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BDuring laser welding, the plasma plume affects the amount of energy reaching the weld surface
and the composition and properties of the welds. Light emissions during welding were
recorded by emission spectroscopy to understand the energy absorption and the nature of the
plasma formed during welding of various grades of steels. The flow of gases and the
concentrations of the various metal vapors were computed by solving the MNavier Stokes
equation and the equations of conservation of various species. The variables studied were
shielding gas composition and flow rate and the base metal composition. Until now, self-
absorption of emissions arising from specics present at high concentrations within the plasma
has kept researchers limited to either analyzing ideal situations that are unrelated to the
welding process or not accounting for the attenuation of the emissions. It is demonstrated that
during welding, the peaks in the emission spectra that are affected by the self-absorption
process can be eliminated on the basis of the initial and the terminal energy levels for electronic
transitions. By selectively eliminating the affected transitions and by using the numerically
computed local concertrations of metal vapors, the absorption of the laser beam energy by the

plasma can be accurately determined.

L INTRODUCTION

During laser welding, the transmission of the laser beam
through the plasma plume that forms near the material sur-
face is affected by the nature of the plasma. In most cases, the
attenuation of the laser beam energy occurs mainly due to its
interactions with the free electrons in the plasma and the
exteni of absorption depends on the electron density and the
kinetic energy of the electrons, measured by the electron
temperature. The procedure for the calculation of electron
density in the welding plasmas is well documented in the
literature. However, the procedure requires knowledge of
the electron teraperature in the plasma. In the classical ap-
proach to determine the electron temperature, light emis-
sions at various wavelengths from the plasma'* are ana-
lvzed by emission spectroscopy. One of the important
features of the iaser-induced plasmas is the high population
density of the various metal vapor species at various levels of
excitation. Because of the high concentration of the various
species, a portion of the photons that are emitted from within
the plasma domain can be reabsorbed by other species at the
emissions terminating state, and remains undetecied, thus
lowering the measurable emission intensity. As a result, the
recorded intensity at certain wavelengths becomes lower
than the true intensity of emission. Until now, this phenome-
non of seif-absorption of emissions arising from species pres-
ent at high concentrations within the plasma, in most cases,
has kept researchers limited to either analyzing ideal systems
using low species concentration which is unrealistic for
welding systems or, even worse, not accounting for the self-
absorption effect at all and thus often incurring vnaccepta-
bly large errors. In this paper, a method”® is demonstrated to
assess self-absorption and selectively eiiminate affected
emissions from analyses, resulting in accurate treatment of
the data.
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The concentrations of the various metallic constituents
of the plasma depend on the vaporization rates of the various
alloying elements. In order to determine the true extent of
absorption of the CQ, laser radiation by the plasma plume,
both experimental and theoretical calculations are utilized
in this work. The light emissions from the plasma are moni-
tored to determine the species present in the plasma and the
electron temperature associated with the plasma for various
alloys and welding conditions. The experimental data on the
rates of vaporization of various metal vapors are coupled
with computed fluid flow fields in the gas phase to predict
the concentration profiles of the various species. Electron
densities are computed from these profiles at various loca-
tions in the plasma domain and the total laser beam energy
absorption due to the free electrons is then determined for
varicus conditions. The shielding gas composition and fiow
rate, and the base metal composition are among the major
parameters assessed in trying to arrive at the optimal low
absorption conditions required to produce high-energy effi-
cient weldments.

. EXPERIMENTAL DETAILS

A Coherent Everlase model 525-1 carbon dioxide laser
was used in the enhanced pulse mode to weld AISI 201 stain-
less steel, 99.999% pure iron, and a variety of plain carbon
steels ranging in carbon content from 0.1% to 0.8%. The
pulse mode laser was operated at a frequency of 100 Hzand a
pulse length of 0.003 s, yielding 2 30% duty cycle at a tube
current of 50 mA. The laser beam was focused perpendicu-
larly on to the surface of the target by a 0.13-m focal length,
antireflection-coated Zn-Se lens. The focused beam had a
spot size of approximately 0.000 28 m which resulted in a
power density of about 4 X 10'° W/m? throughout the ex-
periments. The targeis were mouanted onto a computer-con-
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trolled translation table which moved at a rate of G.005 m/s.

