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Abstract

A three-dimensional CFD model has been developed to predict track width during laser polishing (LP) of H13 tool
steel. The developed model incorporates several different mechanisms for heat transfer such as conduction,
convection, and radiation as well as temperature dependencies for relevant material properties. Experimental
calibration was carried out to obtain adequate absorptivity value. After performing the mesh-sensitivity assessment,
simulation results have been validated against experimental data. The relatively low errors obtained suggest that the
developed model is capable to accurately describe the effect of process parameters on molten pool dimensions
and/or geometry.

© 2017 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of the 45th SME North American Manufacturing Research Conference
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1. Introduction

The majority of the manufacturing processes cannot be used as primary means to generate acceptable surface
quality. For instance, while the roughness of the forged parts varies between 3.2 pm and 12.5 um, milling will
typically yield surfaces with R, between 0.8 um and 6.3 um [1]. However, for many applications, these values are
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well above the acceptable levels of quality such that secondary polishing processes are required to further improve
the roughness of the surface.

Among them, laser polishing (LP) represents a contactless manufacturing option that continue to receive a
constant attention during the past decade, particularly since it was shown that it can produce surface quality
improvements of up to 90-95% [2]. Moreover, LP enables the possibility of selective polishing for small areas
(< 0.1 mm®) that can be used to prevent problems like edge rounding [3]. By accounting for workpiece material,
initial roughness and laser parameters, it was determined that LP process can be run with speeds of up to 3 s/cm’
and that is 600 times faster than the conventional manual polishing techniques that is still widely used by the mold
and die industry [4].

The surveyed literature suggests that LP can be successfully used to enhance the surface quality of a wide range
of metallic [2] and nonmetallic materials [4, 5]. However, uncontrollable/unknown mechanisms occurring during
melting and solidification phases of LP can introduce a broad variety of defects such as undercuts, ripples, bulges,
martensite needles and step structures which in turn will decrease the overall surface quality of the polished surface
[6]. Evidently, a deeper understanding of the interactions between various LP parameters might be able to prevent
the formation of such unwanted structures but so far, LP process was primarily investigated by means of costly and
time consuming trial-and-error experiments.

The traditional complement of the experimental work is constituted by the theoretical analysis that — when
adequately performed — could provide important insightful information regarding the thermo-physical mechanisms
underlying the LP process. However, with the exception of several analytical or semi-analytical studies [7-9], the
vast majority of non-experimental works reported so far have relied on numerical methods, most likely due to the
high complexity and/or nonlinearity of the phenomena involved. For instance, the one-dimensional unsteady model
proposed in [10] was capable to determine the energy density required for melting of the silicon carbide during LP.
Along the same lines, a 1D unsteady model was also devised in [11] in order to determine the melting depth. The
inherent simplifying assumptions of the model were related to a uniform laser distribution energy as well as a
dominant conduction mode for heat transfer. By contrast, a 2D modified fixed domain method in conjunction with
Stephan boundary equation has been used in [12] to trace the liquid-solid boundary in a molten pool during
polishing of 304 stainless steel and melt depth has been predicted by an enthalpy-based model solved through the
CFD technique in [13, 14].

Pre- and post-polished surface geometry was also one of the points of interest for some of the past simulation
works. In this context, the decomposition of the initial surface geometry into different spatial frequency components
was used in [15] to predict the post-polished surface topography and a number of later studies [16-19] have
reinforced the idea that critical frequency represents to date, one of the most important theoretical advancements in
the field of LP. All previously-reported simulations imply that the accuracy of the heat transfer simulation can
significantly influence the accuracy of the modeling result.

However, to the best of our knowledge, no prior attempts were made to analyze the width of the polished track
along a LP line as a measurable process outcome. As such, the aim of the present work was to develop a numerical
model capable to predict the width of the polished line by reducing the number of simplifying assumptions that
would inevitably lead to less accurate predictions. In the current implementation, material absorptivity (i.e., the
capacity of the workpiece material to partially absorb the incident laser energy) will be specified throughout
experimental calibration as it plays a prominent role on the overall thermodynamic balance of the process. It is also
important to note here that the width of the laser polished track has important implications on both the quality of the
polished surface as well as the overall tool path planning strategy to be adopted.

