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(57) ABSTRACT 
Surface asperities, such as roughness characteristics, are 
reduced or otherwise mitigated via the control of surface 
regions including the asperities in different regimes. In 
accordance with various embodiments, the height of both 
high-frequency and low-frequency surface asperities is 
reduced by controlling characteristics of a surface region 
under a first regime to flow material from the surface 
asperities. A second regime is implemented to reduce a 
height of high-frequency surface asperities in the surface 
region by controlling characteristics of the surface region 
under a second regime to flow material that is predominantly 
from the high-frequency surface asperities, the controlled 
characteristics in the second regime being different than the 
controlled characteristics in the first regime. Such aspects 
may include, for example, controlling melt pools in each 
regime via energy pulses, to respectively mitigate/reduce the 
asperities. 
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REDUCING SURFACE ASPERITIES 

FEDERALLY SPONSORED RESEARCH OR 
DEVELOPMENT 

This invention was made with government support under 
090004 awarded by the National Science Foundation. The 
government has certain rights in the invention. 

2 
flow material that is predominantly from the high-frequency 
surface asperities. In some implementations, the second 
regime operates to reduce high-frequency surface asperities 
generated during the first regime. 

FIELD 

Aspects of the present invention relate generally to the 
polishing of materials, and more specific aspects relate to 
reducing surface asperities via the application of different 
regimes for polishing. 

A more specific example embodiment is directed to 
reducing the height of both high-frequency surface and 
low-frequency surface asperities in a surface region of a 
material using thermocapillary flow under a first regime, and 
one or both of thermocapillary and capillary flow under a 

10 second regime. In the first regime, energy pulses are used to 
generate melt pools in the surface region, and to promote 
thermocapillary flow of the material from the surface asperi­
ties in the melt pools. Additional high-frequency asperities 

BACKGROUND 

15 
are generated near edges of the melt pools as the melt pools 
solidify. The height of these additional high-frequency sur­
face asperities is reduced under the second regime by 
applying different energy pulses to generate melt pools in the 
surface region. At least one ofthermocapillary and capillary Various materials such as metals, metal alloys and others 

can exhibit surface asperities such as rough features that are 
desirably smoothed. Many approaches have been imple­
mented to reducing (the height of) surface asperities. 
Mechanical polishing has been used to physically remove 
material in the asperities. Non-contact polishing such as 
continuous-wave (CW) laser polishing and pulsed laser 25 

polishing (PLP) have also been used to reduce the surface 
roughness of metals and other materials. In CW laser 
polishing, portions of the surface are melted as the laser is 
scanned across the surface, and material can flow from 
asperities in the melted portions. In PLP, laser pulses irra- 30 

diate the surface, melting the surface in a small area with 
each pulse. In these molten areas, surface asperities (pro­
trusions from the surface) are regions of high surface tension 
and are thus "pulled down" in order to create lower surface 
tension. If this happens before resolidification, the resulting 35 

surface is smoother. 

20 flow of the material is promoted, to remove and/or rearrange 
material from the additional high-frequency surface asperi-
ties. 

In some implementations, the second regime operates by 
first implementing thermocapillary flow using a temperature 
gradient or other melt pool condition that is lower than that 
of the first regime, from a heating perspective. Thereafter, 
capillary flow is used to further reduce the height of addi­
tional surface asperities generated during one or both of the 
thermocapillary flow conditions. 

Another example embodiment is directed to an apparatus 
including an energy pulse device that applies energy pulses 
to a surface region of a material, and a controller that 
controls the energy pulse device to generate and use respec­
tive energy pulses as follows. First energy pulses are gen­
erated to reduce a height of surface asperities in the surface 
region by controlling characteristics of the surface region to 
flow material from both high-frequency and low-frequency 
surface asperities therein. The second energy pulses are used 
to reduce a height of high-frequency surface asperities in the 
surface region by controlling characteristics of the surface 
region to flow material, from the surface region, that is 
predominantly from the high-frequency surface asperities. 
The first and second energy pulses are implemented using 
different characteristics to promote the respective types of 

While these approaches have been useful, many aspects 
have remained challenging. For example, mechanical pol­
ishing removes material, which can be undesirable or wholly 
impractical. In CW polishing, melt depths and heat affected 40 

depths of 100s of microns can raise issues with underlying 
materials or components, and may not be suitable for 
devices with dimensions measured in !Os to 100s of 
microns. While PLP can provide better control of the melt 
depth and the resulting heat affected zone (HAZ), surface 
asperities remaining after polishing can be undesirably 
large. 

45 flow for reducing the asperities. 

These and other problems have been challenging to the 
reduction of surface asperities, and to doing so in micro­
scale devices. 

SUMMARY 

50 

The above summary is not intended to describe each 
embodiment or every implementation of the present inven­
tion. The figures and detailed description that follow more 
particularly exemplify various embodiments. 

DESCRIPTION OF THE FIGURES 

Various aspects of the present invention are directed to 
polishing or otherwise reducing surface asperities, such as 
those relating to rough surface features of a material. 

Aspects of the invention may be more completely under­
stood in consideration of the following detailed description 

55 of various embodiments in connection with the accompa­
nying drawings, in which. 

In accordance with various embodiments, surface asperi­
ties in a material such as a metal or metal alloy are reduced 

FIG. 1 is a flow diagram for reducing surface asperities, 
in accordance with one or more example embodiments; 

FIG. 2 is another flow diagram for use in reducing surface 
60 asperities, in accordance with one or more example embodi-

in height ( e.g., size) by applying energy under first and 
second regimes having different operating characteristics. In 
the first regime, the height of surface asperities is reduced 
for a material surface region having both high-frequency and 
low-frequency surface asperities, by controlling character­
istics of the surface region to flow material from the surface 
asperities. In the second regime, the height of high-fre- 65 

quency surface asperities is reduced in the material surface 
region, by controlling characteristics of the surface region to 

ments; 
FIG. 3A shows an approach for reducing a height of 

surface asperities in a first regime involving thermocapillary 
flow, in accordance with one or more example embodiments; 

FIG. 3B shows an approach for reducing a height of 
surface asperities in a second regime involving capillary 
flow, in accordance with one or more example embodiments; 
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FIG. 4 shows a scanning approach for reducing a height 
of surface asperities, in accordance with one or more 
example embodiments; 

4 
cycle/repetition rate that generates thermocapillary flow, 
such that molten rough surface features in the melt pool at 
regions of relatively high surface tension oscillate as sta­
tionary capillary waves as material flows therefrom. The FIG. 5 shows an apparatus for reducing a height of surface 

asperities, in accordance with one or more example embodi­
ments; 

FIG. 6 shows temporal profile plots, in accordance with 
one or more example embodiments; and 

FIG. 7 shows overlaid plots of predicted spatial spectra 
after pulsed laser micro polishing, in accordance with one or 
more example embodiments. 