Emissions from the plasma were monitored using a
Princeton Applied Research Corporation model 1254
M1216 Silicon Intensified Target detector coupled with a
model 1460-V optical muiltichannel analyzer system. The
ernissions were focused onto the slit of the monochromator,
which was parallel to the axis of the laser beam, by a convex
lens as shown in Fig. 1. A 2400 grooves/mm diffraction grat-
ing was employed for increased peak resolution.

The shielding gas, 99.999% pure argon, was passed co-
axially with the laser beam through a 0.00175-m-radius cop-
per nozzle at a height of 0.018 m above the target surface.
The shielding gas velocity and composition was varied, how-
ever, when checking the effects of the parameters on the
plasma.

To keep all samples uniform for analysis, since surface
roughness affects laser absorption by the target workpiece,
samples were polished with 240 grit paper until they were
level and smooth. The samples were then cleaned with ace-
tone to remove any dirt or ioose particles which would also
affect laser absorption.

i1l RESULTS AND DISCUSSION

Upon identification of the lines in the spectra obtained
during welding of stainless steel, shown in Fig. 2, it can be
observed that only iron, manganese, and chromium emis-
sions are detected. Although nickel and other base metal
elements as well as argon shielding gas atoms are present, no
emissions are detected due to low vapor pressures of the me-
tallic elements and the high ionization potential of argon.
Previous investigators who have not found shielding gas
enmissions in the spectra have reported low temperatures,
while investigators obtaining argon peaks report tempera-
tures as high? as 17 000 K. The electron temperature within
the plasma can be determined from the intensities of emis-
sions at various wavelengths for a particular element. The
procedure is given in Boumans® and only a brief summary is
presented here. Combination of the equation for absolute
intensity of an atom line with an expression for the Boltz-
mann distribution of energy-level populations yields an
expression of the following form:

In(f /gAv) = In C — (E,/kT), (1)

where 7 is the integrated intensity in s 2, gis the degeneracy
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FIG. 1. Schematic representation of the experimental setup.
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FI{3. 2. Typical spectra recorded for pulsed laser welding of AISI 201 stain-
less steel. Pulse length = 0.003 s, frequency = 100 Hz, argon flow rate = 50
ml/s, current == 50 mA, and welding speed = 0.005 m/s.

of the upper-energy level g, 4 is the transition probability for
the transition from state g to the lower-energy levelins~ ', v
is the frequency ins ', E, is the energy associated with the
levelginem ', kis the Boltzmann constantincm "' K 71,
T is the electron temperature in K, and Cis a constant.

The electron temperature can be obtained from the
slope of the plot showing the left-hand-side term in Eq. (1)
versus E,. Figure 3 shows a Boltzmann plot obtained from
the regression of 13 excited neutral iron emissions during
welding of 1035 steel. Values of g, 4, and E, were taken from
Fuhr’ for the iron peaks. From the siope of the plot, an
apparent electron temperature of over 14 000 K is obtained.
However, it will be demonstrated that the result is not accu-
rate since all the peak intensities were used to obtain the
temperature without correction for self-absorption.

Using a formalism suggested by Peebles,” which utilizes
the ratio of two peak intensities originating from the same
upper-energy state, the extent of seif-absorption was as-
sessed. Consider two emission lines, 4 and B, whose intensi-
ty equations® are, respectively,

I, = (dh/4m)d n,v,, (2)

log (g%g)

i 1
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FIG. 3. Boltzmann plot used to determine the average electron temperature
of the plasma formed during pulsed laser welding of AISI 1035 steel. No
correction was made for the self-absorption. Pulse length = 0.003 s, fre-
quency = 100 Hz, argon flow rate = 50 mi/s, current = 50 mA, and weld-
ing speed = 0.005 m/s.
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Iy ={dh/4m)dgngvy, (3

where [ is the absolute intensity in ergem % 57!, 4 is the
depth in cm, % is the Planck’s constant in ergs, 4 is the
transition prebability in s ', a is the density of the species
present at the excited state being considered incm ™ ?, and v
is the frequency of the emitied photon ins ~'. If both transi-
tions start from the same excited state in the same source,
then n, = ng,, and thus the ratio of the two intensities is
given by the following equation in the absence of self-absorp-
tion:

