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Abstract

Understanding the interaction between a pulsed Nd:YAG laser beam and the plume generated above the surface of a
workpiece during laser welding is important for process modeling and control. We present a laser schlieren method
which can be used to observe this interaction by imaging the refractive index gradient within the plume. The laser
schlieren technique uses an expanded, collimated probe laser beam to image a phase object onto a filter with a radial
gradient in optical density. The probe beam is focused through the filter and onto the image plane of an intensified
high-speed camera, so that the temporal variation of the laser/plume interaction may be observed over thie duration
of the laser pulse. Qualitative measurements of the spatial distribution of refractive index are presented. The
velocity of the vaporized metal forming the plume is also measured for a stainless steel weldment.

Introduction

The process of laser welding of metals invariably produces a plume of vaporized metal atoms
and ions above the surface of the workpiece. Quantitative study of this plume is essential for
process monitoring and control, and is also needed to provide input for computational models of
laser welding. Indeed, characterization of the physical properties of the plume, i.e., size, velocity,
and morphology, is necessary in order to determine the intensity distribution at the surface of the
workpiece. The physical properties of the plume will determine the extent of its interaction with
the laser radiation. Figure 1 shows a series of high-speed photographs of the plume generated
above the surface of a stainless steel workpiece. The incident laser radiation is from a pulsed
Nd:YAG laser, with A=1.06 pm, delivering 0.44 MW/cm?2 onto the metal surface. Some crucial
questions that arise from these observations are: (1) Is the plume dense enough to cause
significant refraction of the laser radiation? (2) How can this interaction be monitored in real
time?, (3) What is the morphology of the plume, and (4) How does this morphology evolve as
the laser pulse evolves? The first question may be addressed by either studying the weld pool or
by observing the plume. Using the former method, and alloys with very volatile components, it is
possible to extract qualitative information about the beam/plume interaction. Indeed, surface
active elements can play a significant role in the laser welding processes.12 For materials such
as 304 stainless steel, a low sulfur content can lead to a wide, shallow weld, due to an outward
flow of the molten material. Addition of sulfur, can give an extremely different result. For
example, in a material with a high surface active element content, such as sulfur, flow of the
liquid metal in the melt region tends to be in the direction of an increasing thermal gradient, or
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towards the center of the weld pool, creating a deeper weld. This type of flow may yield
qualitative information about the intensity distribution at the metal surface. The second, third,
and fourth questions may be addressed by using a laser schlieren technique to observe refraction
of a probe laser-by the plume. '
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Figure 1: High-speed camera images of the plume generated by focusing 1.06 pm Nd: YAG radiation onto 304
stainless steel. The intensity delivered to the metal surface was 0.44 MWatts/cm2. The times shown for
each frame are in milliseconds and are measured with respect to the laser pulse.

Cieslak and Jellison! have studied the effects of sulfur, a surface active element, in convection
mode laser welds on 304 stainless steel, using a pulsed Nd:YAG laser. The results observed
contradict those expected due to the preceding explanation of flow behavior with and without
surface active elements. Figure 2 shows metallographic cross-sections of single spot welds
produced on 304 stainless with a high sulfur content. Each of these welds was produced using
the same laser parameters, with and without the laser plume present. As seen from these
photographs, there is a small increase in penetration for the weld produced without the plume
present. This result may suggest that the vapor plume has some effect on the laser beam. Similar
single spot welds were produced on a low sulfur stainless steel, Figure 3. Again the plume was
present for one weld and removed in the case of the second weld. In this case (low sulfur) the
plume effect became more pronounced. When the plume was present a significant increase in
penetration occurred, compared to the weld produced with the plume removed from the surface.
The very broad, shallow weld produced without the plume is typical of a convection mode weld
in a material without a significant surface active alloying element. However, the deeper
penetration achieved in the low sulfur material in the presence of the plume provided an
unexpected result.




Figure 2:  Micrographs of spot weld of high-sulfur 304 stainless steel (0.05 wt. % S: (a) without transverse Ar
flow, (b) with transverse Ar flow. For both welds, the pulse width is 5.7 ms. The pulse energy is 17.3
J/pulse. From Cieslak, M. J., and Jellison, J. L. (1989). A Perspective on Welding Science. MRS
Bulletin, XIV, 2, 32-38.

Figure 3:  Micrographs of spot weld of low-sulfur 304 stainless steel (0.005 wt. % S: (a)without transverse Ar
flow, (b) with transverse Ar flow. For both welds, the pulse width is 5.0 ms. The pulse energy is 9.8
J/pulse. From Cieslak, M. J., and Jellison, J. L. ( 1989). A Perspective on Welding Science. MRS
Bulletin, XIV, 2, 32-38.

