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Abstract The fabrication of microstructures using high-
strength anti-corrosive materials is a topic of intense investi-
gation. In this work, we investigate micromachining processes
for fabricating stainless steel-polymer composites using nano-
second (excimer) and femtosecond (Ti:sapphire) lasers at
ultraviolet wavelengths. The laser ablation mechanisms were
analyzed as a function of the laser source and process param-
eters. Microdrilling and grooving of the composite were used
to evaluate the process performance. The ns laser processing
mechanism at relatively low fluences relied mainly on abla-
tion with photothermal/photochemical decomposition of the
binder resin without permanently affecting the stainless steel
particles. On the other hand, ns laser pulse irradiation at high
fluences induced significant melting and agglomeration of the
particles, which lowered the ablation rate and were detrimen-
tal to the micromachining performance. During the high-
intensity femtosecond laser processing (>TW/cm?), the laser
pulse directly ablated the particles and the binder without
inducing significant thermal effects. Microstructures 10 pm
in size (average particle size) and with an aspect ratio of ~10
were fabricated.
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1 Introduction

Technologies for producing three-dimensional microscale
components using high-strength anti-corrosive materials, such
as tungsten carbide, alumina, and stainless steel, are important
in a variety of applications, including microfluidics,
micromechanics, biosensors, and microelectronic packaging
[1-4]. Micro powder injection molding (1-PIM), which com-
bines powder injection molding (PIM) with microinjection
molding techniques, was developed to fabricate microscale
components for these applications [5—7]; however, u-PIM is
limited in its ability to produce components with a desired
microstructure because the quality of injection, which is large-
ly determined by the rheological characteristics of the powder
system, is governed by multiple parameters, including the
binder composition [8], binder/powder ratio [9], and injection
parameters [10, 11], that are related in a complex manner.
Accordingly, several studies have pursued optimal conditions
for filling molds with small particles without forming cavities.
These studies examined ranges of parameters, such as the
binder system design, feedstock, part geometry, mold design,
and processing conditions [12—15]. Recently, the u-PIM tech-
nique was used to produce microstructures using a stainless
steel-polymer composite (316 L, Dsq=4.5 um) with a feature
size of 20 um [16].

An alternative approach to fabricating microstructures
using high-strength anti-corrosive materials involves laser
micromachining of a stainless steel-polymer composite com-
prising a powder composite held together by a binder resin.
For example, laser beams can be used to produce microstruc-
tures on injection-molded parts prior to sintering. The powder
composite is formed using a polymer binder, and a laser beam
can easily break the polymer bonds in the binder to selectively
remove the polymer binder, producing a microstructured pow-
der composite (Fig. 1). Several studies were conducted to
develop laser-based micromachining processes for the powder
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composites. The laser machining process was first used for via
etching of ceramic—polymer composites using an ultraviolet
(UV) excimer laser [17]. Several investigations have since
examined the machining mechanisms to optimize the ceram-
ic—polymer composite processing using a variety of laser
sources, including a pulsed CO, laser [18], a Nd:YAG laser
[19], and an excimer laser [20]. A gelcast alumina composite
was subjected to Nd:YAG laser drilling, which is a highly
effective approach to avoiding spattering and microcrack for-
mation in the laser drilling of sintered ceramics [19]. A drilling
process with a pulsed CO, laser was applied to alumina
ceramic—polymer composite sheets, revealing that the etch
rate varied depending on the spectral characteristics of the
laser absorption cross-section for the polymer binder [18]. The
weak absorption of the binder at the CO, laser wavelength
causes the ceramic particles to heat significantly faster than the
surrounding binder, which is then heated indirectly by heat
diffusion from the particles [21, 22]. The polymer binder
then decomposes, creating gas flows large enough to
drag the freed ceramic particles away from the ablation
site. In other words, a powder composite is machined
by ablating a low-temperature polymer binder material.
Similar mechanisms were proposed to explain the abla-
tion of metal-polymer composites at relatively low laser
fluences, i.c., below the ablation threshold of the metals,
using a Nd:YAG laser beam [23]. The effects of the
particle shape on the laser machining of a stainless steel—
polymer composite were investigated, revealing that
spherical-shaped particles are removed more effectively than
irregularly shaped particles [24].

