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Abstract

A series of CO? laser welds were made at a constant beam irradiance of 6 MW/cm?2

on 304 stainless steel with travel speeds selected to produce welds with varying levels of
weld penetration. Using a Seebeck envelope calorimeter, the net heat input to the part was
measured for each weld. It was found that the energy transfer efficiencies varied from
0.29 to 0.86, and decreased at high travel speeds where the weld penetration depth was as
shallow as 0.13 mm. The decrease in beam absorption with decreasing weld pool depth is
consistent with an absorption mechanism that requires multiple internal reflections within
the weld pool. Equations have been developed which connect the keyhole cavity
dimensions with the energy transfer efficiency, and correlations with the experimental
data have determined the keyhole cavity radius to be 0.1 mm for a focused laser beam
with a spot radius of 0.059 mm.

Introduction

For laser beam welding at powers less than 2000 watts, it is known that both weld
penetration depth and beam absorption increase as the laser beam irradiance increases.
What is unclear, is whether enhanced laser beam absorption (as high as 90%) requires a
high irradiance. Several complex absorption mechanisms have been proposed for laser
welding, which may be disregarded, if the weld pool shape is found to be the primary
contributor to absorption.

Work by Huntington and Eagar (Ref. 1) demonstrated an important correlation
between the weld joint geometry and absorption of the laser beam. More recent work by
Kim et al (Ref. 2) clearly indicates an increase in energy transfer efficiency as the weld
pool depth increases. But in calorimetry by Fuerschbach (Ref. 3) energy transfer
efficiencies of 90% were found for weld pool depths that ranged from as little as 0.9 mm
to 2.7 mm. The work concluded that variations in travel speed do not seem to affect
coupling. Only when beam irradiance was reduced was the energy transfer efficiency
seen to decrease. Moreover, no correlation could be found between the fusion zone aspect
ratio and the energy transfer efficiency.

Is coupling at high irradiance improved because of the onset of an intensity driven
absorption mechanism, or more simply because of the development of a weld pool
geometry that permits multiple internal reflections of the laser beam?

To help answer this question experimentally, it is necessary to make welds at a high
laser beam irradiance that do not permit multiple internal reflections within the weld
pool. To corroborate and extend the work by Kim et al (Ref. 2), it was the goal of this
study to make high irradiance laser welds at extremely high travel speeds and thereby
create shallow weld pools.
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Experimental

Single pass CO3 laser welds were made at 6 MW/cm? on 304 stainless steel round
plates. The travel speeds were selected to produce welds with varying levels of weld
penetration. In order to produce shallow welds at this high irradiance, very fast welds
were required. The plate dimensions were 12.7 mm thick by 102 mm diameter with a
machined surface. The plates were spun under the laser beam on a rotary fixture in order
to obtain the high travel speeds required. Ten welds were made; two replicates for each
of the five travel speeds. The five levels of travel speed were: 106, 212, 318, 424, and 530
mm/s. The welds were made on a Photon Sources V1200 slow axial flow CO2 laser
operating in the continuous wave mode. Laser output power was 930 watts. The laser
beam was focused with a 2.5 in focal length aspheric ZnSe lens. The spotsize with this
lens and laser has been previously measured to be 0.118 mm.

Using a Seebeck envelope calorimeter, the net heat input to the part was measured for
each weld. The test specimens were welded on the rotary fixture and immediately placed
in the calorimeter after welding. The calorimeter walls were maintained at room
temperature with a constant temperature bath. The calorimeter operates on the gradient
layer principle (Ref. 4) and produces a voltage output that is proportional to the flux
through the walls during the time required for the weld sample to cool to room
temperature. For short duration weld times, the energy losses with this experimental
technique due to radiation, convection, and evaporation are thought to be 1% or less of
the measured energy (Ref. 5). The calorimeter has been shown to produce a very linear
response for different closure time durations and heat input levels. The output voltage
versus time trace was recorded on a digital storage oscilloscope, then integrated to
determine the energy in joules absorbed by the workpiece during the weld. The reported
values of energy transfer efficiency (7;) were calculated by dividing the net heat input
(Qi) by the laser output energy (Qo ), which is the output power multiplied by the shutter
open time.
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Results and Discussion

The expected decrease in measured weld penetration with increasing travel speed is
shown in Figure 1. The decrease in penetration is due to a reduction in the local amount
of energy available for melting as the travel speed was increased. Certainly if the travel
speed is increased sufficiently there will be no melting of the base metal. The
experimental goal of obtaining welds at the same beam irradiance with varying degrees of
penetration was achieved in this manner. Figure 2 shows a sample metallographic cross-
section of a weld and illustrates the geometry that is widely considered to be
representative of keyhole mode welding.

The correlation between energy transfer efficiency and weld penetration is shown in
Figure 3. One can see that for the shallow welds only a small fraction of the incident laser
beam energy is absorbed by the workpiece, but when the weld penetration approaches a
depth of 1 mm, a much higher fraction of the incident energy is absorbed. This decrease
in energy transfer efficiency as penetration decreases agrees with the work of Kim et al.
(Ref. 2) Comparison of the results of these two studies however indicates that this
dependence is very application specific.

