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Abstract

Surface polishing by laser remelting (SP-LRM aka laser polishing) is a material finishing process that uses the thermal energy of a laser beam
tracked across a surface remelting a thin surface layer at the laser incidence. This causes formation of thermodynamic molten material flows
within a melt pool leading to the redistribution of the initial surface topography and bulk material with hills flowing into valleys. The effectiveness
of this process is highly dependent on a complex combination of the laser-motion-material parameters (e.g., power, speed, focus offset, etc.) and
their formation of thermodynamic flows in the laser-material interaction zone. In an ideal case, the chosen process parameter combination forms
a stable thermodynamic equilibrium between applied laser energy and convection, conduction and radiation being the triplet of thermal energy
components. It is assumed that this stable thermodynamics of laser-material interaction leads to the formation of uniform (in terms of material
redistribution) laser remelted tracks. Thermodynamic instabilities on the contrary may cause sudden variations and non-uniformities in the surface
topography, such as bulges, cavities, and wide/narrow stripes, negatively affecting the smoothening effect of surface polishing. This study
demonstrates the formation of uniform laser tracks from a stable LRM process and non-uniform laser tracks from a non-stable LRM process
through the use of statistical analysis of the surface topography measured off-line by white-light interferometry and in-situ thermographic
imaging. Through a combination of these techniques, multiple examples of regions containing different types of these undesired surface
topography non-uniformities are identified. One of the goals of this study was to find an interdependence between laser-processed surface
topography and thermographic response. For this purpose, information data have been synchronized in time and space domain. In detail, stable
and non-stable LRM process states, typical thermodynamic instabilities, initial surface defects, and especially the beginning and ending of LRM
tracks are analyzed. The results from this preliminary study lay a scientific and engineering basis to better understand the thermodynamics of the
LRM process and identify statistical metrics capable of recognizing thermodynamic imbalance for future development of online LRM process
monitoring, control, and optimization.
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1. Introduction roughness surface [1-3]. This occurs due to the formation of a
molten material melt pool that allows for the redistribution of

Surface polishing by laser remelting (SP-LRM) is a material  initial surface topography and bulk material. The effectiveness
post-processing method that uses a laser beam tracked acrossa  of this process is highly dependent on a complex combination
surface to remelt surface material, potentially leaving a lower  of the laser-motion-material parameters (e.g., power, speed,
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focus offset, etc.) and their formation of thermodynamic flows
in a laser-material interaction zone. A thermodynamically
optimal combination of process parameters enables a stable
melt pool that subsequently leads to the formation of consistent
and smooth final surface topography. In areal regions where the
combination of laser polishing parameters does not yield stable
laser-material ~ thermodynamics melt pool, stabilities
disruptions will occur. This leads to the formation of
nonuniformities in the laser-processed surface topography that
translate into suboptimal surface quality [4, 5].

Previous studies in the most similar field to surface polishing
by laser remelting, selective laser melting, have explored the
concept of a correlation between the recorded process and the
resulting surface quality. These studies have outlined methods
to record process data and shown potential correlation between
the melt pool characteristics and the produced surface of the
melted powder bed [6-9]. While they have identified certain
correlations between the online monitored process and the
produced surface, difficulties in monitoring stability and
complete feature detection were found. As such, online
monitoring for feature identification is unrefined and requires
further investigation.

This study explores the use of thermographic imaging to
gain an understanding of the LRM process condition in regions
where topographical nonuniformities yielded unstable melt
pool regions. Several LRM experiments were completed with
particular process parameters capable to instigate the formation
of surface nonuniformities. Concurrently, the thermodynamic
response from the laser-material interaction zone was recorded
by a high-speed thermographic camera. This enables the
comparison of thermographic and surface topography
information from the remelted surface to better understand the
process condition and variations at these locations. The current
research focus was placed on the identification of a relationship
between the final surface topography and thermographic
response both synchronized in time and space domains.
Detailed analysis was completed on specific areas for
comparison, including a stable LRM process, thermodynamic
instabilities, effect of initial surface defects, and
beginning/ending of LRM tracks. This way, certain features in
thermographic recordings could be detected. In the future, they
could be used in online detection and monitoring of undesired
surface features during the LRM process.

