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One of the challenges regarding widespread use of parts created by the pow-
der-bed fusion process is their high surface roughness, which necessitates
some type of postbuild finishing process. Laser polishing (i.e., remelting),
which uses surface-tension-driven flow to reduce the roughness of irradiated
metallic surfaces, is one such potential finishing process. This work examines
the effect that surface features on the as-built part have on the performance of
continuous-wave laser remelting of Co-Cr-Mo alloy (Celsit 21-P, Stellite 21
equivalent) samples produced by powder-bed fusion manufacturing. This is
accomplished by comparison of three-dimensional surface measurements be-
fore and after laser remelting using focus-variation microscopy. Engineering
models used to simulate the surface profile as a result of laser remelting are
also presented. The results from this work provide insight into the funda-
mental physics occurring during laser remelting on parts made by powder-bed
fusion and will aid parameter selection for surface consolidation and

smoothing.

INTRODUCTION

Additive manufacturing has seen rapid growth
over the past few years due to the innovative and
complex parts that can be created using such layer-
by-layer fabrication techniques.’ However, numer-
ous challenges to final part production with additive
manufacturing techniques exist, including the high
surface roughness found on parts created using
powder-bed fusion additive manufacturing meth-
ods. Surface roughness not only results in undesir-
able esthetic quality but reduces part performance
such as fatigue life.? This has made understanding
of the created surface and the best techniques for its
measurement a critical area of study in the field of
additive manufacturing.®~® It has also driven study
on suitable finishing techniques such as electrical
discharge machining,? sandblasting,® electrochemi-
cal polishing,” and chemical etching.”® Laser pol-
ishing by remelting, where a laser locally melts a
region of the surface and surface-tension-driven
flow smooths the surface,’ is another potential
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finishing method that is advantageous due to its
contactless, selective, and highly controllable
nature.

It has been demonstrated that laser polishing can
improve the surface roughness of steel, aluminum,
titanium, and cobalt-chromium (})arts made using
powder-bed fusion processes.'®'® The typical
approach used in these works when studying the
effect of laser polishing on the surface roughness
was to measure multiple regions before and after
laser polishing, so the regions measured before and
after laser polishing were typically not the same.
Thus, the effect of laser polishing was studied by
statistical inference from multiple measurements of
the surface before and after. However, a challenge
when measuring different regions before and after
polishing is that the initial surface roughness may
vary significantly across the part or different laser-
polished areas; For example, in this work, different
regions before laser polishing showed average
roughness in the range from 13.77 um to 23.09 yum.
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Numerous models have been created to model the
surface after laser polishing. One approach views
the surface as idealized close-packed hemispheres
or another geometric shape and models the energy
needed to melt or ablate the surface.’®! Another
approach uses experimental results and generalized
linear models to predict the surface following
remelting.!! A final approach uses spatial frequency
analysis of the surface to analyze how individual
spatial frequencies get dampened during remelting.
This approach utilizes a critical frequency, derived
from capillary wave fluid dynamics, which predicts
the frequencies that get dampened over a specified
melt duration.?? This concept has been used to
create a model for laser polishing of surface features
using a low-pass Gaussian filter.?® This work was
later expanded to predict features created from
Marangoni, or thermocapillary, flow during pulsed
laser polishing based on analytical and experimen-
tal relationships between the melt duration and
induced features.?*~2¢

This critical frequency method has only been
applied to pulsed laser polishing due to the difficulty
in estimating the melt duration for continuous-wave
laser polishing because of accumulated heat that
builds up when laser polishing areas. This work
applies the spatial frequency method for continu-
ous-wave laser polishing of individual lines. This
negates the thermal buildup effect and allows for
melt duration estimation. A method is presented for
melt duration estimation based on geometric rela-
tionships between experimental and simulated melt
pools. This work also measures the same region
before and after laser polishing based on reference
lines on the surface. This was done to better study
how individual particles consolidate into the surface
during the remelting process and to consider the
effect of localized regions of high or low roughness.