@ Springer

Despite the studies listed above, the mechanism by
which powder composites (particularly the metal—poly-
mer composites) are ablated under laser illumination, for
various laser parameters, including wavelength, fluence,
and pulse width, is not clearly understood. Previous
studies mainly focused on relatively large-scale manufactur-
ing processes, such as via hole drilling in ceramic—polymer
composites, and only a small number of studies exam-
ined the micromachining characteristics. The interactions
between ultrafast (sub-picosecond) UV laser pulses and
powder composites have never been studied, although
ultrafast UV beams are most suitable for micromachining of
powder composites.

The main objective of this work is to analyze the interac-
tions between nanosecond or femtosecond UV pulses and a
stainless steel-polymer composite in an effort to identify
optimal conditions for micromachining the composite materi-
al. Stainless steel was selected because it is one of the most
common high-strength anti-corrosion materials used in indus-
trial and scientific applications. Due to the physical properties
of stainless steel, the material is not significantly ablated in the
bulk state. The laser micromachining of stainless steel—poly-
mer composites has been examined previously, revealing that
the technique can achieve a feature width of 250 pm using
ablation of a low-temperature polymer binder [23]; however,
the study did not address the ablation characteristics under a
range of incident laser fluences (e.g., above the ablation
threshold of stainless steel). In this work, stainless steel—poly-
mer composite samples consisting of a stainless steel
powder (17-4PH) and a polymer binder (mixture of wax,
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polypropylene, and polyethylene) were prepared. An excimer
laser (wavelength A=248 nm, full width at half maximum
FWHM=25 ns) and, for the first time, a Ti:sapphire laser
(A=266 nm, FWHM=100 fs) were used to analyze the
micromachining process over a wide range of parameters.
Although femtosecond lasers are expected to perform better
in the context of micromachining than nanosecond lasers, an
excimer laser was tested to directly compare the results obtain
with a ns laser with those with a fs laser. The material removal
mechanisms were analyzed by varying the process parame-
ters, including the laser fluence F and the pulse numbers N for
the two laser sources. The effects of air jet blowing and liquid
immersion on the micromachining performance were also
examined. Microdrilling and grooving processes for forming
circular/rectangular holes and microchannels were optimized
and examined.

2 Theory
2.1 Interaction with the nanosecond UV laser

The stainless steel-polymer composite is inhomogeneous be-
cause it is a mixture of a polymer binder and a metal powder.
Accordingly, spatial variations in the material properties com-
plicated the interactions between the laser pulses and the
material, which depends strongly on the wavelength, pulse
width, laser fluence, etc. The nanosecond laser ablation of
polymers generally occurs at a low laser fluence (range of
0.1 J/cm?) relative to the laser ablation of metals [25]. The
photochemical/photothermal dissociation of the polymer
chain underlies the principle mechanism of polymer ablation
via ns UV laser pulse, whereas laser ablation of bulk stainless
steel mainly proceeds via a photothermal mechanism.
Therefore, the ablation of stainless steel required a laser
fluence approximately ten times larger than that required for
polymers [26]. The mechanism underlying ns laser ablation of
the stainless steel-polymer composite, therefore, depends crit-
ically on the incident laser fluence F' (Fig. 2a). For F larger
than the ablation threshold of the polymer binder (£}, 4) but
smaller than the ablation threshold of stainless steel (Fi),
decomposition of the polymer binder creates gas flow and
removes the freed stainless steel particles from the surface
[27]. On the other hand, for F>Fy,, direct ablation of the
stainless steel particles occurs with substantial agglomeration
of'the particles. At high laser fluences, the photothermal
effect of a ns laser pulse can produce a molten polymer
pool surrounding the stainless steel particles. In that
case, the liquid surrounding accelerates melting of the
stainless steel particles because the enhanced thermal
transport. In the high-fluence regime, similar thermal mecha-
nisms are expected to contribute to femtosecond laser ablation
of the composite sample.