5 amplitudes of these oscillations, as related to the heights of 
asperities (e.g., roughness features, curvature), damp out 
before resolidification due to the viscosity of the molten 
metal. This approach is used to achieve a smoother surface, 
relative to the surface before capillary flow. Flow in the 

10 capillary regime is effective in smoothing high-frequency 
spatial frequency features ( e.g., above what can be referred 
to as a "critical frequency"), yet not having a significant 
effect on low frequency or long wavelength features. 

For general information regarding capillary flow, and for 
specific information regarding an asperity "critical" fre­
quency above which the capillary regime can be effective 
and the determination thereof for specific materials, refer­
ence may be made to Vadali, M, Ma, C., Duffie, N. A., Li, 

While various embodiments of the invention are ame­
nable to modifications and alternative forms, specifics 
thereof have been shown by way of example in the drawings 
and will be described in detail. It should be understood, 15 

however, that the intention is not to limit the invention to the 
particular embodiments described. On the contrary, the 
intention is to cover all modifications, equivalents, and 
alternatives falling within the scope of the invention includ­
ing aspects defined in the claims. 20 X, and Pfefferkorn, "Pulsed Laser Micro Polishing: Surface 

Prediction Model," SME Journal of Manufacturing Tech­
nology, 14, pp. 307-315 (2012), which is fully incorporated 
herein by reference. In some embodiments, the integrated 
fluid flow and heat transfer model described in this Vadali 

DETAILED DESCRIPTION 

Various aspects of the present invention are directed to 
polishing a material surface region. While the present inven- 25 

tion is not necessarily limited as such, various aspects may 
be appreciated through a discussion of examples using this 
context. 

reference are implemented to predict a surface finish achiev­
able by pulsed laser polishing using approaches as discussed 
herein. The surface topography is transformed into spatial 
Fourier components that, once molten, oscillate as stationary 
capillary waves and facilitate the flow of material from 

30 high-frequency surface asperities. In this context, a critical 
frequency (fer) is a function of the duration of the molten 
state as: 

In connection with various example embodiments, a 
multiple-pass, pulsed energy polishing approach uses dif­
fering parameters to effect different polishing regimes for a 
surface region of a material. Operating conditions are varied 
from one polishing pass to the next, to reduce asperities 
(e.g., rough surface features) across a broad range of fre­
quencies, and subsequently to reduce high-frequency asperi- 35 

ties such as asperities generated during an earlier pass ( e.g., 
as generated via high temperature gradient/thermocapillary 
flow). Such a subsequent pass or passes can be implemented 
using a lower temperature gradient, thus mitigating the 
introduction of asperities while reducing the height of exist- 40 

ing asperities. This subsequent-pass approach can be 
effected, for example, using a capillary flow regime, or a 
regime involving a combination of capillary and thermo­
capillary flow. 

As discussed herein, thermocapillary flow (e.g., Maran- 45 

goni flow) is effected via the surface tension of a material as 
related to temperature and temperature gradients in melt 
pools generated therein. The melt pools are created during 
the application of pulsed energy, such as a pulsed laser 
polishing (PLP) process, which generates higher tempera- 50 

tures at a center of the melt pool where an energy beam such 
as a laser beam or electron beam, is focused. These tem­
perature gradients generate lateral flow of the material that 
reduces asperities, but may also generate surface asperities. 
For instance, flowing material to an edge of a melt pool 55 

having regions of highest surface tension can generate an 
upwelling of material at these edges as the melt pool 
resolidifies. 

where p is the density of the molten material, µ is the 
dynamic viscosity of the molten material, and tm is the melt 
duration. The amplitude of the spatial frequency component 
fx, fY at the end of the melt duration is given as: 

As implemented in accordance with various embodi­
ments, the surface finish is set via the surface melt duration, 
which is governed by the pulse duration and the material 
properties. With longer pulses, the surface of a given mate-
rial is molten for a longer time. This gives more time for the 
oscillations to damp out and a smoother finish can be 
achieved. 

In connection with the above discussion and one or more 
embodiments, it has been recognized/discovered that the use 
of such a capillary regime, in combination with (and after) 
using a thermocapillary regime to flow surface asperities, 
can be beneficial for reducing a broad frequency range of As also discussed herein, a capillary regime is effected by 

controlling characteristics of a melt pool such that surface 
tension gradient thermocapillary flows are negligible, such 
as by maintaining a static-type condition with little or no 
lateral flow of the material. Thermocapillary flows are thus 
negligible when melt durations are short and the temperature 
gradient is relatively small. Accordingly, a capillary regime 
can be implemented using energy pulses of a duty cycle/ 
repetition rate that results in shorter pulses than a duty 

60 asperities while also reducing residual/generated asperities 
present after the thermocapillary regime has been carried 
out. For instance, pulsed energy polishing at relatively long 
melt durations in the thermocapillary regime is used to not 
only reduce the amplitudes of high spatial frequency asperi-

65 ties features, but also to significantly reduce the amplitudes 
oflower spatial frequency (i.e., long wavelength) asperities. 
Such thermocapillary flow may introduce a feature (e.g., 
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pulses are generated based upon a type of surface feature in 
the surface region, such as by modeling an expected flow of 
material from the specific type of surface feature and tai­
loring the pulses to that type of feature. The energy pulses 

circular for a circular beam shape) onto the surface by each 
pulse due to the flow of liquid metal to the edges (e.g., in 
materials such as Ti6Al4V). When overlapping pulses are 
used in the thermocapillary regime, a surface ripple is 
created having a spatial frequency equal to the number of 
laser pulses per mm. The capillary regime can then be used 
to reduce these ripple asperities introduced in the thermo­
capillary regime. 

5 are used to reduce a height of surface features of the type in 
the surface region. Such an approach may, for example, 
include controlling energy profile aspects of applied energy 
to suit the particular type of surface feature, such as by 
controlling beam shape, energy level, pulse duration, time 

10 between pulses and others as discussed herein. 

