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ABSTRACT

Pulsed laser micro polishing (PLuP) has been shown to be
an effective method of polishing micro metallic parts whose
surface roughness can approach the feature size. This paper
will describe the influence of laser pulse duration on surface
roughness reduction during PLuP. It will be shown that
longer pulse durations attenuate longer wavelength features,
with corresponding deeper yet small melt depths and that
those pulse durations may result in convective flows, intro-
ducing additional short wavelength features, yet significantly
reducing the average surface roughness. For this purpose,
near-infrared laser pulses have been used to polish Ti6Al4V
surfaces produced using the micro end milling process.

INTRODUCTION

Pulsed laser micro polishing (PLuP) is a non-contact sur-
face smoothening process suitable for metallic parts of mi-
cro/meso scales, where conventional polishing methods are
unproductive and/or uneconomic. In PLuP, laser pulses irra-
diate the surface. Each pulse results in melting followed by
damped oscillations of the melted surface due to the forces
of surface tension and viscosity. If the oscillations damp out
within the time that the surface is molten (melt duration, t,),
a smoother surface will result upon solidification [1, 2].

Continuous-wave (CW) laser polishing has been investi-
gated on macro-scale metal parts [3, 4] with positive results.
However, this can result in melt-depths and heat affected
depths of 100s of microns [5]. This may not be suitable for
devices with dimensions measured in 10s to 100s of mi-
crons. Pulsed laser polishing enables better control of melt
depth and heat affected zone.

Past research on laser induced surface modification and
surface finish indicate that reduction of surface roughness is
possible at pulse durations less than 200 ns and spot sizes of
few hundreds of microns[6, 7]. Other studies include laser
induced surface finish of titanium for bio-implants[8, 9] and
micro-roughness reduction of tungsten films in the IC indus-
try[10]. More recently, Perry et al.[11-13] have demonstrat-
ed that pulsed laser micro-polishing (PLuP) with pulse dura-
tions of 300-650ns and a spot size of 60um is a method by
which the surface roughness of microfabricated and micro
milled parts can be effectively reduced.
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Analytical models are available that describe the dynamics
of the melt pool [6-8]. These models are based on spatial
Fourier analysis of the surfaces and examination of Na-
vier-Stokes equation for each Fourier component. Perry et
al. [11-13] have proposed a critical frequency, f.,, which de-
scribes the cutoff point in the spatial frequency content of
the surface, above which a significant reduction in the am-
plitude is expected. The critical frequency is a function of
the duration of the molten state and is given by:
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Recently, the authors have extended the concept of critical
frequency to develop an integrated fluid flow and heat
transfer model to predict the surface finish achievable by
PLuP on a given surface and laser pulse duration [14]. In
this model, it is assumed that convection and radiation are
negligible compared to conduction. The surface topography
is transformed into spatial Fourier components. Once mol-
ten, these spatial frequency components can be assumed to
oscillate like stationary capillary waves. The amplitude,
&(f..f,), of a spatial frequency component (f,, f,) decays ex-
ponentially with time [15]. The amplitude of interest in
PLuP is the amplitude of a spatial frequency component at
the end of melt duration, t,, and is given by:
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Equations (1) and (2) show that the surface finish is sig-
nificantly dependent on the surface melt duration which is
governed by the laser pulse duration and the material prop-
erties. With longer laser 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 ex-
pected.

Nusser et al. recently investigated the influence of two
pulse durations (164ns and 1.25pus) on pulsed laser micro
polishing of tool steel and observed that polishing at 1.25us
can smoothen lower spatial frequencies than polishing at
164ns [16]. In the current work, the authors aim at under-
standing the effects of laser pulse duration with the aid of
PLuP experiments at three different pulse durations viz.,
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650ns, 1.91pus and 3.6ps. Experiments will be carried out on
surfaces produced using micro end milling process on
Ti6Al4V alloy. The cross sections of the polished region
have been imaged to derive more knowledge about these ef-
fects and, in turn, about the process. Ti6Al4V has been cho-
sen because of its wide applications in medical implants
[17-20].

THEORETICAL PREDICTIONS

The surface finish prediction model [14], summarized in
Fig. 1, is employed on each of the surfaces to theoretically
estimate the effect of laser pulse duration on surface finish.
The estimated melt durations and critical frequencies for the
three pulse durations are listed in Table 1. The roughness of
the surface was characterized using average surface rough-
ness metric S, after filtering the waviness of the surface us-
ing a high pass Gaussian spatial filter with a waviness
cut-off frequency, f;, of 12.5mm™ (cut-off wavelength A, =
0.08mm) [21, 22]. Table 2 shows the predicted polished
roughness and percentage reductions in the average surface
roughness for the three pulse durations. Fig. 2 shows the
overlaid plots of the predicted spatial spectra after PLuP for
the three pulse durations.