I /Iy = A, /Agvy. (4)

The computed values of {,/f; can be compared with
the experimental data for agreement. If self-absorption is
present, the expression becomes more complicated and in
the case of extremely high self-absorption, the ratio of the
two peak intensities approaches unity, rather than the value
obtained by Eq. (4). Table I shows the comparison of the
theoretical and the experimental ratios for the six pairs of
peaks. It is observed that the transitions terminating near
12 000 cm ~ ! are subjected to strong seif-absorption, while
those terminating above 17 000 cm ™ ! agree fairly well be-
tween experimental and theoretical values, implying that
self-absorption is not a very serious problem above 17 060
cm !, where species densities are not great enough to pro-
duce significant self-absorption effects. Utilizing this infor-
mation, the data in Fig. 2 were replotted using only the peaks
corresponding to transitions which terminate above 17 000
cm . A temperature of about 8630 K was calculated from
this plot and a confidence level of + 400 K was estimated
from the error analysis with a 90% confidence level. The
difference between the values of the electron temperatures
obitained with and without the self-absorption correction
demonstrates the importance of the selection of peaks for the
Boltzmann plots. Failure to take appropriate precautions in
the temperature calculations can lead to large errors in the

TABLE I. Compariscn of the theoretical and experimental ratios for the
product of the frequency and the transition probability for various peak
pairs whose transitions begin at the same upper-energy state.

Peaks Upper Terminate
(A) Theory Actual {em 1) {em ')
Ad Aavs Lo P £y
Ay Apvg i, ! E Bp

4307 4154 0.816 35768 11976
4202 12 561

4063 5.398 1736 37 163 32561

4132 12 969

- >

4071 3.577 1.760 37521 12361
4005 12 969

4282 1232 1.291 40895 17350
4315 17727
4260 599 1532 423816 19351
4235 43163 19562

4208 1102 1.057 50 980 27393
4247 50 704 77 167
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TABLE i1 Temperatures calculated for laser welding of AISI 201 stainless
steel while varying argon flow rate from 1 to 8 //min and the average elec-
tron temperatures for the welding of various grades of carbon steels based
on ¢ight runs for each type of steel.

Ar flow rate Temperature Average T,
(LPM) (K) Type of steel (KD

1.6 8707 1010 8775 + 400
1.5 9251 1035 8634 -+ 400
2.4 8766 1040 8818 4+ 400
2.5 9212 1080 8713 + 400
3.0 8675
4.0 9193
5.0 9116
6.0 8507
7.0 3768
7.5 3835
8.0 8737

electron temperature and in the esttmation of the amount of
Iaser beam energy absorption by the plasma.

Table I summarizes the effect on the average electron
temperature from varying the shielding gas flow rate and the
carbon content of the base metal. In both cases, no effect was
noticed, with the average temperature being about 8800 K.
Although increasing the fiow rate of the argon shieiding gas
did not affect the average electron temperature, it did dra-
matically reduce the size of the plasma domain by convec-
tively transporting away the components of the plasma. Fig-
ure 4 shows direct evidence of this. Since the intensity of an