Experiment

From these results, it was obvious that the laser plume can play an important role in
determining the weld characteristics. To identify the phenomenon which would explain this
change, several experiments were performed to analyze the plume.3 Time-resolved scattering
measurements showed that some scattc_ering would occur, however, not until very late into the
pulse. In situ, time-resolved laser absorption measurements showed that the absorption of thé




laser energy into the work piece during a single pulse remained nearly constant once equilibrium
was established. Finally, spectroscopic analysis and electron density measurements revealed that
electron densities are insufficient to infer the existense of a plasma. High-speed film images of
the plume showed a very erratic behavior, even during the short 5-7 ms pulses from the Nd:YAG
laser. Putting the various data together provides a deeper understanding of the laser welding
process. In summary, ionization was insufficient to produce a plasma, scattering was not
significant, and the laser absorption was essentially constant. Yet the extent of the plume varied
significantly with time. This supports the premise that a thermal gradient generated by the plume
causes the beam to be defocused. This defocusing would reduce the beam intensity at the weld
surface, causing vaporization to be reduced. With this reduced vaporization, the beam would
again be sharply focused onto the weld specimen, leading to increased vaporization. This
process would go in a cyclic fashion.

Beam/Plume Studiels

To evaluate this concept, we first generated a model to simulate the beam/plume interaction.
A cylindrically symmetric refractive index gradient was synthesized, and a Gaussian beam was
mathematically- propagated through this medium. The results indicated that the refractive index
gradient would cause the Gaussian beam to defocus into an annulus whose peak intensity was
significantly reduced.# Because of this annular distribution, the peak intensity of the beam was
shifted away from the center of the weld pool. This would explain the higher penetration for the
low sulfur material in the presence of the plume since, if an annular beam distribution occurs
during laser welding, the flow for the low sulfur material would be away from the thermal
gradient, or in this case, towards the center of the weld pool.

Next an axicon optical element was used to produce this annular beam distribution at the metal
surface, Figure 4.
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Figure 4: Schematic of axicon lens used to create an annular intensity distribution.




For all of these tests the plume was removed from the surface. A series of welds were made at
different focus positions and powers on both high sulfur and low sulfur materials.
Metallographic cross-sections of two of these welds made at the same laser conditions are shown
in Figure 5. Figure 5b shows the weld made on the high sulfur material. As expected, the
deepest penetration occurs within the annular region. It is also obvious from the figure that very
little melting has occurred at the center of the weld. Conversely, for the low sulfur material, the
maximum penetration occurs at the center of the weld. For this particular welding condition,
there is very little laser energy at the center of the weld region. These results demonstrate in a
qualitative fashion, that a refractive index gradient produced by the plume would indeed explain
the reversal in the flow behavior observed in the presence of the laser plume.
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Figure 5:  Micrographs of spot weld of low-sulfur and high-sulfur 304 stainless steel made using an axicon lens.
(a) 0.001 wt % sulfur. (b) 0.022 wt. % S.

Laser Schlieren Imaging

Schlieren imaging is a technique that allows direct observation of refractive index gradients
within a transparent object. 5 In this technique a collimated light source (helium-neon laser) is
sent through the plume and is deviated due to the refractive index gradients within the plume.
The probe beam is then decollimated and focused onto a schlieren filter. The filter used in this
work has a diameter of 6.3 mm and was computer generated and recorded on slide film. The
developed slide serves as the actual filter. A schematic of the essential elements of the laser
schlieren system is shown in Figure 6. The probe laser is expanded and focused onto the pinhole
of a spatial filter. The pinhole typically has a diameter of 20 - 50 pm and determines the spatial
resolution of .the final schlieren image. The probe is then collimated by lens 1. The region
between lens 1 and lens 2 (decollifnator), is the test section. If a phase object (an objéct whose
refractive index has no imaginary part) is placed within. the test section, any nonuniformity in
refractive index will cause a light ray to be deflected from the collimated light path. The ray




crosses the test section and is focused onto the schlieren filter by lens 2. The schlieren filter
replaces the knife edge filter of the conventional schlieren technique,® so that rays deflected by
nonuniformities in a transparent medium are imaged onto regions of the filter with reduced
transmission. Therefore lines of constant intensity in the schlieren image represent constant:
deflection. An image of the filter used in this work is shown in Figure 6b.
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Figure 6:  (a) Schematic of laser schlieren apparatus. (b) Laser schlieren filter.

The filter has a linear gradient in opacity that proceeds outward radially from the center, so that
an undeviated ray passes through the filter and suffers little or no attenuation, while rays that are
deviated from the axis of the system are focused onto non-transparent regions of the filter.
Therefore a region of the plume that causes large deviations will appear dark when imaged
through the schlieren filter.