2. Experimental Setup and Analysis Methodology
2.1. Experimental setup for SP-LRM process development

The SP-LRM process system uses a combination of laser
beam delivery optics, 2-axis laser scanner, and 3-axis motion
platform with a CNC control system. A 100 W continuous
wave laser (YLR-100-SYLR-100-SM-CS, IPG Photonics Inc,
USA) delivers a beam wavelength of 1070 nm. An optical
assembly consisting of a collimator, scanner (exelliSCAN 14,
SCANLAB GmbH, Germany), and f-theta lens was used to
control the laser beam within a 100 mm x 100 mm working
envelope. In addition, two camera adapters were attached to
accommodate an optical camera for area alignment of the laser
beam on the workpiece surface and a thermographic camera for

recording thermographic response during the LRM process.
The MWIR camera (TACHYON 16K, New Infrared
Technologies, S.L., Spain) can capture thermographic images
at 3500 fps with 128x128 pixels within a wavelength range
between 1 and 5 um. The 3-axis motion system relied on X-Y
axes linear drives while the Z-axis was controlled by a ball-
screw drive. These components were mounted to a granite table
for thermal stability as shown in Fig. 1. All controlled
components (laser, scanner, stages) were connected to the
Aerotech motion control unit while laser path trajectory was
programmed and controlled by LasPC software developed by
Fraunhofer Institute for Laser Technology (Aachen, Germany).

Fig. 1. Overall view of the SP-LRM experimental setup.

A 150 x 95 x 10 mm? sample made of ground H13 tooling
steel was mounted on a System 3R rapid-clamping mechanism
(Mikron AGIE Charmilles AG, Switzerland) attached to the Y-
axis linear stage. This provided a repeatable and accurate
(+1 pm) alignment and re-placement that facilitated sample
taking away and placing back cycles for the purpose of surface
topography measurements. A Renishaw touch probe was used
to determine the focal position, set the working distance, and —
if needed — measure the Z-deviations of the sample XY -plane
top surface. A custom-designed plastic shroud was placed
around the f~theta lens and sample mounting fixture in order to
maintain an Argon-rich and oxygen-low environment
minimizing surface oxidation during the LRM process.

2.2. Experimental procedure and analysis methodology

Using the experimental setup, eight surface polishing lines
were produced with lengths of 60 mm while the
thermodynamics of laser-material interaction was recorded
with the thermographic camera. The thermographic response
was obtained by thermo-optical emission reflected back from
the laser-material interaction zone, passing back through the
scanner and its optical components, and delivered via an optical
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adapter into the thermographic camera. After LRM
experiments were performed, the surface topography of the
laser remelted tracks was measured in 3D space using an
optical profilometer (WYKO NT1100) having a 1 A height
measurement resolution and 0.258 pm/pixel resolution. Auto
stitching enabled the acquisition of the entire field by
overlapping measurements along the entire 60 x 3.6 mm? area.
The LRM process parameters for producing laser lines/tracks
under a variety of process conditions were selected based on
extensive experimental experience in laser technologies and
can be seen below in Table 1. These parameters were chosen to
cover a wide range of the process conditions and identify a
combination of the process parameters with most evident
representation of different process instabilities and surface non-
uniformities to fulfill the scope of the current research.

Table 1. LRM process parameters used during experiments

Line 1 2 3 4 5 6 7 8
Laser power (W) 15 20 20 25 30 30 40 40
Scanning speed (mm/s) 50 50 50 50 100 200 50 100

Focus offset (mm) 00 00 02 02 04 04 06 06
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Fig. 2. 3D surface topography of experimentally-obtained laser tracks:
a) overall area, b) typical detailed small sub-area, and
¢) typical instability under evaluation.

The overall 3D surface topography of experimentally-
obtained laser tracks is shown in Fig. 2a along with an example

of a detailed small sub-area (Fig. 2b), as well as typical surface
non-uniformity under evaluation (Fig. 2c).