Step 1 Step 2

Initial (unpolished) surface
measurement and acquisition
of surface height data

v v

Removal of the surface Estimation of critical
curvature frequency, f.,

Estimation of melt duration,
tI’|‘|

Step 3

y A 4

Computation of the 2-D Formulation of 2-D low-pass

spatial frequency spectrum spatial frequency filter

—,

Multiplication of the frequency spectra
of the filter and the initial surface

y
Characterization of the predicted
surface using inverse Fourier analysis
and computation of surface roughness
parameters

Step 4

Fig. 1: PLuP surface finish prediction methodology

Table 1: Estimated melt durations and critical frequencies

. Maximum melt Critical
Pulse duration .
(us) duration, frequenc?',
" tm-max (15) fer (mm™)
0.65 1.164 115
1.91 2.980 72
3.60 4,982 56

Table 2: Predicted (polished) roughness and reductions

Pulse du- Sa-Unpolished Sa-Predicted Reduction
ration (ps) (nm) (nm) in Sa (%)
0.65 193.9 138.0 18.6
1.91 211.6 127.5 39.7
3.6 206.5 94.4 54.3
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Fig. 2: Overlapped 2-D frequency spectra of unpolished, and pol-
ished (650ns, 1.91us & 3.6us). (a) Projected x-frequency spectra;
(b) Projected y-frequency spectra

EXPERIMENTAL SETUP AND PROCEDURES
A. EQUIPMENT

The basic experimental setup is illustrated in Fig. 3. Two
lasers were used for experimentation: (1) A 1064nm, 250W
(CW) Nd:YAG laser (Lee Lasers, Model: 8250MQ) and (2)
A 1070nm, 200W (CW) fiber laser (SPI Lasers, Model:
SP-200C-W-S6-A-B). The laser was directed by static mir-
rors into a scan head (ScanLab HurryScan 14mm) to allow
for high-speed, two-dimensional scanning at beam velocities
of up to 1.5m/s. The scan head was controlled by a Fore-
Sight control card from LasX Industries and had an f-theta
objective (Linos f-theta-Ronar, Model: 4401-302-000-20/21)
with a focal length of 100mm. A z-axis manual stage was
used to adjust the laser spot size (i.e., fluence incident on the
sample) and to accommodate samples of varying thickness.

B.  SAMPLES

Experimental surfaces on Ti6Al4V alloy were produced
using micro end milling process. Micro end milling was
done using a 2-flute, Imm diameter WC tool at a spindle
speed of 40,000rpm and 800mm/min feed rate correspond-
ing to a chipload of 10pm. The average surface roughness,
S,, of such produced samples is 205.1+14nm.
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C. PULSE DURATIONS[23]

The micro end milled samples were polished at three dif-
ferent pulse durations. The temporal characteristics were
measured and are shown in Fig. 4. Note that the three tem-
poral profiles are not uniform. Hence both the full width half
maximum pulse duration (ty) and the 10% pulse duration
(t10) are measured [23]. For the current paper, only ty will
be used as reference. Fig. 4(a) shows the temporal profile for
~650ns pulses generated using the Nd:YAG laser in
Q-switched mode at a pulse frequency of 4kHz. Figs. 4(b)
and 4(c) show the pulse profiles generated by the fiber laser,
with pulse durations of ~1.91us and ~3.6ps, at frequencies
of 40kHz and 25kHz respectively.

D. CROSS SECTIONS

For the measurement of the melt zone and heat affected
zone (HAZ), samples were cut across the polished region,
mounted, and mechanically ground and polished down to
3um. The mechanically polished cross sections were ultra-
sonic cleaned in ethanol for 1min followed by chemical
etching with a solution of ammonium bifloride (NH4HF») for
Imin. The etched cross sections were observed under an op-
tical microscope, at 500x magnification.

Mirror
Laser
Variable
Beamsplitter
('/; Control Card

Power ™.

Mete‘r/'

The samples were polished near focus. The theoretical
spot diameter at focus is ~60um for the Nd:YAG laser and
~30um for the fiber laser. The laser was scanned to follow a
zig-zag pattern over an area of lmm x 1mm. The laser scan
speed is chosen so that spot overlap is approximately 80%.
The line overlap of the raster is chosen to be approximately
50%. The polishing was done in an inert environment, to
minimize oxidation and cracking of Ti6AI4V alloy.