Agglomerated
stainless steel powder

Femtosecond
laser beam

(b)

Fig. 2 Characteristics of the laser ablation of stainless steel-polymer
composites using a nanosecond laser pulses and b femtosecond
laser pulses

Rigorous simulations of the laser interactions with the
powder composite are not easy, even for the case of a ns laser
pulse. In this work, the thermal responses of the indi-
vidual component materials to a single excimer laser
pulse were calculated numerically. Absorption of the
laser pulse by the target at time =0 may be described
as a one-dimensional temperature response 7{(z,f) accord-
ing to Fourier’s law,

or  o'T

rC kng (1)

rn
where p is the density, C,, is the specific heat, £ is the thermal
conductivity, and z is the spatial coordinate. The source term Q

represents the volumetric heat generation due to the laser
beam absorption,

0 = (1-R)alpexp(—az) F(t) (2)

where R represents the reflectivity, a the absorption
coefficient, and I, the irradiance (W/m?) [28]. The
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function F(f) denotes the dimensionless temporal pulse
shape expressed by

—i\t—7p|+1 0<t<2m
Tp

F(r) = (3)

0 21, <t

where 7, is the pulse width. All exterior boundary
conditions were assumed to be adiabatic. The initial
temperature over the calculation domain and the ambi-
ent temperature were assumed to be 25 °C. The material
properties of polypropylene (PP), polyethylene (PE),
wax, and stainless steel are listed in Table 1. The
calculated peak temperatures of PP and PE were rela-
tively low, as they absorbed the 248 nm UV radiation
weakly (Fig. 3); however, these materials were ablated
even at relatively low fluences due to incubation effects
[29-31]. The experimentally measured ablation thresh-
olds of PP and PE are 0.3 and 0.5 J/cm?, respectively
[32]. It is plausible that PP and PE decomposed due to
the thermal energy absorbed by the stainless steel par-
ticles, the temperature of which increased to 490 °C
(exceeding the decomposition temperature of PP and
PE) at 0.35 J/cm®. The peak temperature of wax, which
comprised more than half of the binder, reached its
decomposition threshold (200 °C) at F=0.4 J/em?
(Fig. 3). These results suggested that the decomposition
of the binder system began at F=0.4 J/cm® by indirect
heating of the binder. Accordingly, although direct photo-
chemical ablation of the binder by a UV laser accelerates
ablation of the composite, an IR laser can also ablate the
composite by decomposing the binder photothermally.
The temperature of stainless steel reached the melting
point 1,400 °C at F=1 J/em?; therefore, melting of the

Table 1 Material properties of the polymer binder and stainless steel

PP? PE° Wax®  Stainless
steel’
Density (kg/m?) 910 940 800 7,910
Specific heat (J/kgK) 1,700 2,250 2,900 503
Thermal conductivity (W/mK) 0.22 0.35 0.23 170
Absorption coefficient .10t 1-100 1.3-10° 10®

(m !, A=248 nm)
Reflectivity (A\=248 nm) 0.12 0.13 0.1 035
170297 140203 49-71 1,400

402483 420480 200

Melting temperature (°C)

Decomposition temperature
QY

? References from [32, 40-43]
® References from [32, 42-44]
¢ References from [45-47]

9 Reference from [48]
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Fig. 3 Calculated temperature responses to a ns laser pulse in air

stainless steel is expected for F>1 J/ecm?, consistent with the
agglomeration properties depicted in Fig. 2a.