The eight lines produced by LRM were visually explored
along their length to identify sub-areas containing surface
features. While the parameters were held constant along the
remelted lines, the polishing state will fluctuate due to the
changing initial surface topography and melt pool dynamics.
While most lines had a varying produced surface profile, those
with both stable and unstable regions over long ranges gave
larger thermographic differences, and allowed for direct
comparisons between them within the same line. The best
spatial resolution of thermographic data acquisition was
achieved at 50 mm/s with thermographic frames being recorded
every 0.0139 mm. Since the typical melt pool diameter was
around 0.1 mm, the polished lines created at this speed offered
a much better insight into the rapidly changing LRM process
and its thermodynamics. With these considerations in mind,
Line 7 generated with a laser power of 40 W, a scanning speed
of 50 mm/s, and a focal offset of 0.6 mm was selected for a
more detailed analysis because it contains a significant variety
of surface non-uniformities caused by LRM process
instabilities.

In order to identify and classify surface topography non-
uniformities and their interconnection with process instabilities
represented by thermographic imaging, several sets of
information were extracted from data and synchronized in time
and space domains. At first, the longitudinal profile of the initial
surface and centerline profile of the remelted laser track were
extracted from the measured surface topography. The
comparison of these two profiles provides the ability to
visualize and evaluate the formation of the LRM line
topography with respect to the initial surface. Frames of the
thermographic recording were synchronized with remelted
surface topography by aligning the first and last frame of the
thermographic response with the beginning and end of the
polished surface in space and time domains. For the purpose of
the present study, only one thermographic parameter was
determined from each thermographic frame. More specifically,
the total intensity of each frame was computed by summing
each pixel’s value within a 19x15 pixel cropped area. This
integrated parameter characterizes an overall thermal response
from the laser-material interaction zone and is informative
enough to distinguish thermodynamic performance as well as
to estimate process stability at different LRM conditions. The
identification of a relationship between these surface profiles
and corresponding thermographic responses opens up the
ability to monitor, control, and optimize uniformity of the
surface formation during the SP-LRM process via online
thermographic estimation of the LRM process stability.

In addition to the total intensity of each frame, four
additional parameters were also used in statistical estimation of
remelted topography non-uniformities and surface formation
repeatability and reliability. These additional four parameters
as: 1) averaged remelted track profile (calculated by averaging
each transversal cross-section taken along the track length),
ii) standard deviation (STD) profile (calculated for each
longitudinal profile along the remelted track), iii) surface
average roughness Ra, and iv) root-mean-square (RMS)
roughness Rq profiles (calculated for each longitudinal profile).
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While the first two parameters were used for estimating the
uniformity of the remelted track topography the last two were
used in the analysis of the surface quality.

3. Surface and thermographic analysis

The specific surface topography produced by SP-LRM is
largely connected to the thermodynamic behavior of the laser-
material interactions. Since the setup of laser and scanner
enables the control of power, speed, and focal offset, the
material undergoing a state change from solid to molten
material with heat being conducted into the material or leaving
the system through convection and radiation. This newly-
formed combination of solid and molten material creates a
continuously fluctuating interaction of temperature-dependent
properties and heat transfer within the polished region. The
heat-affected zone can maintain a state of stability with minor
initial surface variations stemming from the ground surface and
exhibiting only minor evidence of a fluctuating melt pool
volume. The produced line will often contain surface features
associated with a stable region including a centerline bulge,
undercuts, and ripples [4] as seen in Fig. 3. These occur due to
melt pool surface tension and heating effects causing the
material to naturally form a centerline bulge. The centerline
bulge occurs due to a change in the crystalline structure of the
molten material with a volume increase for some metals and
more significantly due to the capillary forces of the molten
material with inward forces. On the topmost layer of the
topography, martensitic needles can often be found that occur
due to the rapid cooling rate of the material [10, 11]. Uneven
strips on either side of the laser track are left with less material
known as undercuts, while changes in the initial surface and
melt pool volume — particularly when combined with surface
tension gradients — will lead to the formation of ripples [12-14].