EXPERIMENTAL RESULTS

PLuP was carried out on the sample surfaces at laser pulse
durations of 650ns, 1.91us and 3.6pus. Nd:YAG laser was
used in Q-switched mode to generate the 650ns pulses at a
frequency of 4kHz, while the fiber laser was used for 1.91pus
and 3.6us pulses at a frequency of 40kHz and 25kHz respec-
tively. The polishing parameters are documented in Appen-
dix A. The results of PLuP are tabulated in Table 3. Average
roughness reductions up to 70% were achieved on both the
samples. Fig. 5 shows 3D surface height data of the unpol-
ished and the polished regions (350 um x 265 um) measured
using the white light interferometer. A significant smooth-
ening of the surface can be seen. The reader should note that
the waviness was only filtered for the computation of S, and
that the 3D surface height plots show the actual data.

Fig. 6 shows the overlaid two-dimensional spatial fre-
quency spectra of the unpolished and the polished surfaces.
Figs. 6(a) and 6(b) are the projections of the spectra onto the
two vertical planes, corresponding to the frequencies in the x
and y directions respectively. Note that the low frequencies
corresponding to the waviness were filtered using a high
pass Gaussian filter with cut-off wavelength, A, = 0.08mm
(f. = 12.5 mm™) [21, 22]. Significant reduction in the ampli-
tudes of the frequency components can be seen, especially at

longer pulse durations. Spectra for all the three polishing
Scan Head conditions effectively remove the high spatial frequency
(>100 mm™") components. The amplitudes of the low spatial
-1 .
Working_" DC Power frequency components (25-100 mm™) pol1§hed at 1'.91 us
Plane Supply and 3.6us are smaller than the corresponding amplitudes
Manual polished at 650ns. This is an expected result as longer pulse
Z Stage . . . .
durations result in longer melt durations, which means more
Fig. 3: Experimental setup time for the short frequency (long wavelength) spatial fea-
tures to smooth out.
E.  POLISHIN . . .
OLISHING Figs. 7 through 9 show the cross section images of the
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Fig. 4: Temporal profiles of laser pulses at (a) 650ns (b) 1.91us and (c) 3.6us

293



7th ICOMM, March 11-14, 2012

polished samples. The melt depths, HAZ thicknesses and
spot diameters were measured and are listed in Table 4. Note
that there is no clear distinction between the melt zone and
the HAZ for 650ns polishing (Fig. 7) and only the HAZ
thickness could be measured. It is evident from the cross
sections that longer pulse durations result in deeper heat af-
fected zones.
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Fig. 5: 3D surface height data of the (a) Unpolished (b) Polished
- 650ns (c) Polished — 1.91us (d) Polished — 3.6us
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Fig. 6: Overlapped 2-D frequency spectra of unpolished, and pol-
ished (650ns, 1.91us & 3.6us). (a) Projected x-frequency spectra;
(b) Projected y-frequency spectra
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Fig. 7: Cross section images of (a) line, (b) area polished at 650
ns

(a) (b)

(®)
Fig. 9: Cross section images of (a) line, (b) area polished at 3.6us

(@)

Table 3: Experimental (polished) roughness and reductions

Pulse dura- Sa-Unpolished Sa-Polished  Reduction in
tion (us) (nm) (nm) Sa (%)
0.65 193.9 152.4 21.3
1.91 211.6 66.5 68.6
3.6 206.5 57.0 72.4
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Table 4: Melt depths, HAZ thicknesses and spot diameters

Pulse dura- Melt HAZ thick- Spot dia.
tion (us) Depth ness (um) (pm)
(pm)
0.65 - 2.54 56.14
1.91 4.24 8.26 37.08
3.6 5.51 7.94 37.50
DISCUSSION

Figs. 10 through 12 show the overlaid spatial frequency
spectra of the theoretically predicted polished surface and
experimentally measured polished surface for the three pulse
durations. The predictions of the average surface roughness,
S,, are presented in Table 2. It can be seen that the predicted
spectra and S, corresponding to 650ns match closely to the
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experimental data, while there is a substantial difference in
the theoretical and experimental spectra for the other two
cases; i.e., 1.91us and 3.6ps. It is also observed that addi-
tional features are introduced in the high frequency regions
of the spectrum after polishing at 1.91us and 3.6ps (Figs. 11
and 12). This feature corresponds to number of laser spots
incident per mm in the scanning direction and zig-zag path
laser line overlap in the direction perpendicular to the scan-
ning. The spatial frequencies corresponding to these features
were calculated for each case based on the processing pa-
rameters (Appendix A) and are listed in Table 5. Note that
these features are absent on the surface polished at 650ns
(Fig. 10). The introduction of these additional features is
suggestive of the presence of convective flows.