2.2 Interactions with the femtosecond UV laser

The fs laser pulse during fs laser ablation excites va-
lence electrons into the conduction band via photoioni-
zation and avalanche ionization. The excited free elec-
trons further absorb laser energy and transfer the energy
to ions, thereby increasing the sample temperature. A
high-intensity fs laser pulse can ablate materials regard-
less of their optical properties via thermal and/or non-
thermal (e.g., Coulomb explosion) mechanisms [33].
Although the UV wavelength (266 nm) of the fs laser
is absorbed by the binder as well as by the stainless
steel particles, nonlinear absorption mechanisms, such as
multiphoton absorption, also contribute to ablation of
the polymer binder. Accordingly, the fs laser ablation
threshold of the binder is determined by complicated
mechanisms and different from that of stainless steel.
Theoretical predictions of the interactions between a fs
laser pulse and a polymer resin or stainless steel are not
straightforward because they are mixtures and relatively
little information is available regarding the electronic
structures and phonon—electron coupling. Previous ex-
perimental studies showed that 150 fs laser pulses with
F>0.1 J/em? (threshold irradiance [y,~1 TW/cmz) could ab-
late common polymers and bulk stainless steel (304) [34, 35].
In the case of PE, the fs laser ablation threshold is 0.06 J/cm?
[35]. The power density of the fs laser beam employed in the
present work was on the order of 1 TW/ecm?, whereas that of
the ns laser beam was on the order of 1 GW/ecm?. Accordingly,
direct ablation of both the polymer resin and the stainless steel
particles was possible with low thermal effects (Fig. 2b). In
other words, the stainless steel-polymer composite was ex-
pected to behave as a homogeneous sample composed of a
single material during fs laser ablation.
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Table 2 Particle size distribution in the stainless steel powder

Particle size D Ds Dy Mean

(um) 3.09 7.63 15.8 8.88

3 Experimental

A stainless steel-polymer composite sample was prepared by
a powder injection molding process using an injection mold-
ing machine (Sodick Plustech TR30EH). The sample
consisted of spherical stainless steel particles (17-4PH,
water-atomized, ATMIX) and a polymer binder with a volume
ratio of 6:4. The ratio (60 % solids loading) was selected to
minimize shrinkage of the sintered parts while maintaining the
fluidity required for injection molding of the stainless steel
particles. Solids loading values in the range 45-63 % are
commonly used for injection molding of stainless steel parti-
cles [13]. The polymer binder was composed of 57 % wax,
25 % polypropylene (PP), 15 % polyethylene (PE), and 3 %
stearic acid (SA). The cumulative size distribution of the
stainless steel particles was measured using a particle size
analyzer (Horiba LA-950), as summarized in Table 2.
Dso=7.6 um means that 50 % of the particles in the sample

were larger than 7.6 um, and 50 % were smaller than 7.6 pm.

A KrF excimer laser (A=248 nm, FWHM=25 ns) and a Ti:
sapphire femtosecond laser with a regenerative amplifier and a
third harmonic generator (A=266 nm, FWHM=100 fs,
M-squared factor M*<1.3) were used in the experiment.
The experimental setup included laser sources, a beam
delivery and monitoring system, and a micropositioning stage
(Fig. 4). A mask projection micromachining system with a
demagnification ratio of 10 was used in the excimer laser
experiment. On the other hand, the samples were processed
at the focal position in the Ti:sapphire laser experiment. Anti-

reflective lenses with focal lengths of 10 and 5 cm were used
to focus the excimer and Ti:sapphire beams, respectively.
Aluminum masks with square apertures or circular apertures
(0.5-1 mm) were used for the excimer laser experiment. In the
Ti:sapphire laser experiment, a 1-mm circular aperture was
used to reduce the output beam energy to a range appropriate
for direct-writing laser machining applications. A 100 pm-
sized square spot and a 50 um-sized circular spot in the case of
the excimer laser and a circular spot 20 um in diameter
(calculated theoretically) in the case of the Ti:sapphire laser
were generated. The pulse energy £ of the excimer laser was
varied over the range 70-280 wJ (F=0.7-2.8 J/cm?). E for the
Ti:sapphire laser was varied over the range 0.2-3.5 pJ
(F=0.06-1.1 J/cm?) using a half wave plate and a polarizer.
The sample position was controlled using a three-dimensional
translation stage with a resolution of 1 pm.