2. Thermo-physical processes underlying laser polishing

Undoubtedly, a good understanding of the thermo-physical processes and laser/material properties/interactions
constitute some of the key ingredients of reliable and accurate LP simulations. In this context, it can be stated that
when laser irradiates the surface a certain fraction of its energy will be absorbed into the workpiece while the rest
will be reflected and thereby affect the surrounding environment. The fraction of absorbed energy, defined by
absorptivity, depends on the surface properties of the workpiece as well as the electromagnetic wave properties of
laser beam [20].

Following this logic, it can be inferred that the laser energy that is absorbed by the workpiece will be converted
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to heat and subsequently propagate to the core of the material predominantly through a conduction mechanism. It is
well accepted that the increased atomic oscillations caused by a rapid rise in the workpiece material temperature will
result in their lattice breakoff followed by the onset of the melting. However, the amount of energy delivered should
be adjusted precisely to control the depth of the melting while avoiding material vaporization - also known as laser
ablation that occurs in laser machining, cutting, drilling, texturing, etc.. Therefore, a narrow working window exists
in terms of absorbed laser fluence that has to be chosen in such a way that determines only melting while heating
and ablation will occur beneath and above it, respectively [15].

The superficial layer of the workpiece material redistributes under the action of laser energy (and possibly
gravitational forces) by flowing from peak to valleys. The combined balance between capillary pressure, gravity and
viscosity yields a phenomenon known as Surface Shallow Melting (SSM) [8]. The delivery of additional heat results
in a gradually evolving liquid boundary in the bulk material that constitutes a prerequisite for the formation of the
molten pool. In this latter mechanism — typically known as Surface Over-Melting (SOM) [8] — the surface tension
caused by the temperature gradient tends to counteract the action of the viscous forces and leads to the formation of
the molten pool flow regime. If the surface tension gradient prevails the viscous force in the molten pool, the
Marangoni flow (thermocapillary regime) will dominate the fluid flow [18].

In case of pulsed lasers, the solidification of the molten material begins when the pulsed laser radiation ceases.
Prior to that, superficial material is capable to relocate during the time interval elapsed between the commencement
of melting and the completion of solidification. This short duration can be controlled by adjusting the laser scanning
speed and/or pulse duration. It is also important to remember that in addition to the aforementioned heat conduction
into the workpiece, the other thermo-physical processes associated with LP include convection and radiation into the
surrounding air. However, the dynamic/short-timed nature of laser energy delivery into the workpiece suggests that
convection would be of a rather secondary importance in the overall balance of LP, such that it will assumed further
that conduction and radiation are in fact the primary heat transfer mechanisms affecting the final outcome of the
polishing process that would in turn determine the post-polished surface topography.

When it comes to conduction and radiation, different material properties such as density, specific heat capacity,
conductivity and viscosity play a significant role on the overall outcome of LP. However, unlike LP process
parameters that can be continuously adjusted in order to obtain “the best” final surface roughness, these material
properties can be — at most — precisely known as a function of the temperature of the material. Without an accurate
understanding of this fundamental temperature dependence, most of the numerical analyses of the LP are prone to be
— partly and/or largely — erroneous.

3. Numerical modelling methodology

A three-dimensional unsteady heat transfer CFD model has been developed in ANSYS Fluent with the aim to
numerically analyze the continuous wave (CW) LP of H13 tool steel. The temperature distribution across the
workpiece was obtained by means of a finite volume model allowing the calculation of width and depth of the
molten pool. The basic assumptions associated with this model were: i) material isotropy and homogeneity; ii) the
flow of the material during melting and solidification was neglected such that the geometry of the domain does not
change during LP; iii) no chemical reaction occurs during LP due to the protective argon shielding; and iv) the CW
laser beam characterized by a Gaussian distribution is assimilated with a surface source acting on the top surface of
the workpiece.