Evidence of convective flows can be drawn from close
observation of the cross section images (Figs. 8 and 9). The
magnified images of the cross sections are shown in Fig. 13.
In Figs. 13(a) and 13(b) (cross sections corresponding to
polishing at 1.91ps and 3.6us respectively), a surface ripple
can be observed. The frequency of this ripple corresponds to
the additional feature observed in the spatial frequency spec-
tra (Figs. 11 and 12). The cross sections also suggest a flow
pattern of the molten fluid, moving outwards from the center
of the molten pool. The formation of such surface ripples is
a confirmation of convective flows.
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Fig. 10: Comparison of experimental (polished) and theoretical
(predicted) 2-D frequency spectra at 650ns (a) Projected
x-frequency spectra; (b) Projected y-frequency spectra
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Fig. 11: Comparison of experimental (polished) and theoretical
(predicted) 2-D frequency spectra at 1.91us (a) Projected
x-frequency spectra; (b) Projected y-frequency spectra
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Fig. 12: Comparison of experimental (polished) and theoretical
(predicted) 2-D frequency spectra at 3.6us (a) Projected
x-frequency spectra; (b) Projected y-frequency spectra
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(b)

Fig. 13: Magnified cross section images showing surface ripples
at (a) 1.91us and (b) 3.6us

Table 5: PLuP induced features

Pulse duration Spatial frequency (mm™)

(pns) pulses/mm___ Lateral overlap
0.65 133.33 83.3
1.91 266.7 77
3.6 250 77

Table 6: Comparison of experimental and theoretical roughness

Pulse duration Experimental Sa  Theoretical Sa

(ps) (nm) (nm)
0.65 152.4 138.0
1.91 66.5 127.5
3.6 57.0 94.4

As noted earlier, the theoretical model that was previously
developed assumes that convective flows are negligible and
that the dynamics of the melt pool are dominated by station-
ary capillary wave-like oscillations. This fundamental as-
sumption is violated in the cases of 1.91us and 3.6pus and
hence, a large deviation is observed from the theoretical
values. Further development of the model will be necessary
to represent these flows, and this is beyond the scope of this

paper.

However, convective flows are not necessarily an unfa-
vorable phenomenon in pulsed laser micro polishing. It
should be noted that greater than 70% reduction in the sur-
face roughness was achieved at these longer pulse durations
(Table 3). Even though convective flows introduced addi-
tional spatial features on the surface, they were also able to
attenuate much lower frequency components, resulting in
low surface roughness.

CONCLUSIONS

In the work presented, the effects of laser pulse duration
on pulsed laser micro polishing (PLuP) process were ob-
served. PLuP was carried out on micro end milled Ti6Al4V
samples at three different pulse durations, viz. 650ns, 1.91us
and 3.6ps. Longer pulse durations resulted in smoother sur-
faces, with up to 70% reduction in average surface rough-
ness, S,.

While the experimental results for 650ns polishing
matched very closely with those predicted theoretically, with
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an error less than 10%, the experimental roughness reduction
was much higher than those predicted in the cases of 1.91us
polishing and 3.6us polishing. Analysis of the two dimen-
sional spatial frequency spectra revealed that at these pulse
durations, the attenuation in the low frequency amplitude
was much higher than those predicted theoretically. They
also showed that additional features were introduced in high
frequency regions corresponding to the number of pulses per
mm. This suggests the possibility of convective flows. Con-
vective flows were confirmed upon close observation of the
cross sections of the polished samples, which showed a sur-
face ripple at the same frequency as the number of pulses per
mm. As the theoretical model presented assumes negligible
convective flows, the model significantly deviated from the
experimental results.

An important observation made from the current work is
that the presence of convective flow may not be unfavorable
for PLuP process, as up to 70% reductions in S, were ob-
served.
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Appendix A: PLuP Process Parameters

Type of laser 250 W CW Nd:YAG
Pulse frequency (kHz) 4

2 Spot size (um) ~55

S | Scan speed(mm/s) 30

\° | Average power (W) 0.46+0.03
Energy per pulse (mJ) 0.115+0.008
Melt duration (ns) 1164
Critical frequency (mm'l) 115
Type of laser 200 W CW/Modulated

Fiber Laser

» | Pulse frequency (kHz) 40

= | Spot size (um) ~37

< | Scan speed(mm/s) 150
Average power (W) 3.88+0.05
Energy per pulse (mJ) 0.097+0.001
Melt duration (ns) 2980
Critical frequency (mm'l) 72
Type of laser 200 W CW/Modulated

Fiber Laser

Pulse frequency (kHz) 25

é_ Spot size (um) ~37

e | Scan speed(mm/s) 100
Average power (W) 3.16+0.02
Energy per pulse (mJ) 0.126+0.001
Melt duration (ns) 4982
Critical frequency (mm'l) 56




