss
w

0 1000 2000 3000 4000 5000
Power (Watts)

Fig. 13 —Calculated and experimental changes in the manganese
concentration in the weld pool.
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with the experimental data. The rates predicted by the
Langmuir equation were significantly higher than the ac-
tual values. An adjustment of =15 pct of the beam ab-
sorption coefficient was necessary for different laser
powers for accurate calculation of the areas of cross sec-
tion of the weld pool from the principles of transport
phenomena. Heat loss due to vaporization of the alloying
elements significantly decreased the temperatures on the
pool surface. Realistic prediction of weld pool compo-
sition change during multikilowatt conduction mode laser
welding is practical if vapor condensation and the effect
of plasma are taken into account in the calculations.

APPENDIX I

Calculation of thermophysical
properties of gas and vapor

The thermal conductivity of shielding gas is given by

3.9523x 107 [T

& aIQHT) M,

where k, is in J/m-s-K, o is the collision diameter in
angstroms, T* = ky T/, where kj is the Boltzmann con-
stant, ¢ is the intermolecular force parameter, M, is the
molecular weight of the shielding gas, and (), is the slowly
varying function of the dimensionless parameter kT'/€.

The viscosity of the shielding gas in kg/m s at tem-
perature T is given by

_2.6693 X 107°
Hs = oz
where (), is again a slowly varying function of the di-
mensionless parameter k7/¢.

The mass diffusivity of an element i in the shielding
gas, D, ., at absolute temperature T is given by

VM, T

-7 1 1 3
1.8583 X 10 —+—|T
M, M,
D, =

* 07, Qp(T*)

where D, is in m?/s, M, is the molecular weight of the
element i, 0;, = (0; + 0,)/2, Qp,; is a slowly varying
function of T/e; ,, where

£ie = VENE),

The data used for the various parameters are given in
Table IV. The values of (}’s were obtained from
Reference 33.

Table IV. Data Used for
Calculation of Diffusion Coefficients

Parameter o (A) efk
Iron 2.43 3545.2
Manganese 2.58 2817.9
Chromium 2.46 3738.2
Nickel 2.38 3641.5
Helium 2.58 10.2
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APPENDIX II

Equilibrium vapor pressure
data used for the calculations

The equilibrium vapor pressures of the various va-
porizing species, namely, Mn, Cr; Ni, and Fe, over the
respective pure liquids, at temperature 7, expressed in
atmospheres were calculated using the following
equations:

log Py, = —5.58 X 107*T — 1.503 x 10*/T
+12.609/1.013 x 10°
[Reference 34]
log PY; = —3.519 X 10°/T + 74.94log T
—18.042 X 107°T + 15.14 X 107'T?
—-214.297/1.013 x 10°
[Reference 35]

log P2, = —13.505 x 10°/T + 33.658 log T

—9.29 X 10737 + 8.381 X 107772
— 87.077/1.013 x 10°
[Reference 35]

In P, = —4.3734 x 10°/T + 13.98  [Reference 36]

APPENDIX III

Calculation of temperature, pressure, and
density at various Locations in the gas phase

At the Pool Surface

The pressure at the pool surface, P,, for a given sur-
face temperature, 7, is calculated from Eq. [6]. The
density at the pool surface, p,, is computed from P, and
T, assuming that the vapor behaves like an ideal gas.

At the Edge of Knudsen Layer

Equations [3] through [9] are used to calculate the Mach
number of the vapor at the edge of the Knudsen layer.
The Mach number is then used in Egs. [3] and [4] to
calculate the temperature, T, and density, p,, at the edge
of the Knudsen layer. The pressure at the edge of the
Knudsen layer, P,, is equal to the pressure across the
contact discontinuity, P,, and is calculated from Eq. [8].

Across the Contact Discontinuity

The temperature across the contact discontinuity, 75,
is related to the temperature at the edge of the Knudsen
layer, T,, and is given by'®"

T, Mg&

T, M,p,

where M, is the molecular weight of the shielding gas.
The pressure across the contact discontinuity, P;, is cal-
culated by the Rankaine-Hugoniot relationship, given by
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Eq. [8], which relates the pressures in front of and be-
hind the pressure wavefront. The density across the con-
tact discontinuity, p,, is related to the ambient density,
pe»> by the following relation:?*”

Pr_ (Yt D (PP + (¥~ 1)
Pe (Yg_l)(Pz/Pg)+('Yg+ D

In the Shielding Gas

The ambient pressure, P,, is 1 X 10° N/mz, and the
ambient temperature, T,, is 298 K. The ambient density,
pg» is calculated from P, and T, assuming that the shield-
ing gas behaves like an ideal gas.
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