Turning now to the figures, FIG. 1 shows a flow diagram 
for reducing surface asperities, in accordance with one or 
more example embodiments. First and second material flow 
regimes are respectively implemented at blocks 110 and 
120. These flow regimes may be implemented in accordance 
with one or more embodiments herein. Referring to block 
110, a surface region of a workpiece is controlled to reduce 
both high-frequency and low-frequency asperities. This 
approach may involve, for example, controlling a surface 
region by iteratively generating and solidifying melt pools, 
and therein facilitating flow in the material that reduces the 
height ( e.g., and size) of surface asperities. As shown to the 20 

right of block 110, this can be achieved by a combination of 
one or more control aspects, including these and/or control­
ling the intensity distribution of the energy pulses in the 
surface region, controlling beam shape/size, controlling 
beam fluence, generating thermocapillary flow, using strong 25 

temperature gradients, using an energy beam with a specific 
duty cycle/repetition rate to control the melt pool ( e.g., and 
temperature gradients/flow type), controlling surface ten­
sion, and using different types of energy beams. Further, this 
approach can generate high frequency surface asperities 30 

under the first regime. 

In various embodiments, a surface region is controlled by 
setting a first surface tension condition that varies along the 
surface region and using the first surface tension condition 

15 
to promote the flow of the material under the first regime. A 
second surface tension condition that is different than the 

Referring to block 120, the surface region is again con­
trolled, but differently this time, to effect a different type of 
flow in generated melt pools that predominantly reduces 
high-frequency surface asperities. As is similar to that 35 

shown with block 110, to the right of block 120 is shown a 
variety of aspects that may be implemented with the second 
regime. For example, the duty cycle/repetition rate of 
applied pulses can be tailored to adjust pulse duration and 
the related generation of melt pools ( e.g., for a lesser amount 40 

of time, or more time in-between) and mitigate high fre­
quency asperities, while mitigating asperity generation. For 
a set pulse duration, the repetition rate or duty cycle can be 
used to control the time between pulses in order to allow the 
melt pool to resolidify, and to allow heat to diffuse into the 45 

bulk of the workpiece (e.g., and bring the surface tempera­
ture closer to an initial temperature prior to pulse applica­
tion). Accordingly, relatively lower temperature gradients 
can be used to achieve flow, yet without generating signifi­
cant asperities as may be effected via thermocapillary flow 50 

in the first regime at block 110. This flow can be achieved 
using capillary and/or thermocapillary flow, and may 
involve multiple steps beginning with thermocapillary flow 
at a lower temperature gradient than in block 110, followed 
by capillary flow, to achieve a desired surface roughness 55 

(smooth). 
The respective regimes can be effected using one or more 

of a variety of approaches, such as via the control of 
characteristics of an energy beam applied, and via the use of 
surface components and/or dopants at the material that 60 

influence flow. For a given material, different melt durations 
for the respective regimes can be produced by manipulating 
one or more of the incident power, beam size, beam shape, 
pulse duration and time between pulses. 

In some embodiments, characteristics of a surface region 65 

are controlled based upon the type of feature in the surface 
region. In accordance with one such embodiment, energy 

first surface tension condition is set in the surface region for 
the second regime. This approach may be effected by or in 
connection with setting a temperature gradient, or with 
second surface tension conditions that vary or that are 
stationary across a surface. In some implementations, setting 
a surface tension condition includes using one or both of a 
dopant at the surface region and a surface-active agent 
located at (e.g., on) a surface of the surface region. For 
general information regarding surface characteristics, and 
for specific information regarding the user of surface-active 
agents for influencing surface characteristics and Marangoni 
flow as may be implemented in connection with one or more 
embodiments, reference may be made to Kou, et al., "Oscil­
latory Marangoni Flow: A Fundamental Study by Conduc­
tion-Mode Laser Spot Welding," Welding Journal (Decem­
ber 2011), which is fully incorporated herein by reference. 

In more specific embodiments, the first regime is effected 
by promoting thermocapillary flow, and the second regime 
is effected by promoting capillary flow. The first regime 
involves generating high-frequency asperities, such as 
shown in FIG. 3A. The second regime involves reducing the 
generated high-frequency asperities by flowing material 
therefrom, via the generation of a melt pool under capillary 
flow conditions that do not promote lateral flow. This can be 
carried out as shown in FIG. 3B. 

In other embodiments, the first regime is carried out by 
generating melt pools having a highest temperature at a 
center portion thereof and a first temperature gradient 
extending from the center portion to an edge of the melt 
pool. This temperature gradient is used to flow materials 
from high and low-frequency asperities and upwells material 
via thermocapillary flow as the melt pools resolidify to 
generate additional high-frequency asperities. This is carried 
out in each of a plurality of overlapping regions in the 
surface material, with each region corresponding to one of 
the energy pulses. In the second regime, energy pulses are 
applied to generate melt pools having a second temperature 
gradient from a center portion to an edge thereof that is 
smaller than the first temperature gradient and that mitigates 
upwelling of material. Viscous characteristics of the material 
are used in the second regime to damp oscillations of the 
material in the melt pools as the melt pools resolidify. 

In some implementations, the melt pools are generated for 
a first duration in the first regime, before resolidifying the 
melt pools. This first duration is sufficient to reduce a 
majority of the height of the high and low frequency 
asperities to smooth a surface of the surface region (e.g., 
over 50%, or 70% of the height). The melt pools are 
maintained for a second duration before resolidifying of the 
melt pools in the second regime. This second duration is 
different than the first duration and sufficient to reduce the 
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maJonty of the height of the additional high-frequency 
asperities, thereby additionally smoothing the surface of the 
surface region. 

8 
material ( e.g., negligible ablation), which also facilitates the 
polishing of features with very tight dimensional tolerances. 
Further, these approaches can be carried out with a variety 

One or more parameters are used to control the applica­
tion of energy to effect material flow in the respective 5 

regimes, in accordance with various embodiments. Such 
example parameters include the following: 

of materials, such as one or more of including nickel, 
aluminum, steel, tool steel, and stainless steel, as well as 
alloys thereof. 

FIG. 2 is another flow diagram for use in reducing surface 
asperities, in accordance with one or more example embodi­
ments. This approach may, for example, be used to deter­
mine conditions of the application of energy pulses to reduce 
surface asperities, as described herein. Further, this approach 

1. Absolute peak-to-valley height, hpv ( e.g., either estimated 
from a model or experimentally measured), can be used as 

10 
a potential distinguishing parameter. If hpv<h,hreshold (a 
threshold height), the operation is in capillary regime, or 
otherwise in a thermocapillary regime. The threshold 
height can be chosen as: 
a. The resolution of the measurement device 

may be implemented in accordance with one or more 
approaches as described in the Vadali reference, discussed 
above. 