MATERIALS AND METHODS
Materials

The additive-manufactured samples used in this
study were made from Co-Cr-Mo alloy (Celsit 21-P,
Stellite 21 equivalent) using a powder-bed fusion
process (SLM 250, SLM Solutions). The composition
of the alloy, and its properties used for the melt time
and critical frequency calculations, are presented in
Table I. The thermophysical properties listed were
used in both the capillary smoothing surface

prediction model and in finding solutions to the
heat equation for estimating the melt duration. The
nominal powder diameter was 20-53 ym, and each
layer during the build process was 100 ym thick.
The build process used a 60-um-diameter laser spot
with power of 110 W and scan speed of 158 mm/s.
The parts were rectangular with final built dimen-
sions of 20.5 mm x 9.4 mm x 3.4 mm. An example
of a part used in this experiment is shown in Fig. 1.
The side of the part (surface normal to the build
direction) was the region of interest for laser
polishing in this study, due to its higher initial
surface roughness than the top surface.

The absorption of the sample to 1070 nm light for
the simulation model was approximated as 36.4%
(based on a compositional average of the absorption of
cobalt, nickel, chromium, and molybdenum at the
1070 nm wavelength?”). Due to the high roughness of
the surface, it would be expected that the actual
absorption would be higher due to reabsorption of the
diffusive reflectance of the laser onto partially adhered
particles on the surface. The solidus temperature,
1568 K,?® was defined as the melting temperature of
the material for the purpose of melt time estimation.

Laser Polishing Experiments and Analysis

Laser polishing experiments were performed on
the sides of the additive-manufactured samples
orthogonal to the build direction using a 200-W,
1070-nm fiber laser (SPI Lasers, SP-200C-W-S6-A-
B) with a Gaussian-shaped beam operated in con-
tinuous-wave mode. The experiments consisted of
nine individual 1.5-mm-long lines polished using
various beam diameters, heat fluxes, and velocities.
An example of the surface before and after laser
polishing is shown in Fig. 2. A crack can be seen on
the right side of the image, believed to have
occurred during solidification.

The beam diameter was controlled by defocusing
the beam away from the focal plane. The relation-
ship between the beam flux and power is given in
Eq. 1. Results are also presented using the energy
density, calculated using Eq. 2. The energy density
is a convenient parameter that captures the three
controllable laser parameters and has been shown
to influence the final roughness after laser
polishing. 32

4P

Beam Flux = 2 (1)

Table I. Celsit 21-P composition (analysis provided by manufacturer) and thermophysical properties (at

room temperature unless stated)

Thermal
Cr Mo Ni Others Co Specific heat conductivity (W/ Densitg Viscosity (Pa s)
(%) (%) (%) (< 3.348%) (%) (J/kg K)*° m K)%® (kg/m®)*° (Co, 1800 K)*!
266 528 274 B,C,Fe, P, Bal 502 14.5 8330 454 x 1073

Si
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Fig. 2. Surface of the part (a) before and (b) after laser polishing.

P
Energy Density = D (2)

where P, D, and v are the laser power, spot
diameter, and velocity, resgectively. The experi-
ment used a randomized 2° full-factorial experi-
mental design with a center point. The full set of
conditions are presented in Table II.
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The surface was imaged before and after laser
polishing using an optical focus-variation micro-
scope (Alicona InfiniteFocus G4). Reference lines
were used to measure the same regions before and
after polishing, allowing comparison of the actual
polished surface with the predicted laser polished
surface. Images of the surface before laser polishing
were taken using a 20x objective at vertical and
horizontal resolution of 75 nm and 1.25 um, respec-
tively. Images of the surface after laser polishing
were taken using a 50x objective at the same
vertical and horizontal resolution of 75 nm and
1.25 um, respectively. These different objectives
were used because the 50x objective could better
capture the features in the reflective melt pool. The
surface roughness presented is the arithmetical
mean height of the surface and was calculated in
accordance with ISO 25178.33 The roughness reduc-
tions presented in Table IT and Figs. 7 and 8 were
calculated as

S

Qafter Sabefore

5 x 100%

(3)

where S, pefore i the average roughness of the
surface before polishing and S, afer is the average
roughness of the surface after laser polishing.
Equation 3 was used to calculate the roughness
reduction for both the measured and predicted final
surface. Only the center 1 mm of the 1.5-mm-long
laser-polished lines was used to calculate the
roughness, to minimize end effects from the start
and stop of the laser.