This decrease in beam absorption with decreasing weld pool depth is consistent with
an absorption mechanism that requires multiple internal reflections within the weld
pool—as the weld penetration depth becomes more shallow, the incident light rays are
more readily reflected out of the weld pool cavity. The theory of multiple internal
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Fig. 3— Correlation between measured absorption
and the depth of the fusion zone for 304 SS.

reflections is based on the premise that light rays will necessarily be reflected several
times before exiting the weld cavity if the keyhole has a favorable geometry.

If we assume the cavity geometry to be a circular cone, then the incident laser rays
will be reflected inside the cavity as is shown in Figure 4(a,b). Since for a triangle, any
exterior angle is the sum of the two opposite interior angles, it can be seen in Figure 4(b)
that the directional angle, 8y, (or the external angle of triangle ABC) will increase by 2o
at each reflection until the ray exits the cone. Given that the beam makes an angle ¢ to the
perpendicular bisector of a right circular cone of angle 2c, then the calculation of the nth-
directional angle 6, proceeds as follows.

O1=¢+c

02=01+20c = ¢+a+2a =¢+3a
03=02+2a = ¢+3a+2a =¢+5a
Oy =6p—-1 +2a

therefore: 6y = ¢+ (2n-1)x 2]

where (2n-1) is the usual way of representing a progression of odd integers. Equation [2]
has been previously given by Eisenman and Bates (Ref. 6) for cone calorimeters. From
[2] and the relation o = tan” (r/d) where 7 is the radius of the cone or keyhole and d is
the depth of penetration or the height of the cone, it can be shown that the number of
reflections (n) for any ray is:

(6. -4)

no= 1
2tan™ (rk/d)

1
5 3]
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Fig. 4— (a) Relevance of cavity geometry to reflected light rays. (b) Geometric
relationship between cone angle and a reflected ray.

The last reflection will occur when the light ray has changed direction and can no
longer strike the walls of the cone. By similar triangles it can be seen that when 7 - On is
equal to the cone angle 2c, the light ray will exit parallel to the side of the cone. There
are three cases to consider for 6, (See figure 4).

6)) 0,<m-200 —reflection continues.
(i) 6,=m-200 —beam exits cone parallel to the side of the cone.
(i) 6,>mw-200 —beam exits cone diverging from the side of the cone.

A special case for light ray exit is when 8, =T - 0, and ¢=0. This beam will exit the
cone parallel to the axis and the incoming beam. This is the case first given by
Mendenhall (Ref. 7) which results in the familiar expression:

=
"2 [4]

The more general case for laser welding should include all rays that diverge from the
side of the cone. Substituting (ii) and (iii) into [3] and solving for n gives:

g




(m=9) 1 .
2tan”L(r, 1) 2 Pl

nez

To restrict the inequality to the correct positive integer values we must round the
following expression to the next highest integer:

T—¢ 1 T—¢

n= —= orequivalently: n=
2tan_1(rk /d) 2 20

[6]

N~

One can see from [6] that for light rays that are not parallel to the axis of the cone
(i.e. $>0) the number of reflections will be somewhat reduced when compared with light
rays that are more parallel. It is also obvious from [6] that for any light rays, more
reflections will occur as the depth of penetration increases.
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Fig. 5—Correlation of [9] with the experimental
results for R=0.85 and r,=0.10 mm

Laser beam absorption (4) in the weld pool depends on the liquid metal reflectivity
(R) and the number of reflections in the weld pool cavity as follows:

A=1-R" [7]
The energy transferred to the part is equal to the laser energy absorbed minus radiative,
convective, and vaporization losses to the surroundings. If we estimate these losses to be

10% of the absorbed laser energy (not to be confused with measurement losses discussed
earlier) the following expression for energy transfer efficiency (7;) is obtained:

e =0.9(1- R") [8]

By combining equations [6] and [8], we obtain an expression for the relationship




between laser beam absorption and the keyhole dimensions rk and d.:

-9 1)

')7‘ =0.9 1_R(2tan'l(rk/d)--§ [9]

If we assume that the laser light is roughly parallel to the depth of penetration, then
¢=0 and we can fit [9] to our data for penetration and energy transfer efficiency. Figure 5
shows the correlation between [9] and the experimental data. The value for liquid 304SS
reflectivity used in the equation is 0.85 as given by Arata (Ref. 8).

Using this approach requires that the keyhole radius be assumed constant. Several fits
of [9] to the data indicated that a keyhole radius of 0.10 mm would produce a good
correlation. Since the focus spot radius for these welds is 0.059 mm, this size keyhole is
reasonable. In addition, the resulting fusion zone surface widths varied from 0.21 mm to
0.66 mm in diameter. For the smallest welds this indicates that the keyhole size is close to
the overall size of the weld but substantially less for the deep penetration welds.

Conclusions

1. It was found that the energy transfer efficiencies for CO2 laser welds on 304
stainless steel varied from 0.29 to 0.86.

2. The energy transfer efficiency was found to decrease at high travel speeds and high
irradiance where the weld penetration depth became as shallow as 0.13 mm.

3. Equations have been developed for the theory of multiple internal reflections,
which correlate the keyhole cavity dimensions with the energy transfer efficiency.

4. The keyhole cavity radius for CO2 laser welding of 304 stainless steel has been
determined to be 0.1 mm for a focused laser beam with a spot radius of 0.059 mm.
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