15 
b. The average surface roughness of the resultant surface 

A first step is carried out in which data is acquired for an 
unpolished surface at block 210, and data pre-processing is 
carried out at block 220. In a second step, melt duration is 
estimated at block 230, and a critical frequency is estimated 
at block 240. In a third step, two-dimensional spatial fre-

2. An average feature slope, 1\fis the ratio of peak-to-valley 
height (hPJ of the feature resulting from thermocapillary 
flows to the radius of a melt pool (rm): 

(1) 

3. A surface prediction model deviates significantly in the 
thermocapillary regimes, which can be used to distinguish 
between capillary and thermocapillary regimes. 
These respective parameters may be set to suit particular 

types of material, and then used to control the flow in a 
surface region of the material via the generation of melt 
pools as discussed herein. In one embodiment, a multi-pass 
approach includes a first pass that achieves a reduction in 
surface roughness by operation in a thermocapillary regime. 
The parameters for one or more successive passes are 
chosen such that the value of a distinguishing parameter 
( e.g., as discussed above) is smaller than the parameter value 
corresponding to the previous pass. In certain embodiments, 
a successive pass is effected via the thermocapillary regime 
at operational conditions that reduce asperities remaining 
after a first thermocapillary pass, and a further pass is carried 
out in the capillary regime to smoothen/remove residual 
processing features from the previous pass. 

In some embodiments, near-infrared laser pulses are used 
to polish a material with different pulse durations. The 
material is heated under a first regime using relatively long 
pulse durations to generate movement of portions of the 
material via predominantly thermocapillary flows ( e.g., 
Marangoni convective flows). The material is also heated 
under a second regime using shorter pulse durations in 
which one or both of thermocapillary and capillary flow is 
effected to further reduce asperities remaining after the first 
regime, and including asperities generated during the first 
regime ( e.g., by using relatively lower temperature gradients 
with thermocapillary and/or capillary flow in the second 
regime). 

The approaches discussed herein may be used in a variety 

20 quency spectra are calculated at block 250, using the pre­
processed data from block 220. Also in the third step, a 
two-dimensional low-pass spatial filter is formulated and 
implemented at block 260 with the estimated critical fre­
quency, and the spatial frequency spectra of the initial 

25 surface data (from block 250 and filter (from block 260) are 
multiplied at block 270. An inverse Fourier analysis is 
carried out at block 280 in a fourth step, in which the 
predicted polished surface is characterized. 

In some implementations, a two-dimensional numerical 
30 axisymmetric heat transfer model is used to estimate melt 

durations at block 230, and used to compute the correspond­
ing critical frequencies at block 240. The time for which the 
surface is molten depends on the time history ( duration) and 
magnitude of laser pulse energy incident on it. The laser 

35 pulse energy in the model, for a given pulse duration, is 
chosen to be slightly less than that required for ablation to 
mitigate material loss. Example estimated maximum melt 
durations and critical frequencies are listed in Table 1 below. 

FIG. 3A shows an approach for reducing a height of 
40 surface asperities in a first regime involving thermocapillary 

flow, in accordance with one or more example embodiments. 
Further, FIG. 3B shows an approach for reducing a height of 
surface asperities in a second regime involving capillary 
flow, as can be implemented with FIG. 3A. Beginning with 

45 FIG. 3A, thermocapillary flow is introduced in a surface 
region of a material, with a melt pool generated at 310 and 
a HAZ region below at 320. The thermocapillary flow 
(represented by arrows) directs material toward edges of the 
melt pool, reducing the height of surface asperities and 

50 resulting in upwelling as shown at 314 and 316. As shown 
in FIG. 3B, the second regime is implemented to generate a 
melt pool 311 and flow material via oscillating capillary 
waves 312. These capillary waves work to reduce the height 
of high-frequency surface asperities remaining after the first 

55 regime. 

of manners, such as by tooling makers in industries includ­
ing metal cutting bits, as well as plastic injection mold 
tooling makers. This can be used for micro-fabricated and 
micro-milled parts, where surface roughness approaches 60 

feature size, such as those in the medical, aerospace, and 
electronics industries. Accordingly, these non-contact 
approaches are not only amenable to implementation with 
macro-scale polishing applications, but also to micro-scale 
polishing as facilitated via the ability to direct an energy 65 

beam to small features. These approaches can be carried out 
while producing very little debris and/or removing very little 

The application of energy pulses as described herein is 
carried out in a variety of manners, to suit respective 
embodiments. FIG. 4 shows a scanning approach for apply­
ing energy pulses and reducing a height of surface asperities, 
in accordance with one or more example embodiments. At 
410, a scanning path is shown for a 1 mmxl mm sample, 
with the path following the solid line in the direction of the 
arrows therein. The inset 420 shows a close-up view of 
parallel scanning paths as shown at 410, with a 50% overlap 
of the paths in the y direction, and an 80% overlap of the 
respective melt pools in the x direction. Each melt pool (melt 
pool 422 is labeled by way of example) is melted and 
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solidified as discussed herein. Asperity reduction is effected 
10 

The various discussion provided hereafter may relate to 
one or more experimental embodiments of the present 
invention. These experimental embodiments can be useful in 
that they provide several reference points and illustrative 

in a first pass along the path as shown via thermocapillary 
flow having a high temperature gradient, reducing both 
low-frequency and high-frequency asperities. Asperities 
generated during the first pass are further reduced in a 
second pass using a lower temperature gradient and involv­
ing one or both of thermocapillary and capillary flow. This 
second pass may, for example, follow the same path as 
shown at 410, and use the same or different amount of 

5 examples. Notwithstanding, the specifics of each experi­
mental embodiment may not be required in ( or even par­
ticularly relevant to) all embodiments of the present inven­
tion. 

overlap (and melt pool size) as shown at 420. 10 

FIG. 5 shows an apparatus 500 for reducing a height of 
surface asperities, in accordance with one or more example 
embodiments. The apparatus 500 may, for example, be used 

In accordance with an embodiment, the effects of laser 
pulse duration with the aid of pulse laser micro polishing 
(PLµP) experiments are carried out by three different pulse 
durations, 0.65 µs, 1.91 µs and 3.60 µs. To eliminate the 
effects of laser beam intensity distribution, the experiments 
are performed with approximately Gaussian beams. Evi­
dence of Marangoni flows (also known as thermocapillary 
flows) at longer melt durations are recognized, and greater 
reduction in surface roughness is achieved than at shorter 
melt durations. Experiments are carried out on Ti6Al4V 

in connection with the specific embodiments described in 
15 

the following discussion, and/or with embodiments 
described above ( e.g., in connection with the methods 
shown in FIGS. 1 and 2, in generating the melt pools in 
FIGS. 3A and 3B, and in implementing the scanning 
approach shown in FIG. 4). 