Roughness Reduction (%) =

Qpefore

Melt Duration and Critical Frequency Esti-
mation

The melt duration was estimated by comparing the
experimental remelted lines with those given by the
solution to the three-dimensional heat equation at
the surface of the substrate for steady-state condi-
tions,?* calculated using the Fourier-transform
spectral method.?® For this alloy at the experimen-
tal conditions used, the solidification front was
visible within the melt track, which allowed for
measurement of what is referred to as the “melt
tail.” The length of the melt tail was measured on
the experimental surface at five different locations,
and the mean was used in estimating the total melt
length. The mean and standard deviation of the
measurements are presented in Table III. The
measured melt tail for one condition is shown in
Fig. 3a, and an example of a simulated melt tail and
total melt length is shown in Fig. 3b. The dark
regions seen within the melt track of Fig. 3a are
where the microscope could not capture data due to
the reflected light being either too bright or too
dark. Similar features can be seen in white instead
of black in Fig. 6.
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Table II. Laser polishing experimental design

Beam flux Beam power Energy density

Beam velocity (mm/s) Beam diameter (um) (KW/mm?) W) (J/mm?)
Center pt. 250 125 9.0 111 3.55
C1 200 150 11.3 200 6.67
C2 200 100 11.3 89 4.45
C3 200 100 6.8 53 2.65
C4 300 100 11.3 89 2.97
C5 300 150 6.8 120 2.67
Cé6 200 150 6.8 120 4.00
C7 300 150 11.3 200 4.44
C8 300 100 6.8 53 1.77

Table III. Measured and estimated melt pool geometry and critical frequency (values given as

mean + standard deviation)

Measured tail Measured Estimated melt Estimated melt Residence Predicted critical
length (pm) width (um) length (um) duration (ms) time (ms) frequency (mm™!)
Center pt. 120 + 15 136 + 11 254 1.01 0.50 4.78
C1 366 £+ 72 255 + 13 501 2.50 0.75 3.05
Cc2 107 +£ 11 132 4+ 07 196 0.98 0.50 4.87
C3 69 + 25 93 + 12 95 0.47 0.50 7.00
C4 119 + 16 113 + 04 187 0.62 0.33 6.10
C5 164 + 26 137 + 17 272 0.91 0.50 5.06
Cé6 143 + 10 164 + 09 286 1.43 0.75 4.03
Cc7 280 + 46 196 + 17 486 1.62 0.50 3.79
C8 74 + 19 81+ 11 86 0.29 0.33 9.00
The simulated tail length (Liai1 simulatea) Was found
to follow a linear relationship with both the mea- toelt Liett (8)
sured melt tail (Liail measured) as well as the simu- Ubeam

lated total length (Listal simulated):
(LtaiL measured) ~ Cl LtaiL simulated T CQ (4)

(Ltail, stimulated) ~ CS Ltotal, simulated T C4 (5)
where C;—C, are linear fitting constants. It is
assumed that the length of the melt pool is approx-
imately equal to the simulated total melt length
multiplied by the aspect ratio between the actual
and simulated melt tail length. Using this assump-
tion and Egs. 4 and 5, a relationship between the
simulated total length and the estimated actual
length (L,c1¢) can be derived as

Ltail, measured (

Lmelt ~ Ltotal, simulated) (6)

Ltail, simulated

Cl (C3Lt0tal, simulated 1 C4) + C2
CS Ltotal. simulated 1 C4

Ltotal, simulated

(7)

Knowing the actual melt length and the beam
velocity (Upeam), the melt time (¢,,o11) for the center of
the melt track can be calculated as

Lmelt ~

Equations 7 and 8 were used to estimate the melt
duration for each of the laser-polishing conditions
presented in Table 1.