3.1. Mesh geometry

To perform the intended numerical analysis, a rectangular cuboid domain sized at 8x4x1.5 mm
(Iengthxwidthxthickness) was modeled in accordance with the workpiece to be used during the calibration
experiments. The workpiece was initially meshed with 320x120%20 hexahedral elements to a total of 768,000 over
the entire domain. As the laser traverses along a straight line across the top surface, a mesh refining technique was
used to further decrease the size of the elements located along the intended laser polishing path (Figure 1).
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Fig. 1. Meshed geometry of the workpiece.
3.2. Heat transfer mechanisms

The temperature distribution throughout the 3D domain was calculated by means of the traditional energy
transport equation [21]:

0
a(pH):V.(kVT), (1

in which p, k and T are the density, conductivity and temperature of the workpiece, respectively while H represents
the total enthalpy defined by [21]:

T
H=hy+ [ cdl (@)

Ty

Here, c, represents the specific heat capacity in constant pressure and /,,; and T, are the reference enthalpy
and temperature, respectively.

3.3. Boundary conditions
To account for the laser radiation and convection with the surrounding gaseous environment, boundary
conditions were set as described further.
Fourier’s law was used to account for the absorption of laser heat flux on top of the workpiece surface:
kVT =4" 3)

in which ¢” is the absorbed laser flux as defined by:

q'=AP, @)
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where P,, is the incident heat flux and A is the absorptivity to be experimentally determined through calibration as
detailed in the upcoming Section 4. The incident heat flux travels along the polished line with the same velocity as
that of the incident laser beam.

The incident laser flux is characterized by a Gaussian distribution as described by [14]:

2 2
P,=1 exp[—er ®)
’ w
where r is the radial position, and w (Gaussian beam radius) represents the radius at which the laser intensity is 1/¢®

(= 0.135) of its peak value at the center of the beam. Peak energy density (/) is given by:

_2p (6)
° W27Z'

where P is the total laser power. In this model, Gaussian laser intensity is applied on a radius ranging between -
1.51743w and 1.51743w where laser intensity ranges between 0.01 I, and I,. For the remainder of the workpiece
surfaces, only the convection with surrounding gas was considered:

kVT = (T, -T) ©)

in which 4 is the convection heat transfer coefficient, and 7, and T, are the surface and surrounding gas
temperature. To consider heat flux emitted by the top surface to the surrounding area, radiation equation [22] was
used for the top surface of the workpiece:

gl =0T} -T.") ®)

where ¢ w is the emitted heat flux, ¢&¢€[0,1] represent the surface emissivity, while

o =5.56x10"* W/m’K* is the Stefan-Boltzman constant. The above-mentioned boundary conditions were introduced
in the model by means of the user-defined functions (UDF).

All the aforementioned boundary conditions were introduced into the model by means of the UDF written in C
programming language.

3.4. Temperature-dependent material properties

To be able to complete the model, the thermo-physical material properties of H13 tool steel have to be specified.
Among them, material density (p), conductivity (k), specific heat capacity (c,), absorptivity (A) and emissivity ()
are regarded as the most important ones and they will be detailed further. Evidently, their precise temperature
dependence represents one of the key factors with a direct effect on the outcome of the modeling problem at hand.

Similar to the majority of metallic alloys, H13 tool steel is not characterized by a unique “melting temperature”
since the melting process occurs between solidus (T,;) and liquidous (7;,) temperatures. According to the reference
[23], these two temperatures are 1315°C and 1454°C, respectively.

To account for the latent heat of melting, the specific heat capacity shown in Eq. (2) can be expressed between
solidus and liquidous temperature as:

cp, =c, +7T L__, when T,<T< Tliq (€))

lig — 7:”/
where ¢, is the corrected heat capacity and L = 2.8x10° J/kg is the latent heat of fusion for H13 [23]. When

accounting for the temperature dependence of the heat capacity [23, 24] as well as that described by Eq. (9), the
temperature-dependent variation of heat capacity could be graphically represented as depicted in Figure 2.
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Fig. 2. Temperature-dependent correction of H13 heat capacity

Furthermore, the temperature dependence of material conductivity (k) and density (p) that were implemented in
the numerical model are graphically represented in Figures 3 and 4, respectively. Both plots were based on the data
reported in references [23-26].