0.62 mm

Fig. 3. Typical examples of produced surface features

When a major thermodynamic imbalance occurs in the
equilibrium of the energy applied and the material being
remelted, the extensions of the melt pool will begin to fluctuate.
The heat dissipation and volumetric reformation of the melt
pool result in surface features known as step-structures. These
features are seen at any location where the melt pool forms or
dissipates including the start and end of the line, and occur due
to the backfilling effect caused by the flow dynamics of the

internal molten material [15]. When this phenomenon begins,
it will push material to the trailing edge of the unaffected
material where a mound/bulge/convexity will be created. By
contrast, a divot/recess/concavity will appear in the zone where
the material was moved from. These features greatly reduce the
consistency of the surface quality and are important to
understand and avoid.

The thermographic response of the laser-material interaction
zone is the main insight into the current state of the process and
offers the opportunity for online observation, understanding,
and possible adjustment based on relationships found. The
image pixel amplitudes are dimensionless as the camera was
not calibrated under the current experimental setup. A typical
example of visual comparison between stable and unstable
thermographic frames can be seen in Fig. 4 with the stable
being a high-intensity image (total intensity of 360
dimensionless units) of a dual spot most likely due to a self-
reflection effect that maintains for the entirety of the line and
most experiments in this series. The unstable spot however is
extremely dim with a low-intensity value (total intensity of
54.3 dimensionless units) slightly above empty pixels in the
melt pool area and is therefore scaled 10 times the normal
intensity for any unstable region displaying frames in order to
better visualize the images. This disparity in spot intensity is
the key indication of regional process instability.
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Fig. 4. Typical examples of thermographic frames for a) stable and b)
unstable LRM processes

3.1. Full-length LRM line analysis

The full-length LRM line is used to identify the regions in
which process conditions change. In Fig. 5a, the surface is
displayed using a colour scale. Fig. 5Sb represents a visual
comparison between longitudinal profiles of initial surface
topography and LRM centerline. Sample frames of the
thermographic recording are shown in Fig. 5c. These frames
are evenly spaced along the total length and the thermographic
intensity (defined as the sum of all pixel intensities belonging
to the captured/analyzed thermographic frame) is plotted in
Fig. 5d. This approach allows for the identification of a nearly
25 mm long region that has extremely low thermographic
intensity and high variance in the surface topography. This
example seems to suggest that low thermographic intensity is
correlated to the stability of the process. Conversely, the total
intensity of the thermographic frame will drop within an
extended area with high LRM surface fluctuations as seen from
25 to 47 and from 56 to 60 abscise along the line length.



D. Beyfuss, E. V. Bordatchev, S. Linden et al. / Manufacturing Letters 35 (2023) 269-276 273
g 0.1 i T i i BRI T “¥rAl i T T i 5 E
) i i i i i i i i i i i i =
R ARG ISP FIRPYP B FYRNH AT Al -,|.'Mu4 xq . Te:' JI0 Y YU TR S n-i~~»!|!~$gif’5 :
I T DO Tt S N Y . IR R ) B

5 10 15 20 40 45 50
E 5b) i i i i i LRM
= O L doden e y Y XY b gt 02 Initial
g o ! I : : : WMWWM
2-10= 11 i I | i i I 1| | i
9) 1

0.50mm 4.75mm 9.01mm 13.25mm 17.50mm 21.74mm 26.00mm 30.24mm 34.49mm 38.75mm 42.99mm 47.24mm 51.48mm 55.74mm 59.99mm

i
i
i
i

25 30

length, mm

40 45

intensity, dimensionless

Fig. 5. Line 7 (0.5-60 mm): a) surface topography, b) initial (blue) and LRM centerline (red) profiles, ¢) thermographic frames, and d) thermographic intensity.

an averaged remelted track profile having STD values
consistently lower than for the initial surface. It is also can be
recognized in Fig. 7a that the LRM track has a bulge of 0.8 um
and a low undercut of 0.1 um, traits that are often seen in stable
regions. The standard deviation of height shows a 0.25 pm
reduction in surface variation within the polished area. The
roughness values Ra and Rq both reduce from the initial area
of 0.31 um and 0.44 um to the laser-polished area of 0.16 um
and 0.18 pum, a reduction of 48% and 59%, respectively. The
average width of the LRM line was ~120 um for these process

3.2. Short-length analysis of stable LRM

Next step of this research was focused on the short-length
(1-2 mm) analysis of several different LRM process states. In
Fig. 6a, the surface can be seen displayed using a colour scale,
showing the fairly consistent height and width of the produced
line. The stable regions produced through LRM such as this are
sections that maintain consistent surface features. The melt
pool is fully formed and provides an almost constant shape

throughout the depicted length of 1.35 mm. Visual features parameters.
include a centreline bulge, undercuts, and slight ripples. The
surface topography height can be seen in Fig. 5b, and displays a)ﬁ | l sl e ‘
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Fig. 6. Line 7 (8.5-9.85 mm): a) surface topography, b) initial (blue) and
LRM centerline (red) profiles, and c) thermographic intensity.