Capillary Smoothing Surface Prediction

Prior work derived a critical frequency above
which significant smoothing is expected to occur
during pulsed laser polishing due to capillary
forces.?? While the critical frequency concept has
previously only been applied to pulsed laser polish-
ing,22724’2%’3673% this work tests its suitability for
continuous-wave laser polishing. Knowing the melt
time through Eq. 8, the critical frequency for these
laser polishing experiments can be predicted. The
critical frequency was later used to create a surface
prediction model that represented the surface
smoothing from capillary forces as a low-pass
Gaussian filter.?* Equations 9 and 10 describe the
critical frequency and Gaussian filter calculations
used for the capillary smoothing surface prediction,

respectively:
_ P
fcr B 8n? Ubmelt (9)
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Fig. 3. (a) Measured and (b) simulated melt pool.
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C(ﬁc’f;’)polished = C(fdmf;’)unpolishede “ “ (10)
where f,, is the critical frequency, p and p are the
density and viscosity of the alloy being studied, £,
and f, are the frequencies in the x- and y-direction,
and ( is the amplitude of those frequencies. For this
work, as the surface imaging was not able to
completely capture all roughness features (as seen
in Figs. 3a and 6), linear interpolation was used to
estimate the regions with missing data. The sur-
faces with interpolated regions were used for the
prediction of the new surface features, but were
removed from the predicted surface prior to per-
forming roughness calculations.

RESULTS AND DISCUSSION
Melt Duration and Critical Frequency

The relationships between the measured melt tail
length, simulated melt tail length, and simulated
melt length are shown in Fig. 4. Figure 4a demon-
strates that the simulated melt tail length was a
good predictor of the measured tail length. The
differences between the simulated and measured
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Fig. 4. Relationship between the simulated tail length and (a) the
measured tail length and (b) the simulated total length.

values are likely due to the thermal model not
including the heat of fusion or thermophysical
properties as functions of temperature, and the
increase in differences in the melt pool temperature
that can occur once convection occurs. Figure 4b
shows that the simulated total length and simulated
melt tail length were strongly correlated. From
these fits, the relationship between the simulated
melt length and estimated actual melt length can be
predicted as

I - 1.00(0~63Lt0tal,simulated - 706) —49.69
melt ™ 0.63 Ltotal,simulated —7.06 (11)

X Ltotal. simulated

The melt lengths estimated using Eq. 11, and the
corresponding melt durations and critical frequen-
cies, are presented in Table III. The residence time
is defined as the maximum duration that the beam
is over a region and can be calculated by dividing
the beam diameter by the beam velocity.

The estimated melt duration ranged from 0.29 ms to
2.50 ms. The residence time, which can be used to
give an order estimation of the melt time, ranged
from 0.33 ms to 0.75 ms. This demonstrates the
unsuitability of wusing the residence time to
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Fig. 5. Relationship between energy density and predicted critical
frequency.

approximate the melt duration; however, the resi-
dence time does appear to provide an approximate
minimum bound on the melt duration. The rela-
tionship between the energy density and the pre-
dicted critical frequency is shown in Fig. 5. The
energy density appears to be a reasonable predictor
of the critical frequency, with higher energy densi-
ties giving lower critical frequencies. As the critical
frequency defines the surface frequencies above
which significant smoothing occurs, this implies
that higher energy densities would demonstrate
better smoothing than lower energy densities. The
critical frequency is also inversely related to the
melt duration, indicating that higher energy densi-
ties cause longer melt times.

