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Abstract

This study investigated the correlation between the keyhole geometry and reflected laser light
distribution during laser-based manufacturing processes. An “imaging dome” system was
developed to capture the distribution of the reflected laser light on a registration dome during the
process, and found that the reflected laser distribution varied significantly as the keyhole shape
was changed by reducing the laser scanning speed. A numerical model was leveraged to
understand the multiple reflections of laser rays within the keyholes of different geometries. The
results demonstrated the potential of a novel approach for in-situ detection of keyhole shapes

during laser-based manufacturing.
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1. Introduction

Keyhole geometry has a significant effect on multiple reflections of laser light in the keyhole
during laser-based manufacturing processes, which further affects the laser power absorption into
the keyhole and keyhole geometry. Numerous experimental works have been reported to measure
the laser energy absorption during laser-based manufacturing processes using calorimetry and
integrating sphere methods. The calorimetry method derives the laser energy absorbed by the
substrate by measuring the heat exchange between the substrate and a calibrated object, i.e., the
calorimeter. The calorimetry method measures the temperature rise of the sample and relates it to
the total absorbed laser energy. It can be used to calculate the average absorptivity over a definite
time duration [1], [2]. The integration sphere method collects and measures all off-axis light
scattered from laser illumination at any moment, and then calculates the instantaneous absorptivity
[3]. This method has been combined with inline coherent imaging [4] and synchrotron X-ray
imaging [5], [6] techniques to correlate the instantaneous absorptivity with the transient keyhole
geometry. Both methods have confirmed the significant rise of laser absorptivity with the

formation and growth of keyholes in laser welding and additive manufacturing processes.

As laser absorptivity has been measured as a single-value variable in all these studies, it does not
contain rich information about keyhole geometry. It is therefore highly informative to measure the
directional distribution of the laser reflection during the process, with the intention of gaining more
information about the keyhole shape and behavior. An early work by Mehmetli et al. [7] used a
pyroelectric detector to measure the reflected laser radiation at prespecified locations that define a
hemisphere on top of the weld spot, and then reconstructed the spatial distribution of a reflected

laser beam by combining the measurements at all those locations. In this work, a novel “imaging
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dome” experimental system was developed for laser-based manufacturing processes to enable in-
situ measurement of the directional distribution of reflected laser light as a function of time. The
measurement results provided meaningful information regarding the three-dimensional shape of
the keyhole. In addition, a computational physics model was used to reproduce the experimental
results and understand the correlation between reflected laser light distribution and keyhole

geometry.

2. Methodology

Fig. 1 shows the schematic of the imaging dome system developed at the National Institute of
Standards and Technology. For a laser remelting process to be studied in this work, an Inconel 718
plate sample was placed at the center of a hemispherical grey registration dome. The reflectivity
of the dome was measured to be ~11 % at the laser wavelength of 1070 nm using the facility
described in [8]. This relatively low reflectivity value reflects a sufficient amount of light for
imaging the first reflection of the laser pattern from the dome but minimizes the integration of light
within the hemispherical enclosure. The dome had a radius of 124 mm and was filled with argon
gas at atmospheric pressure and room temperature. A laser beam was passed through the inlet port
to perform a line scan on the sample along the +X direction. The fiber laser had a spot size of 77
um with a Gaussian distribution. An equiangular fisheye lens transformed the three-dimensional
hemispherical distribution onto the two-dimensional focal plane array (camera chip) such that the
zenith angle is proportional to the radial distance from the center of the image (Fig. 1¢). As the
lens was offset from the center of the hemisphere, the imaging results appeared asymmetric about
the X-axis — this problem will be corrected in future work. It should be noted that this metrology
uses a similar measurement approach to at least one existing commercial product [11], but is

specialized for the conditions of laser-based manufacturing. A parametric study with a constant
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laser power (285 W) and different scanning speeds (2000 mm/s, 960 mm/s, and 500 mm/s) was

performed to produce keyholes of different shapes.
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Fig. 1. (a) Three-dimensional cross-section view of the imaging dome system, (b) schematic of the front

view of the system, and (c) experimental results of the bottom view (Fisheye lens view) image of the

registration dome in laser-based manufacturing processes.

On the modeling side, a three-dimensional computational physics model developed at the
University of Michigan was used to simulate the experiments [[11], [12], [13], [10]]. The model
takes the processing parameters (scanning speed, laser power, laser spot size, power distribution
profile) and temperature-dependent material properties as inputs [[14], [15]]. It solves the
conservation equations of mass, momentum, and energy to predict the pressure, velocity, and
temperature fields in the molten pool. It also solves the level-set equation to track the dynamic

4
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keyhole evolution. A ray-tracing model has been incorporated to capture the multiple reflections

and absorption of the laser in the keyhole.