Fig. 7 shows the averaged remelted track profile and its
STD values (see Fig. 7a), and Ra and Rq profiles (see Fig. 7b)
calculated as described in Section 2.2. These characteristics
can demonstrate that a stable LRM process is characterised by

LRM process stability and consistent formation of the remelted
line. This is mainly because surface topography is responsible
for the scattering and absorptivity of the laser beam by a
workpiece material and therefore affects the thermodynamic
balance during rapid material melting, reallocation, and

solidification processes,

and dynamics of the melt pool

formation. It is assumed and understood that if a stable melt
pool reaches an imperfection or an obstacle located along the
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tracked path, the consistent flow of the melt pool and laser
beam absorptivity will be instantaneously changed. This causes
instant alterations of the laser-material interaction and in the
solid—liquid phase transformation interface. This determines
the formation of a discontinuity in heat flow and latent heat
across a moving solid-liquid phase interface. As a result, the
new temperature gradient changes the balance between the
shear forces in the tangential direction and the forces in the
normal direction thus modifying the melting direction at three-
phase points located on the melting front. As such, melt pool
shape and dimensions will be affected/altered. The
thermodynamic response on the preceded material applied
energy forms a new ratio between optical penetration depth and
thermal penetration depth and this also changes melt pool
volume, shape, and dimensions due to the phase transition
between solid and liquid.

In the example shown in Fig. 8§ from line 7 (49.4 to
50.75 mm abscise), the LRM process hits two deep concavities
(scratches after grinding) with a depth of 2.5 um and a width
of 20 um. These post-grinding surface nonuniformities disrupt
the melt pool and cause subsequent lower bulge height, off-
center material movement and large drops in the thermographic
intensity (prior to them returning to stable values).
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Fig. 8. Line 7 (49.4-50.75 mm): a) surface topography, b) initial (blue) and
LRM centerline (red) profiles, and ¢) thermographic intensity.

Comparing the left and right sides of the initial surface
features, they both maintain a reduction in surface height.
Fig. 9 displays each half's mean height and standard deviation
and shows a drastic change in the laser-polished topography.
The left side maintained a stable bulge 1.1 um high with slight
undercuts, while the right has a slight bulge 0.3 pum high off the
centreline. While this surface change is drastic, both sides have
a similar reduction in the standard deviation. This suggests that
while the melt pool was indeed disrupted, the instability did not
have a negative effect on the surface variation.

3.4. Short-length analysis of thermodynamic instability

As shown, areas with high variation in the LRM surface
formation will be characterized by an extremely low
thermographic intensity. These zones will cause a large change
in the value associated with stable regions but they will settle
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Fig. 9. Line 7 (49.4-50.75 mm): a) averaged remelted track profile and its
STD values, and b) Ra and Rq profiles.

for a new plateau in the intensity response. An example of this
behaviour is shown in Fig. 10 where a raised/recessed structure
is shown along with the dissipation and formation of the melt
pool. The thermographic intensity leading to this position is
extremely low, averaging about 55 units, but when the recess
is formed, the thermographic intensity spikes to 105 units at the
33.92 mm location. This pattern is repeated at the majority of
the recesses throughout the low-intensity regions thus
providing evidence that these spikes in the thermographic data
could be used as a method to identify where surface recesses
occur. Conversely, there is no thermographic response around
the location where the melt pool forms. Since the formation of
the melt pool does not always happen immediately after the
dissipation, it appears that knowledge on the location of the
recess will be unable to indicate the complete location of the
pair.