Based on reference [27], material emissivity ¢ was set as 0.5. By contrast, the absorptivity (A) was determined
by means of the experimental calibration described in a subsequent section.
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Fig. 3. Temperature-dependent conductivity of H13
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Fig. 4. Temperature-dependent density of H13
4. Results

When it comes to the validation of the thermo-physical models, many of the past studies have relied on
geometry of the molten pool as the matching characteristic between simulation and experimental analyses. In all
these cases, a cross section taken through the median plane of the polished track was used to assess the
correspondence with the simulation results, either from the perspective of molten pool depth [7], molten pool width
[12] or both [13, 18]. However, the quantification of the molten pool characteristics was rather imperfect in a sense
that the delimitation between heat-affected zone and bulk material was performed in a rather visual manner.
Indentation-based hardness measurements of the different metallographic cross sectional regions are also possible,
but — especially in case of low power LP — the relatively large size of the indenter trace could sometimes prevent
accurate identifications of the various cross sectional layers.

Temperature
1727

Laser scanning direction

1251

778

300
[K]

Cut plane

z

v Ve e X J\‘ Yy

Fig. 5. Sample temperature field 45 ms after the start of the laser beam motion

In contrast with all other prior attempts, the current study will attempt to establish modelling-experimental
correlations by means of the polished track whose width can be accurately measured by means of optical
instruments. From a simulation perspective, the distribution of the temperature throughout the entire domain can be
determined at every time step such that molten pool dimensions could be simply assimilated with the regions in
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which the temperature exceeds the liquidous temperature. As an illustration of this concept, Figure 5 shows a sample
snapshot of the distribution of the temperature at the surface of the workpiece as computed at 45 ms after the start of
the laser motion along the programmed polishing line.

When a transversal cross section is cut through the plane shown in Figure 5, an in-depth depiction of the various
temperature-dependent regions can be extracted (Figure 6).

Temperature
m 1727

Track width

m 1251

776

300

Z

Fig. 6. Sample molten pool geometry as seen in a transversal cut plane

The red colored domain - characterized by temperatures in excess of 1727 K — can be assimilated with molten
pool as developed during laser polishing. As implied above, direct comparisons between numerically and
experimentally determined track width can be used to calibrate the intended thermo-physical model to be then used
in a process-behavior predictive manner.

4.1. Experimental calibration of the model

The line polishing experiments used for calibration were conducted on a dual PC setup for laser polishing. One
PC was used to control the Aerotech motion control system relying on NView software to coarsely position the H13
workpiece in the correct location within the workspace envelope of the three-axis stage. The second PC was used to
control the laser scan head that is responsible for the motion of the laser beam. Without going into too many
unnecessary details, it will be briefly stated here that the relatively large inertia associated with an electromechanical
system - such is the Aerotech stage — can be counteracted by means of a fast speed optical system such as the laser
scanner.

The experimental setup also encompasses a laser with a wavelength of 1070 nm whose beam is delivered to the
laser head via a fiber optic cable that is operated in the continuous wave (CW) mode. A 100 mm focal lens is used to
concentrate the beam onto the sample that is also placed in a containment chamber that is continuously fed with
inert argon gas pumped at 50 cubic feet per hour (CFH). The experiments were conducted in sets differentiated by
different laser power levels. The scanner control software is capable to generate polishing lines at different scanning
speeds. As an illustration of the typical experimental result, Figure 7a depicts polished lines that were generated at
100 W and 150 W, each running at three different scanning speeds. For each of the polished lines, the track width
has been measured by means of a Veeco Wyko NT 1100 optical profilometer whose typical result is shown in Figure
7b.

By returning to the proposed thermo-physical model, the absorptivity (A) in Eq. (4) — defined as the ratio
between the absorbed and incident energy — depends on both laser properties (e.g., wavelength) as well as material
properties (e.g., surface roughness, temperature or chemical composition) [20].
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_ Track width % 02741mm
>

Fig. 7. (a) Representative LPed lines made at 100 W and 150 W; (b) surface topography of a LPed line; (c) LPed line cross-section

Of note, although it is reasonable to believe the absorptivity is a variable (possibly temperature-dependent)
material property, the lack of appropriate experimental means has prompted researchers to assume it as a material
constant, irrespective of the parameters used to control the LP process. To address this relative gap of knowledge
and to more accurately determine absorptivity values as a function of the process parameters, one matching set of
simulation and experiment was conducted. For this purpose, LP process parameters were set to 100 W and 50 mm/s,
while a theoretical beam diameter (2w) was 50 um at a focal point and laser beam energy profile was having the
Gaussian distribution.