3. Results and discussion

With the decreasing scanning speed in cases (a)—(c), the fusion zone became deeper (Fig. 2),
suggesting increasing keyhole depths caused by the increase of laser heat input. This variation
trend was captured by the simulations. Admittedly the simulations did not exactly reproduce the
keyhole shapes in different cases, which was attributed to the insufficient calibration of the

material properties in the model.

Melted

Unmelted

'ﬁ; ".‘" v:“-:
t Exp../@Sim. Exp.£%
y (a)

Fig. 2. Comparison of experimental and simulation results of fusion zone geometries for the three cases

50 um

with laser power of 285 W and scanning speed of (a) 2000 mm/s, (b) 960 mm/s, and (c) 500 mm/s.

The reflected laser light distribution on the dome changed accordingly (Fig. 3). Bright spots due
to the reflected laser light were found on the dome in cases (a) and (b), as marked by the red dashed
lines in Fig. 3. With the decrease of the scan speed, the bright spot moved from the negative end
on the X-axis (which is located behind the keyhole and molten pool) toward the center of the dome

(which is located on top of the keyhole and molten pool), and became less spanned along the Y-



98 axis (i.e. the transverse direction). The reflected laser light appeared more evenly distributed over

99  the entire dome in case (c).

100 L’ X  (a) (b) (c)

101 Fig. 3. Comparison of experimental and simulation results of reflected laser light distributions on
102 registration dome for the three cases with laser power of 285 W and scanning speed of (a) 2000 mm/s,
103 (b) 960 mm/s, and (c) 500 mm/s. Imaging frequency for experimental results was 10 kHz.

104

105  The simulation results in Fig. 4 explained the translation of the bright spots along X-axis due to
106  the variation of keyhole shape from the side views. The keyhole in case (a) was long (on the X
107  axis) and shallow (on the Z axis). The traveling route of one typical ray in this keyhole was shown
108 in Fig. 4a by a series of arrows, each showing one time of reflection. The rays usually left the
109  keyhole along the —X direction with a small velocity component along the +Z direction (i.e.,
110 slightly upward). These rays ultimately registered on the dome on the far end along the —X
111  direction, generating the bright spot at the end of the —X axis. The keyhole became deeper and
112 shorter in case (b). The laser rays, as shown by the red arrows in Fig. 4b, typically left the keyhole
113 with a reduced velocity component along the —X direction and an increased component along the
114 +Z direction. Most rays illuminated the dome at locations closer to its top, causing the bright spot

6



115  to shift toward the dome center. The keyhole became even deeper in case (c), and the keyhole
116  length (on the X axis) was further reduced to be comparable with the keyhole width (on the Y axis).
117  The laser rays were reflected between the walls in all directions of this deep and slender keyhole,
118  with one example shown by the red arrows in Fig. 4c. Due to the irregular shape of the keyhole,
119  the rays had arbitrary paths, and ultimately left the keyhole with random paths, illuminating the

120  dome in a fairly uniform manner.

121
Front view Side view
\ 1.')..9
(a)
Reflection route
of a laser ray &\
—
Ke /
X%/
(b)
z z
L> X L> y
122 (c)
123 Fig. 4. Simulation results of the front view and side view of keyhole and a typical laser ray multiple-
124 reflection route in the keyhole for the three cases with laser power of 285 W and scanning speed of (a)
125 2000 mm/s, (b) 960 mm/s, and (c) 500 mm/s.
126

127  Similarly, the reduced span of the bright spots on the Y axis could be explained by the variation

128  of keyhole shape from the front view. The keyhole in case (a) was shallow on its cross-section
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(front view of Fig. 4a), allowing the reflected ray to leave the cavity with rather large divergence
angles and thus illuminate the registration dome over a large span on the Y-axis. The keyhole in
case (b) became deeper, which limited the divergence angle of the escaped rays and hence the
transverse span of the bright spot on the registration dome. In case (c), the reflected rays left the

keyhole in random directions, and no bright spot was found on the dome.

4. Summary and Future Work

In this work, an imaging dome system was developed to capture the temporal directional
distributions of the reflected laser light by a keyhole in laser-based manufacturing processes, and
a computational physics model was leveraged to predict the keyhole shape and reveal the routes
of multiple reflections of the rays in the keyhole. The work demonstrated the correlation between
the keyhole shape and the reflected laser light distribution, which can be used as a new approach
for in-situ detection of keyhole shape during laser-based manufacturing. Future work has been
planned to improve the measurement capabilities. Further characterization of imaging quality,
artifacts, and distortions can improve the quantitative accuracy of the image data. Photodiodes
with high collection angles may be included to measure the total reflected laser power. The
computational physics model will be further calibrated for IN718 to enable better predictions of
the keyhole and molten pool shapes. Statistical analyses should be performed for the experimental
and simulation data to identify more quantitative correlations between keyhole shape and reflected
laser light distribution, and the simulation results should be further leveraged to understand the

correlations.
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Data Availability
The raw/processed data required to reproduce these findings cannot be shared at this time as the

data also forms part of an ongoing study.
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