The apparatus 500 includes a processor 510, control card 
511 and power supply 512 that work (e.g., as a controller) to 
control and operate the application of laser pulses and 
generation of a melt pool in a workpiece 505. An energy 
pulse device implemented as a laser 515 is controlled to 25 

generate laser pulses under first and second regimes as 
discussed herein. The pulses are passed via a mirror 520, 
variable beamsplitter 525, and scan head 530 that scans the 
workpiece 505. A power meter 535 can be implemented to 
detect and provide feedback indicating the power of the 30 

applied beam. A stage 540 may also be implemented to 
move the workpiece 505 in the Z direction as shown, or in 
other directions to suit particular applications. Accordingly, 
one or both of the laser scarming and stage actuation can be 
used to control the application of the beam to the workpiece. 35 

20 alloy surfaces produced using micro end milling. The cross 
sections of the polished region are imaged to measure the 
melt depth and the depth of the heat affected zone for each 
pulse duration, to observe their effects and to derive more 

The apparatus 500 operates in the first regime by gener­
ating energy pulses to reduce a height of surface asperities 
in a surface region of the workpiece 505 by controlling 
characteristics (e.g., the melt pool) of the surface region 
( e.g., the melt pool), using the energy in the pulses. This melt 40 

pool flows material from both high-frequency and low­
frequency surface asperities in the surface region. The 
apparatus 500 operates in the second regime by generating 
and using energy pulses to reduce a height of high-frequency 
surface asperities in the surface region, such as those that 45 

may be introduced during the first regime. Similarly, char­
acteristics ( e.g., the melt pool) of the surface region are 
controlled via the second energy pulses to flow material, 
from the surface region, that is predominantly from the 
high-frequency surface asperities. These second energy 50 

pulses are different than the first energy pulses, so as to effect 
a different temperature gradient and differently flow material 
in the melt pool ( e.g., by flowing less or no material via 
thermocapillary flow, thus mitigating high-frequency asperi­
ties without introducing asperities via the flow and upwell- 55 

ing). 
In some embodiments, the apparatus 500 is configured 

and arranged to independently modify two or more of power, 
pulse duration and pulse rate of the energy pulses. For 
example, the laser 515 can be controlled to apply pulses 60 

having two or more of different power, different duration and 
different rate (e.g., time between pulses), for each of the 
respective regimes. As may be implemented in connection 
with one or both of the independent power/duration appli­
cation, one or more components in the apparatus 500 can be 65 

implemented to adjust other aspects of the applied pulses 
such as scan rate, beam size, and beam path. 

knowledge about the process. Ti6Al4V can be used due to its 
wide applications in medical implants. Such experiments 
may, for example, be carried out with the system 500 shown 
in FIG. 5. 

Micro end milling is used to face samples using a 2-flute, 
I-mm-diameter tungsten-carbide (WC) tool ( e.g., part SS-2-
0394-S available from Performance Micro Tool of Janes­
ville, Wis.) at a spindle speed of 40,000 rpm (e.g., model 
HES-510 high-speed spindle from NSK of Ann Arbor, 
Mich.) and 800 mm/min feed rate (e.g., a TM-1 3-axis CNC 
mill available from HAAS automation of Oxnard, Calif.) 
corresponding to a chip load of 10 µm. The chip load also 
corresponds to the wavelength of the features created on the 
surface. Water-based metal working fluid is used during this 
process, to produce an average surface roughness (for an 
evaluation area, of -0.09 mm2) under these machining 
conditions of 205.1±14 nm and the area peak-to-valley 
height, of -3.0 µm. 

Two lasers of similar wavelength and intensity profiles, 
which can be used for experimentation include: (1) A 
1064-nm-wavelength, 250 W (CW) neodymium-doped 
yttrium aluminum garnet (Nd:YAG) laser, and a 1070-nm­
wavelength, 200 W (CW) fiber laser. The lasers are directed 
by static mirrors into a scan head to allow for high-speed, 
two-dimensional scanning at beam velocities of up to 1.5 
mis ( e.g., using a hurrySCAN from Scanlab of St. Charles, 
Ill.). The scan head is controlled by a control card (e.g., 
ForeSight from LasX Industries of White Bear Lake, Minn.), 
with an f-theta objective having a focal length of 100 mm. 
A z-axis manual stage is used to adjust the laser beam 
diameter and to accommodate samples of varying thickness. 

Temporal characteristics and pulse profiles of the fiber 
laser can be measured. To account for non-uniform temporal 
profiles, both the full-width-half-maximum pulse duration 
(-cH) and the 10% pulse duration (1:10) are measured, with -cH 
being used for theoretical predictions. FIG. 6 shows (from 
left to right) plots of the temporal profile for -0.65 µs pulses 
generated using the Nd:YAG laser in Q-switched mode at a 
pulse frequency of 4 kHz, and pulse profiles generated by 
the fiber laser with pulse durations of -1.91 µsand -3.60 µs 
at frequencies of 40 kHz and 25 kHz, respectively. Different 
pulse frequencies are used to achieve desired pulse dura­
tions. The temporal pulse profiles are measured at different 
time instances and are stable (e.g., with less than about 10% 
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error). The power for PLµP is varied using an external beam 
splitter to ensure no variation of temporal pulse profiles with 
the commanded laser power. 