The evolution of the plume is recorded using a Kodak Ektapro high-speed camera operating
at a rate of 6000 frames per second, with an exposure time of 10 us. A Raytheon SS 501 pulsed
Nd:YAG serves as the processing laser. The radiation is focused onto the surface of a 304
stainless steel target by a 4 inch plano-convex, fused silica lens. A photodetector senses the
laser pulse and sends asignal to a pulse generator (Stanford Research Systems, 535)




and to an oscilloscope. The pulse generator then sends a signal to the high-speed camera,
triggering a recording of the plume.

Results

Figure 7 shows the images of the probe laser as it propagates through the test section during a
pulse of the Nd:YAG processing laser incident on 304 stainless steel. In each case the processing
laser propagates from top to bottom and is focused onto the metal, which appears as a dark,
rectangular region at the bottom of the frame. The laser operates at 0.3 joules per pulse and is
focused to a spotsize radius of 200 pum. This corresponds to an intensity of 0.05 MW/cm2. The
times marking each frame are in milliseconds and are measured with respect to the arrival of the
laser pulse. Figure 7 shows that the plume propagates away from the surface of the metal in the
form of a highly refractive, lever-shaped region of gas. Refraction of the probe laser by the
plume is clearly visible as well-defined dark regions that follow the contours of the plume. This
is clearly visible in Figure 7 at 1.00 ms. This type of geometry is maintained past 2.50 ms, after
which turbulent mixing with the ambient gas begins. Figure 7 shows that light rays propagating
through the central regions of the plume do not suffer significant refraction. However, as rays
strike the plume boundary further from the plume axis, curvature effects begin to refract the rays
onto dark regions of the filter. An intermediate region near the edge of the plume exists were the
curvature of the plume causes rays to emerge undeviated, and focused through the center of the
filter. At the edge of the plume, light rays are again refracted, and deviated onto dark regions of
the filter. Figure 8 shows the evolution of the plume for the case of a pulse energy of 5.1 joules,
corresponding to an intensity of 0.90 MW/cm2. In this case, significant refraction by the plume
is evident ~fter only 0.83 ms. Turbulent flow is reached around 1.3 ms.
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Figure 7: High-speed laser schlieren images of the plume generated above 304 stainless for an
intensity of 0.05 MW/cm?2. The times shown for each frame are in milliseconds.

The position of the plume from about 0.6 to 1.6 ms is plotted as a function of time for three
surface intensities of I; = 0.05, I = 0.44, and I3 = 0.90 MWatts/cm?2 (Figure 9). This data was
obtained using motion analysis software (Kodak Motion Analysis Workstation). The software
allows the user to track an image throughout the frames of an exposure, recording its position as




a function of time. In this measurement, the interface between the first dark region and the first
light region was used to estimate the speed of the plume.
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Figure 8:  High-speed laser schlieren images of the plume generated above 304 stainless for an intensity of 0.90
MW/cm2, The times shown for each frame are in milliseconds.

In each case, a second order polynomial was fit to each set of measurements. Differentiating
each polynomial, the following expressions were obtained for the speed of the plume at each
intensity,

2{(t) =1.67-.568¢
2,(8)=1.37-0.018¢
23(8) =2.64 - 0.604¢

where zn', is the speed of the plume in cm/ms at a surface intensity of I, and ¢ is the time in
milliseconds. From the above equations, the speed of the plume at ¢ =1.0 ms was calculated as
11.0, 13.5, and 20.4 m/s at 0.05, 0.44, and 0.90 MW atts/cm?2, respectively.
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Figure 9:  Plot of the plume interface height (measured with respect to the metal surface)
vs. time.




Discussion

We have shown qualitatively that the plume formed above the metal surface during laser
welding forms a highly refractive medium. Refraction is minimal in the central regions of the
plume, but increases at increasing distances from the plume axis. As the distance from the plume
axis increases, a region exists where zero beam deflection again occurs. This region is then
followed by a highly refractive region that forms the edge of the plume. Future work will be
performed to relate intensity in the schlieren image to the deflection of the probe laser beam.
Finally deflection of the processing laser beam will be determined for a direction of propagation
along the plume axis. The measured plume speeds, as well as the observed plume morphology,
may be used as input and validation for models of surface vaporization, enhancing the
understanding of laser welding.

Conclusions
The results of this work are summarized as follows:

(1) Laser schlieren imaging has been shown to be a viable method of revealing the refractive
properties of a laser-generated plume.

(2) Laser schlieren imaging has shown that the plume of vaporized metal propagates away
from the metal surface in the form of a highly refractive region of gas.

(3) The speed of the plume was measured at t = 1.0 ms as 11.0, 13.5, and 20.4 m/s for surface
intensities of 0.05, 0.44, and 0.90 MW atts/cm?2 respectively.
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