Heuristic searches performed through the alteration of the absorptivity value have been used to match the steady
state track width yielded from numerical simulations with that measured from the experiment, namely 306.5 um.
Once the relative match was reached, the required absorptivity was determined as being 76.5% for this particular set
of LP parameters used.

4.2. Mesh sensitivity study

Prior to any other considerations relying on the developed thermo-physical model, mesh sensitivity studies have
to be conducted to demonstrate a relative independence between the results acquired and the size of the mesh used.
For this purpose, the model was run with increasing mesh sizes and the profile of the surface temperature was
analyzed along the polished line until a minimal difference was noticed between successive runs (Figure 8).

2500 T T T T

e 100% 100 150 ym
e 1005200300

2000

1500

Temperature (°C)

1600 o

500

Position {(mm)
Fig. 8. Mid-track temperature at t = 45 ms

The curves presented in this figure suggest that the models with 33x50x150 um and 25%40x75 pm element-size
are sufficiently close to each other to conclude that at these mesh sizes the model will produce results that are
largely independent of the mesh size. As such, the mesh size adopted in Section 3.1 will likely yield sufficiently
accurate results.
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4.3. Mesh sensitivity study

After the completion of the model calibration and mesh sensitivity assessment, additional comparisons between
experimentally and numerically generated steady state LP track widths were performed. For this purpose, LPed lines
were made at 100 W and 150 W while varying the scanning speed at 50, 100, and 150 mm/s. The results
summarized in Figure 9 suggest that the absorptivity value determined through calibration (Section 4.1) yields
relatively accurate matches between simulation and experiment with maximum error values of 4.55% for 100 W and
7.65% for 150 W, respectively.

400
¢ 100W Experiment
K — — — 100W Simulation
350 A 150W Experiment
150W Simulation
_ 300 % A
E_ ~ - - \
= 250 ~
= - __
z T r~-a :
200 T
S 2
£
150
100
50 75 100 125 150

Scanning speed (mm/sec)
Fig. 9. Simulation and experiment results for steady track width

While past attempts to quantify the absorptivity of the metals [20] have suggested a fairly large range of
variation for this particular material property, it seems that a value of 76.5% represents a fair estimation for the line
polishing parameters explored within the scope of the present study.

As an interesting observation, it will be outlined here that Figure 9 clearly indicates that at as specific laser
energy, the width of the polished track decreases as the scanning speed increases, most likely due to the decreased
time available to transfer the energy from the laser heat source to the workpiece. In addition to that, an increased
laser power is clearly associated with wider tracks and that is simply because the total amount of energy delivered to
the workpiece will increase and in turn, this will lead to larger sizes of the molten pool.

5. Summary and conclusion

To the best of authors’ knowledge, the present study represents one of the first attempts made to predict the
width of a laser polished line by means of a validated/calibrated thermo-physical model. The developed model can
be used to investigate the effect of process parameters — such as laser power and scanning speed — on the track
width, a dependent variable with important implications on tool path planning and post-polishing surface quality.
While certain similarities exists between the present model and those that were previously used in laser machining,
it is believed that the precision of the temperature-dependent material properties (that were derived from data
available in the literature) along with the proposed power-dependent material absorbance have contributed to its
elevated accuracy.

A three-dimensional thermo-physical model has been developed using CFD software to simulate the heat
transfer mechanisms involved that are present during CW LP of H13. The developed model incorporates
temperature dependencies for heat capacity, conductivity and density, whereas calibration experiments were
conducted to determine appropriate value for the heat absorptivity of the workpiece.

Post-calibration mesh sensitivity studies have shown that the size of the mesh does not influence the accuracy of
the results. Finally, additional post-calibration experiments have suggested that the selected value of the absorptivity
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enables reasonable matches between LP track widths determined through experimental and numerical techniques
such that it can be anticipated that the developed model can be used for further in-depth investigations of the
geometry/dimensions of the molten pool.
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