3.5. Short-length analysis of beginning and end of LRM line

At the beginning of the LRM line, the laser is turned on and
laser-material interactions begin. This starts to build up the heat
load in the material surface until a melt pool is formed. It
reaches the size at which the internal flow dynamics begin to
cause backfilling. This term denotes the longitudinal transfer of
material from the front to the back of the laser spot. This
phenomenon causes the molten metal to pile on top of a semi-
level surface leading to the formation of a mound. It is common
that a raised/recessed pair occurs at every initiation or
dissipation of the melt pool. An example of this typical pair can
be seen in Fig. 11 where the mound starts to form and the
thermographic intensity raises as the melt pool becomes stable.
Conversely, a recess occurs at the end of the line. Here, the
material was used for backfilling but it could not be replaced
since the end of the line was reached. An example of this
behaviour is shown in Fig. 12 and is similar to any unstable
region during LRM where the melt pool dissipates. The
thermographic intensity for this area does not show a large drop
since the process was in an unstable zone (characterized by low
intensity) when the laser was turned off.
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parameters that were chosen to yield a variety of surface
4. Summary and conclusions features. One of these lines offered the best combination of
multiple unique surface features and high thermographic
The work presented in this study outlines a preliminary  recording rate and was used to illustrate the examples presented
investigation on the possible relationships/correlations  in this manuscript. The change in surface topography was used
between laser remelted surface topography and thermographic to locate regions of interest that were then assessed with respect
recording of the process. For this purpose, several laser  to the thermographic frames and total frame intensity.
remelted lines were generated with a range of process
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The qualitative assessment performed facilitated the
following conclusions to be drawn:

e A region of LRM was identified as stable since it produced
a consistent surface bulge height and line width. This region
was able to improve surface quality by reducing the STD of
height, and both Ra and Rq, by 48% and 59%, respectively.
The thermographic recording of this area had a total
intensity hovering around 4000 units with little variation.
This area was used as the baseline for the other regions.

e A region containing two deep initial surface scratches was
seen to disrupt both the melt pool and thermographic
response. The area leading up to the scratches could be
characterized as belonging to a stable regime zone. Once the
scratch was reached, the melt pool experienced disruptions
and while the surface roughness was still low, the polishing
regime was no longer as stable as prior to reaching the
surface irregularities. The thermographic response was also
disrupted and dropped to nearly unstable levels immediately
after the surface irregularities were encountered. However,
the intensity response recovered quickly to new stable
values that were slightly lower than their pre-disruption
levels. This type of behavior might suggest that the
thermographic response has adjusted to a new stable or
quasi-stable melt condition.

e Regions that experience a thermodynamic imbalance of the
laser material interaction will cause fluctuations in the melt
pool leading to a highly variating surface height. These
regions will contain repeating raised/recess structure pairs
and are seen to experience very low thermographic intensity
with proportionally high spikes associated with concave
shapes. No thermographic response has been determined by
elevated structures associated with melt pool formation.
This implies that spikes in thermographic intensity could be
used to detect the location of the concavities triggered by
melt pool dissipation phenomenon. Since convex/concave
pairs have a wide range of distance between them associated
with an unspecific intensity profile, the thermographic
response does not seem useful yet in locating the initiation
of the melt pool in these unstable regions.

e The initiation of the melt pool is the beginning of the melt
pool’s internal flow dynamics leading to a convexity formed
at the trailing edge of the melt pool. This feature is not
directly recognized in the thermographic response but it can
be seen as a steady climb to a stable value. When this
observation is paired with the lack of thermographic
response in an unstable region it appears that melt pool
formation should normally be detected as an increase to a
stable value of the thermal intensity. However, the adjacent
unstable regions seem to limit the size of this effect.

e The end of the polished line exhibits evidence of a dissipated
melt pool. This translates into a concave shape similar to
that in convex/concave pairs except is not associated with a
thermographic response spike like in areas of process
instability (even though the process was in an unstable
region after the deactivation of the laser beam). This

suggests that normal melt pool temperature or an active
beam are de facto prerequisites for intensity spikes.

The results constitute a stepping-stone towards a better
understanding the LRM process as well as the potential metrics
that can be used in process prediction of surface topography
formation via  online monitoring and  predictive
control/optimization of the LRM process stability.
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