LPM

0.7

Q&6

03—

02

RATIO OF PEAK INTENSITY TO ITS INTENSITY AT 3

0.0k i ! I i i !
2 3 4 5 8 7 8 2

ARGON FLOW RATE (LPM}

FIG. 4. Ratios of the intensities of various emissions at a given flow rate of
Ar to the emission’s intensities at a flow rate of 5O ml/s (3 //min) as a
function of Ay shielding gas flow rate.
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emission line is proportional to the depth of the source vol-
ume, and the intensities decrease dramatically as the flow
rate is increased, the plasma plume must grow smaller with
the increased fiow, all the other parameters remaining con-
stant. Experiments with helium shielding gas demonstrated
a similar behavior. Although the plasma volume and the
spectral intensities were considerably smaller while welding
with helium, or a mixture of argon or helium, the electron
temperatures were essentially constani at a value of
8800 + 400 K.. It is interesting to note that Key, Chan, and
Mecllwain® also founrd that the shielding gas composition has
a significant effect on plasma volume and radial temperature
distribution but not on the peak temperature in the interior
of the plasma during GTA welding. The spectra for the var-
ious carbon steels did not show a noticeable difference
among themselves and the rates of vaporization of the var-
ious species did not change appreciably. Variation of the
carbon content within the concentration range investigated
did not significantly change the plasma properties.

The two most important parameters necessary to assess
the absorption are the temperature and the electron density.
To determine the electron density, the approach of Dunn
and Eagar® was employed. In this approach, the total elec-
tron density, #,, is assumed to be the summation of the mole
fractions of each species present i the plasma, x,, multiplied
by the electron density in a plasma comprised solely of each
species at the given temperature, #’, as follows:

n,= 3 X, {5)

The quantity #’ is found from Fig. 5 which shows the com-
puted results of the electron density through solution of Sa-
ha’s equation for equilibrium between an ejectron and an
atom as was done by Dunn and Eagar.” They present an
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FIG. 5. Electron density as a function of temperature for various species in a
pure plasma comprised solely of that single species. After the work of Dunn
and Eagar (see Ref. 9).
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FIG. 6. Velocity profile for the argon shiclding gas.

excellent explanation of the computational process and this
is not discussed here. The mole fraction, however, must be
computed for various regions of the plasma from the concen-
tration profiles of the various species present in the plasma.

To calculate the concentration profile, the flow field of
the shielding gas must be known, as it is responsible for all
the convective transport of heat and mass. Figure 6 shows
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TABLE 1. Summary of absorption calculations as a function of height
during pulsed laser welding of AISI 201 stainless sieel using 600 W incident
power and 50 mi/s argon flow rate, incident beam is perpendicular to the
sample, and the electron temperature is 8800 K. 95 absorption = 29.71%.

Height Ne total K, Intensity
{cm) (No./cm? ) (em™ 1) (W)
0.16 4.16x 10" 0.003 599.98
0.15 4.13 % 10" 0.003 599.9¢6
G.14 418> 10" {.003 349,95
0.13 4.20 % 10" 0.003 599.93
0.12 4,22 % 10" 0.003 599.91
.11 4.29x 10" 0.003 595.89
0.10 4.44x10% 0.004 599.87
0.09 4.81 % 10" 0.005 599.85
0.08 5.13x 10" 0.010 599.82
0.07 7.50 % 10"° (.026 599.76
0.06 1.23 %10 0.114 599.60
0.05 2.56 < 10 0.630 598.92
0.04 6.02 < 101 2.783 595.16
0.03 1.27% 107 9.094 S78.82
(.02 2.29 10" 11.285 528.51
0.01 2.55 % 10" 11.285 472.11
.00 2.55x10"7 421.72

the velocity distribution for the argon shielding gas exiting
the 0.001 75-m-radius nozzle at a rate of 58 ml/s at a height
of 0.018 m above the target. The profile was computed by
solving the appropriate Navier Stokes equation and the de-
tails of the calculations are available elsewhere. '>!! The flow
is strong in the downward direction along the laser axis near
the gas nozzle, but then reaches a stagnation point at the
specimen surface. The vectors indicate that any heat or va-
pors exiting the weld pool should be carried radially away
from the center by convection. However, the metal vapors
can be transported upward by diffusion.

Knowledge of the flow field and temperature distri-
bution, coupled with the data on vaporization rates and dif-
fusivities of the metal vapors, can be used to calculate the
necessary concentration profiles. Figure 7 shows the concen-
tration profiles of iron vapors above the weld pool. The con-
tours tend to slope upward as they approach the laser beam
axis. Near the weld pool the shielding gas jet tends to stag-
nate, allowing the vapors to diffuse upward. In this region,
high concentrations of metal vapors and elecivon densities
are obtained. Thus, the region capable of largest absorption
lies along the beam axis, just above the surface of the weld.
The mole fraction of each species can be determined for the
various plasma regions from the concentration profiles of
varicius species, and hence the total electron density can be
calculated throughout the plasma domain from Eq. (5).