12 
-continued 

-27 

The beam intensity profiles are measured for the two laser 
sources, with the measured focal beam diameter for the 5 

Nd:YAG laser being -85 µm and that for the fiber laser being 
-30 µm. The intensity distribution for both the lasers is close 

Melt pool dia. 
(µm) 
Scan speed(mrn/s) 
Average power 
(W) 
Energy per pulse 
(mJ) 

100 
3.16 ± 0.02 

0.126 ± 0.001 

to Gaussian distribution. 
The surface finish can be predicted using an approach 

such as that shown in FIG. 2, with Table 1 showing predicted 10 

melt durations and critical frequencies, and Table 2 showing 
predicted polished roughness and percentage reductions in 
the average surface roughness for the three pulse durations. 
FIG. 7 shows overlaid plots of predicted spatial spectra after 
PLµP for the three pulse durations and an unpolished sur- 15 

face, for x-spectra (left) and y-spectra (right). 

Melt duration (ns) 
Critical frequency 
(mm-1) 

4982 
56 

For each pulse duration, a variation of laser power is 
carried out to select the power that results in high or the 
highest reduction in surface roughness. The laser beam is 
scanned to follow a zig-zag (raster) pattern over an area of 
1 mmxl mm, such as shown in FIG. 4. The laser scan speed 
is chosen so that spot overlap is approximately 80% of the 
melt pool diameter. The line overlap of the raster is chosen 

TABLE 1 

Pulse Maximwn melt Critical 
duration duration, frequency, 

(µs) tm-max (µs) for (mm-1) 

0.65 1.164 115 
1.91 2.980 72 
3.60 4.982 56 

TABLE 2 

Pulse Sa- Sa- Reduction 
duration Unpolished Predicted in Sa 

(µs) (nm) (nm) (%) 

0.65 193.9 138.0 18.6 
1.91 211.6 127.5 39.7 
3.60 206.5 94.4 54.3 

Example pulsed laser polishing parameters are as follows: 

0.65 µs Type of laser 250 wcw 
Nd:YAG 

Pulse frequency 4 
(kHz) 
Melt pool dia. -56 
(µm) 
Scan speed(mm/s) 30 
Average power 0.46 ± 0.03 
(W) 
Energy per pulse 0.115 ± 0.008 
(mJ) 
Melt duration (ns) 1164 
Critical frequency 115 
(mm-1) 

1.91 µs Type of laser 200 W 
CW/Modulated 

Fiber Laser 
Pulse frequency 40 
(kHz) 
Melt pool dia. -27 
(µm) 
Scan speed(mm/s) 150 
Average power 3.88 ± 0.05 
(W) 
Energy per pulse 0.097 ± 0.001 
(mJ) 
Melt duration (ns) 2980 
Critical frequency 72 
(mm-1) 

3.60 µs Type of laser 200 W 
CW/Modulated 

Fiber Laser 
Pulse frequency 25 
(kHz) 

20 to be approximately 50% of the melt pool diameter. The 
polishing can be carried out in an inert environment, created 
by a jet of argon flowing parallel to the sample surface, to 
minimize oxidation and cracking of Ti6Al4V alloy. The 
polishing may also be carried out in another inert environ-

25 ment, in air, or in a vacuum. 

30 

35 

Table 3 shows example results of PLµP, in which average 
roughness reductions up to about 70% are achieved on the 
samples. 

TABLE 3 

Pulse Sa- Sa- Reduction 
duration Unpolished Polished in Sa 

(µs) (nm) (nm) (%) 

0.65 193.9 152.4 21.3 
1.91 211.6 66.5 68.6 
3.60 206.5 57.0 72.4 

Interferometry can be used to image surface height data for 
40 such polished (and unpolished) regions. Surface spikes that 

are an artifact of the measurement can be removed via 
software, and low frequencies corresponding to waviness 
can be filtered using a high pass Gaussian filter with cut-off 
wavelength, 0.08 mm (of 12.5 mm-1). Significant reduction 

45 in the amplitudes of the frequency components can be 
achieved, at 1.9 µsand 3.6 µs pulse durations. Spectra for all 
the three polishing conditions effectively remove the high 
spatial frequency(> 100 mm-1) components. The amplitudes 
of the low spatial frequency components (25-100 mm-1) 

50 polished at 1.91 µs and 3.60 µs are smaller than the corre­
sponding amplitudes polished at 0.65 µs. 

The melt zone and heat affected zone (HAZ) are measured 
by cutting samples across the polished region, mounting and 
mechanically grinding the samples. Final polishing can be 

55 done using a 3 µm diamond particle paste on nap cloth. The 
mechanically polished cross sections are ultrasonically 
cleaned in ethanol for 1 min followed by chemical etching 
with a solution of ammonium bifloride (NH4HF2) for 1 min. 
The etched cross sections are observed under an optical 

60 microscope, at 500x magnification. Such cross sections may, 
for example, be represented as shown in FIGS. 3A and 3B. 
In addition, for 0.65 µs polishing, longer pulse durations 
result in deeper melt pools as there is no clear distinction 
between the melt zone and the HAZ. Table 4 shows example 

65 melt depths, HAZ thicknesses and melt pool diameters, as 
may be achieved in connection with one or more example 
embodiments: 
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TABLE 4 

Pulse Melt HAZ HAZ Melt 
duration Depth thickness Depth pool dia. 

(µs) (µrn) (µrn) (µrn) (µrn) 

0.65 2.5 56 
1.91 4.2 8.3 12.5 27 
3.60 5.5 7.9 13.4 27 

Table 5 shows spatial frequencies corresponding to fea­
tures, relative to a number of laser pulses incident per mm 
in the scanning direction and line overlap in the scanning 
pattern (e.g., as in FIG. 4). The spatial frequencies corre­
sponding to these features are calculated for each case based 
on the processing parameters shown above. 

Pulse 
duration (µs) 

0.65 
1.91 
3.60 

TABLE 5 

Spatial frequency 
mm- 1 

pulses/mm 

133.33 
266.7 
250 

Lateral 
overlap 

83.3 
77 
77 

5 

14 
exist on the surface of a melt pool and the material's surface 
tension is temperature-dependent. Whether or not the flow 
( displacement of material) is deemed significant can depend 
upon the application. Using these approaches, resulting 
ripples can be of sufficiently small amplitude such that the 
resulting smoothing on melt pool can result in in lower 
average surface roughness. Further, these approaches can be 
carried out without liquid-solid separation at the edge of the 
melt pool, mitigating undercutting in the formation of the 

10 ripples. The pulsed laser polishing can be done in the 
absence of ablation (melting only); therefore, the effect of 
vapor pressure on melt pool deformation and flow can be 
ruled out. 