Predicted Versus Actual Surface

Figure 6 shows an example of the initial, final,
and predicted surfaces for one of the nine laser-
polished conditions, and demonstrates that the
capillary prediction model captures the general
redistribution of the surface features following laser
polishing. However, the prediction model redis-
tributes features in the x- and y-directions equally
while the actual final surface shows greater redis-
tribution of surface features in the direction of beam
travel. This implies that treating the melt time
within the center of the melt track is not satisfac-
tory for capturing the physics occurring during
continuous-wave laser polishing. The initial, pre-
dicted, and actual surface roughness values are
presented in Table IV.

The results in Table IV show that a large varia-
tion in roughness can occur across different lines.
This is also likely to occur within the regions where
laser polishing is commonly performed on additively
manufactured surfaces. This indicates that work
studying the roughness within areas following laser
polishing should ensure either that regions with
different laser polishing conditions have similar
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Fig. 6. (a) Initial surface before laser polishing, (b) final surface
following laser polishing, and (c) predicted surface for condition C2.
All surfaces use the same color scale.

starting roughness, or that enough repetitions are
performed to reach a statistically significant sample
size. Figure 7 shows the relationship between the
critical frequency and the final roughness reduction,
while Fig. 8 shows the relationship between the
predicted and final roughness reductions.

Figure 7 shows that the predicted critical fre-
quency is inversely related to the final roughness
reduction, which would be expected based on Eq. 10.
However, there is scatter within the data, which
may be due to the inadequacies using the capillary
smoothing model with continuous-wave laser pol-
ishing. Figure 8 shows that the predicted and final
surface roughnesses are approximately proportional
to one another, with the prediction slightly under-
predicting the final surface roughness. This under-
prediction may be due to additional flow within the
melt pool dispersing roughness features further
than predicted by the critical frequency model. One
cause for such additional flow may be inertia
transmitted into the melt pool from surface tension
forces during particle incorporation. Figure 8 also
shows scatter in the data, indicating that the
capillary smoothing prediction model may under-



918

Richter, Blanke, Werner, Vollertsen, and Pfefferkorn

Table IV. Roughness values for initial, final, and predicted surface

Initial surface roughness

Final surface roughness

Predicted surface roughness

(Sa) (um) (Sa) (um) (Sa) (um)
Overall surface 20.96 - -
Center pt. 18.92 6.56 9.16
C1 20.19 6.51 8.69
C2 18.81 7.91 8.25
C3 15.28 11.19 8.90
C4 18.05 7.97 7.27
C5 17.80 12.19 12.65
Cé6 13.77 6.88 7.83
C7 22.34 6.75 11.15
C8 23.09 11.37 14.60
80% - CONCLUSION
S 0% | This work demonstrates the suitability of the
5 ° « ° critical frequency and capillary smoothing predic-
B * tion model for continuous-wave laser polishing. To
§ 60% A N estimate the critical frequency, an estimation for
o ° the melt duration had to be derived using measured
§ 50% - . . features in the melt pool and a temperature predic-
< tion model. The method presented for melt duration
2 40% - estimation could be applied to a range of metallic
& alloys, but further work must be done to verify its
T 30% A . predictive ability when both interpolating and
i . extrapolating from the laser parameters used. It
20% ' . . ‘ was observed that the energy density was a reason-
2 4 6 8 10 able parameter for estimating the melt duration and

Predicted Critical Frequency (mm-')

Fig. 7. Final roughness reduction versus predicted critical
frequency.

75% -

65% - L4

55% A ®

45% A

35% A

Final Roughness Reduction (%)

25% r T T T "
25% 35% 45% 55% 65% 75%
Predicted Roughness Reduction (%)

Fig. 8. Final roughness reduction versus predicted roughness
reduction.

or overpredict by 15% or more. This also prompts
further investigation into a model that could better
predict the surface following continuous-wave laser
polishing.

critical frequency. This work also demonstrates
that, while the capillary smoothing prediction model
can capture the general smoothing behavior during
continuous-wave laser polishing and approximate
the final surface roughness, there are several
inadequacies that prompt further work on a surface
prediction model that could achieve higher accuracy
in estimating the surface topography as a result of
continuous-wave laser polishing.
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