The inverse bremsstrahlung absorption coefficient, &,
can be determined for each volume element of the plasma by
the following expression:

k, = 162X 10~ (! 2 /T, (6)

where the constant §.62X 10 " ** is valid for 10.6 gm radi-
ation. The intensity of the laser beam exiting each cell can
then be found using the exponential absorption law:
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I=1Iye ", (7

where 7, is the intensity entering the cell and Ay is the dis-
tance through the cell.

Table III summarizes the absorption calculations for
the general case found in this work, consisting of the electron
temperature of 8800 K, an argon flow rate of 50 ml/s, and
appropriate vaporization rates of the varicus elements pro-
duced by the laser welding process.'” If a 600-W incident
laser beam entered the plasma plume, about 30% of the inci-
dent radiation would be absorbed by the plasma before it
reached the target. Electron densities less than about
10?2 /m® do not account for very much absorption via the
inverse bremsstrahlong process and almost all of the absorp-
tion occurs just above the weld pool.

Simiiar absorption calcuiations were performed for oth-
er gas flow rates and the results are shown in Fig. 8. Dilution
of the metal vapors by the inert shielding gas is responsible
for decreasing the mole fraction of metal vapors as the
shielding gas flow rate is increased. Experimental findings
presented in Fig. 4 showing that the plasma volume de-
creases with the increase in the gas flow rate 1s consistent
with these calculations. The decrease in the mole fraction
becomes less pronounced as flow rate is increased and the
absorption follows the same manner, but not proportionally.
This is because the amocunt of absorption drops off more
slowly than the mole fraction of the metal vapors due to the
exponential absorption law, i.e., Eq. (7). Between 1 and 8
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F1G. 8. Variation of the amount of absorption of the incident beam with
argon shielding gas flow rate.
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#7min, the abscrption varies from about 42% to 15%, with
most of the decrease occurring at low flow rates. The calcu-
lated absorption values are consistent with the range of val-
ues reported in the literature during laser welding with as
high as 80% for high-power laser welding” and as low as
'15% for low-power welding'? being absorbed. Calculations
demonstrate that if all the variables remain constant, the
absorption varies dramatically as the electron temperature
changes, varying from virtually none at temperatures fess
than 5000 K to about 52% at 14 000 K using argon as the
shielding gas. The reiationship between the absorption and
the electron temperature is dictated primarily by the proper-
ties of the shielding gas involved. The large variation in the
amout of absorption with electron temperature demon-
strates how crucial it is to accurately assess the temperature.
For example, not accounting for the self-absorption effect at
high species concentrations can invalidate laser absorption
calculations.

V. CONCLUSIONS

During laser welding of steels, a significant proportion
of the incident radiation never reaches the target surface due
to absorption of the beam energy by the plasma plume. Al-
though strong evidence is shown for self-absorption of light
emissions during laser welding of steels, it is demonstrated
that a species present in high concentrations in the plasma
such as iron can still be utilized as a thermometric element
for the determination of the electron temperature. Peaks af-
fected by self-absorption can be identified by comparing the
experimental and theoretical intensity ratios for transitions
starting from the same upper energy state, and avoided in the

2050 J. Appl. Phys., Vol. 88, No. 5, 1 September 1990

analysis. For the welding of AISI 201 stainless steel, the spe-
cies identified are excited neutral atoms of iron, manganese,
and chromium. No other elements, including the shielding
gas elements, were detected in the wavelength range investi-
gated. Changes in the shielding gas flow rate or composition
did not affect the electron temperature. However, increasing
the flow rate of the shiclding gas reduced the volume of the
plasma plume. No variations in either the size or the electron
temperature of the plasma were observed for the welding of
various grades of carbon steels.
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