Operating in the thermocapillary regime at longer pulse 
15 durations can be used to achieve greater than 70% reduction 

in the surface roughness. Thermocapillary flows introduce 
higher frequency spatial features on the surface and attenu­
ate much lower frequency components than pulsed laser 
polishing at shorter pulse durations. Within the range of 

20 parameters studied, the resulting surface is smoother in the 
presence of thermocapillary flows because of the relatively 
low amplitude of the features that are created. These features 
can be subsequently reduced via capillary flow. 

It has been recognized that surface features of wave-
25 lengths greater than the diameter of the melt pool cannot be 

attenuated or are difficult to attenuate when surface tension 
forces dominate (e.g., when body forces such as gravity are 
negligible). The critical wavelength corresponding to 3.60 
µs is 18 µm as discussed herein is of the same scale as the 

The introduction of additional features, as may be demon­
strated by surface ripples in cross-section, is suggestive of 
the presence ofthermocapillary flows (i.e., Marangoni flow). 
The frequency of this ripple corresponds to additional fea­
tures observed in the spatial frequency spectra. The cross 
sections also suggest a flow pattern of the molten fluid, 
moving outwards from the center of the molten pool, result­
ing in the additional spatial features at the boundary of each 35 

melt pool. The formation of such surface ripples is a 
confirmation of Marangoni flows for materials with surface 
tension that decreases with increasing temperature. Table 6 
shows experimental versus theoretical roughness: 

30 beam diameter of 27 µm. Accordingly, increasing the pulse 
duration any further for this laser beam diameter may not 
further improve the surface finish. However, the critical 
spatial frequency concept may not be valid for the 3.60 µs 
pulse duration discussed herein, with thermocapillary flow. 

In connection with these experimental (and other) 
approaches, surprising/unexpected results were recognized 
in that the experimental roughness reduction was much 
higher than those predicted in the cases of 1.91 µs polishing 
and 3.60 µs polishing, as can be exemplified via two-

TABLE 6 

Pulse Experimental Theoretical 
duration (µs) Sa(nm) Sa(nm) 

0.65 152.4 138.0 
1.91 66.5 127.5 
3.60 57.0 94.4 

The Marangoni convection is driven by the temperature 
gradient of surface tension, and the steep gradient of the 
laser beam intensity distribution can be used to generate a 
temperature gradient in the melt pool, with thermocapillary 
flows dominating for longer melt durations (e.g., 1.91 µsand 
3.60 µs as used herein). 

40 dimensional spatial frequency spectra, and that additional 
features are introduced in high frequency regions corre­
sponding to the number of laser pulses per mm. Thermo­
capillary flows were confirmed, via surface ripple at the 
same frequency as the number of laser pulses per mm. 

45 Accordingly, Marangoni flows are implemented in PLµP 
process, to achieve up to and/or exceeding 70% reduction in 
asperities at longer pulse durations. Additional high fre­
quency spatial features that are introduced on the surface 
during this approach are of relatively small amplitude, and 

50 low frequency components are significantly attenuated, 
resulting in low surface roughness. Further flow ( e.g., Mar­
angoni flow at lower temperature gradients, or capillary 
flow) can be used to attenuate the introduced high frequency 
spatial features. 

Various embodiments as described herein may be imple-
mented with circuit-based components that carry out one or 
more of the operations and activities described herein and/or 
shown in the figures. For example, one or more of the 
above-discussed embodiments are carried out with discrete 

In accordance with one or more embodiments, these pulse 55 

durations can be used to effect dominant thermocapillary 
flows via one or both of resistance to fluid flow and long melt 
durations. Resistance to fluid flow (viscous forces) decreases 
with deeper melt pools, caused by longer pulse durations. 
The surface tension forces resulting from temperature gra­
dients in the melt pool can overcome the reduced viscous 
forces resulting in thermocapillary flows. Longer melt dura­
tions provide sufficient time for a greater volume of molten 
metal to flow from the center to the outer edge of the melt 
pool before resolidification. 

60 logic circuits or programmable logic circuits that implement 
the respective operations/activities, such as in one or more 
components shown in FIG. 5. In certain embodiments, one 
or more computer circuits is programmed to execute a set ( or 
sets) of instructions (and/or configuration data) that, when 

65 executed, cause the appropriate method to be carried out. 
The forces that create thermocapillary (e.g., Marangoni) 

flow can be achieved when sufficient temperature gradients 
The instructions (and/or configuration data) can be in the 
form of firmware or software stored in and accessible from 
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a memory (circuit). In one example, first and second mod­
ules include a combination of a CPU hardware-based circuit 
and a set of instructions in the form of firmware, where the 
first module includes a first CPU hardware circuit with one 
set of instructions and the second module includes a second 5 

CPU hardware circuit with another set of instructions. 

16 
4. The method of claim 1, wherein 
controlling characteristics of the surface region under the 

first regime includes generating and using first energy 
pulses to flow the material; and 

controlling characteristics of the surface region under the 
second regime includes generating and using second 
energy pulses that are different than the first energy 
pulses, to flow the material that is predominantly from 
high-frequency surface asperities generated under the 
first regime, while leaving material that predominantly 
corresponds to low-frequency surface asperities. 

Certain embodiments are directed to a computer program 
product (e.g., nonvolatile memory device), which includes a 
machine or computer-readable medium having stored 
thereon instructions which may be executed by a computer 10 

( or other electronic device) to perform these operations/ 
activities. 

5. The method of claim 4, wherein at least one of 
generating and using the first energy pulses and generating 

15 
and using the second energy pulses includes applying energy 
pulses to a portion of the surface region to 

Various embodiments described above and shown in the 
figures may be implemented together and/or in other man­
ners. One or more of the items depicted in the drawings/ 
figures herein can also be implemented in a more separated 
or integrated manner, or removed and/or rendered as inop­
erable in certain cases, as is useful in accordance with 
particular applications. For example, asperities in different 
types of material can be reduced using the various 20 

approaches as described herein. As another example, differ­
ent manners in which to control the flow of material in melt 
pools as described herein can be combined or used sepa­
rately. In view of this and the description herein, those 
skilled in the art will recognize that many changes may be 25 

made thereto without departing from the spirit and scope of 
the present invention. 

What is claimed is: 
1. A method comprising: 

generate a melt pool in the surface region during the 
application of each energy pulse, and 

solidify the melt pool during a period between each 
energy pulse. 

6. The method of claim 5, wherein generating a melt pool 
in the surface region during the application of each energy 
pulse includes 

for the first energy pulses, maintaining the melt pool for 
a first time period by applying pulses of a first duration, 
and 

for the second energy pulses, maintaining the melt pool 
for a second time period that is different than the first 
time period, by applying pulses of a second duration 
that is different than the first duration. reducing a height of surface aspent1es in a material 30 

surface region having both high-frequency surface 
asperities and low-frequency surface asperities, by con­
trolling characteristics of the surface region under a 
first regime to flow material from the surface asperities; 
and 

7. The method of claim 5, wherein generating and using 
the first energy pulses includes generating and using energy 
pulses at first duty cycle and first repetition rate that maintain 

35 
the melt pool for a first time period; and 

generating and using the second energy pulses includes 
generating and using energy pulses at a second duty 
cycle and second repetition rate that are different than 
the first duty cycle and first repetition rate, and that 
maintain the melt pool for a second time period that is 
different than the first time period. 

reducing a height of high-frequency surface asperities in 
the material surface region by controlling characteris­
tics of the surface region under a second regime to flow 
material that is predominantly from the high-frequency 
surface asperities, the controlled characteristics in the 40 

second regime being different than the controlled char­
acteristics in the first regime. 8. The method of claim 7, wherein the steps of generating 

and using first and second energy pulses respectively include 
generating heat pulses with a laser operated at the respective 

45 duty cycles and repetition rates. 

2. The method of claim 1, wherein 
reducing the height of the surface asperities under the first 

regime includes reducing the height of both high­
frequency and low-frequency surface asperities by 
iteratively generating and solidifying melt pools at 
different portions of the material surface region; and 

9. The method of claim 4, wherein generating and using 
the first energy pulses includes generating and using energy 
pulses that are different than the second energy pulses in at 
least one of: duty cycle and repetition rate, power, pulse reducing the height of the high-frequency surface asperi­

ties under the second regime includes reducing a height 
of high-frequency surface asperities generated by the 
iterative generation and solidification of the melt pools 
under the first regime, by iteratively generating and 
solidifying additional melt pools in the material surface 

50 duration, time between pulses, and intensity distribution of 
the energy pulses in the surface region. 

region. 
3. The method of claim 1, wherein 
controlling characteristics of the surface region under the 

first regime includes setting a first temperature gradient 
at the surface region and using the first temperature 
gradient to heat and promote the material flow; and 

55 

60 

controlling characteristics of the surface region under the 
second regime includes setting a second temperature 
gradient at the surface region, the second temperature 
gradient being different than the first temperature gra­
dient, and using the second temperature gradient to heat 65 

and promote the flow of the material that is predomi­
nantly from the high-frequency surface asperities. 

10. The method of claim 4, wherein 
generating and using the first energy pulses includes using 

the first energy pulses to set a first surface tension 
condition that varies along the surface region, and 
using the first surface tension condition to promote the 
flow of the material; and 

generating and using the second energy pulses includes 
using the second energy pulses to set a second surface 
tension condition that varies along the surface region, 
the second surface tension condition being different 
than the first surface tension condition, and using the 
second surface tension condition to promote the flow of 
the material. 

11. The method of claim 4, wherein generating and using 
at least one of the first and second energy pulses includes 
generating energy pulses based upon a type of surface 
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feature in the surface region, and using the energy pulses to 
reduce a height of surface features of the type in the surface 
region. 

12. The method of claim 1, wherein 
controlling characteristics of the surface region under the 5 

first regime includes setting a first surface tension 
condition that varies along the surface region and using 
the first surface tension condition to promote the flow 
of the material under the first regime; and 

controlling characteristics of the surface region under the 10 

second regime includes setting a second surface tension 
condition that varies along the surface region, the 
second surface tension condition being different than 
the first surface tension condition, and using the second 15 
surface tension condition to promote the flow of the 
material under the second regime. 

13. The method of claim 12, wherein at least one of 
setting a first surface tension condition and setting a second 
surface tension condition includes using a dopant at the 
surface region to set the surface tension condition. 

20 

14. The method of claim 12, wherein at least one of 
setting a first surface tension condition and setting a second 
surface tension condition includes using a surface-active 
agent located at a surface of the surface region, to set the 
surface tension condition. 

25 

15. The method of claim 1, wherein reducing a height of 
surface asperities and reducing a height of high-frequency 
surface asperities include reducing the height of surface 
asperities while removing substantially none of the material 
in the surface regions. 

16. A method comprising: 
reducing a height of both high-frequency surface asperi­

ties and low-frequency surface asperities in a surface 
region of a material, by 
applying first energy pulses to generate melt pools in 

the surface region and to promote thermocapillary 
flow of the material from the surface asperities in the 
melt pools, and 

30 

35 

via the thermocapillary flow, generating additional 40 
high-frequency asperities near edges of the melt 
pools as the melt pools solidify; and 

18 
red~cing a height of the additional high-frequency asperi­

ties under a second regime by applying second energy 
pulses to generate melt pools in the surface region and 
to promote at least one of thermocapillary flow and 
capillary flow of the material from the additional high­
frequency asperities, the second energy pulses being 
different from the first energy pulses. 

17. The method of claim 16, wherein 
applying the first energy pulses includes generating melt 

pools having a highest temperature at a center portion 
thereof and a first temperature gradient extending from 
the center portion to an edge of the melt pool, 

ge1;1erating the additional high-frequency asperities 
mcludes upwelling material via the thermocapillary 
flow as the melt pools resolidify in each of a plurality 
of overlapping regions in the surface material, each 
reg)on corresponding to one of the energy pulses, and 

applymg the second energy pulses includes 
generating melt pools having a second temperature 

gradient from a center portion to an edge thereof that 
is smaller than the first temperature gradient and that 
mitigates upwelling of the material, 

flowing the material from the additional high-fre­
quency asperities in the melt pools, and 

using viscous characteristics of the material to damp 
oscillations of the material in the melt pools as the 
melt pools resolidify. 

18. The method of claim 17, wherein 
applying the first energy pulses includes generating and 

maintaining the melt pools for a first duration before 
resolidifying the melt pools, the first duration being 
sufficient to reduce a majority of the height of the high 
and low frequency asperities to smooth a surface of the 
surface region, and 

applying the second energy pulses includes generating 
and maintaining the melt pools for a second duration 
before resolidifying the melt pools, the second duration 
being different than the first duration and sufficient to 
reduce a majority of the height of the additional high­
frequency asperities to additionally smooth the surface 
of the surface region. 

* * * * * 