To analyze the effects of air jet blowing on the process
performance, an air jet injection system with an impingement
angle of 45° was constructed using a 500 um diameter nozzle
and a pressure regulator (3 bar). The distance between the
nozzle tip and the specimen was maintained at 3 mm. The
effects of the ambient liquid were examined by submerging
the sample in deionized (DI) water to a depth of about 1 mm.
After laser processing, the surface was analyzed using an
optical microscope and a scanning electron microscope
(SEM). The topography of the laser-processed spot was quan-
tified using a 3D surface profiler.

4 Results and discussion
4.1 Nanosecond UV laser processing
The behaviors of the stainless steel particles at different laser

fluences were inspected by SEM imaging of the ablated
sample (Fig. 5). At F=0.7 J/cm?, only the polymer binder

Fig. 4 Experimental setup used
for laser micromachining
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10 um

Fig.5 SEM images showing a the bare stainless steel-polymer compos-
ite and the agglomeration characteristics of the stainless steel particles,
corresponding to laser fluences of b 0.7 Jem?, ¢ 1.1 Jem?, d 1.6 J/em?, e
2.1 Jjen?, £2.4 J/em?, and g 2.8 J/em?

was removed, leaving separate stainless steel particles that
showed low thermal effects, as shown in Fig. 5b. As F
increased beyond 1 J/em?, melting and aggregation of the

Fig. 6 Stainless steel-polymer
composite ablated using 5,000
pulses of a ns laser with a no
environmental control, b air jet
blowing, or ¢ a water film
(F=1 J/en?)

50 um
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stainless steel particles generated resolidified aggregates
(Fig. Sc—g). The stainless steel particles with an initial mean
size of 8.9 um finally formed an agglomerated particle net-
work with an average cluster size of 100 um (Fig. 5g).
Figures 3 and 5b clarified that the mechanism underlying
material removal was dominated by polymer binder dissocia-
tion in the low-fluence regime (<1 J/em?). This mechanism is
similar to that of pulsed laser ablation at infrared and visible
wavelengths [18, 19, 21, 22]. In the high-fluence regime
(>1 J/em?), on the other hand, the mechanism underlying
direct ablation of the stainless steel particles remained unde-
termined, although the formation of large agglomerates
blocked the laser beam and reduced the ablation rate. These
results are in good agreement with the numerical calculations
shown in Fig. 3 and the ablation mechanisms depicted in
Fig. 2a. Melting of the stainless steel occurred at ~1 J/cm?
both in the numerical calculation and in the experiment. The
ablation process was significantly affected by the air jet blow-
ing and the ambient environment. In the air, laser irradiation at
1 J/em? without the external air jet could not effectively
remove the stainless steel particles from the ablation surface
because polymer ablation alone did not provide particles with
sufficient detachment forces (Fig. 6a). On the other hand, laser
irradiation at the same fluence in the presence of an external
airflow substantially increased the uniform ablation of the
sample (Fig. 6b). A process, that is, laser ablation in DI water,
significantly increased the ablation rate and reduced thermal
side effects (Fig. 6¢), as in typical liquid-phase laser ablation
processes; however, immersion generated irregular surface
profiles. Ablation was enhanced to a larger degree by the
liquid immersion than by the blowing of an air jet. The
enhanced ablation and non-uniformity appeared to arise from
the photomechanical effects of the confined plasma and liquid
cavitation [36, 37]. In the case of fs laser ablation, because the
ablation enhancement by plasma confinement and the thermal
side effects are relatively weak, laser ablation in DI water was
not tested. Consequently, all experiments, including those
performed using the fs laser, were therefore conducted under
an air jet.

The ablation depth of the stainless steel-polymer compos-
ite increased linearly with the pulse number N at laser fluences
lower than ~2 J/cm?, although it eventually saturated at
F~2.5 J/em® due to blocking of the incident laser pulse by

50 um
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the agglomerated stainless steel (Fig. 7a). The ablation rate of
the stainless steel-polymer composite was measured as a
function of the laser fluence (Fig. 7b). The ablation rate, that
is, the ablation depth per pulse, was obtained by measuring the
average ablation depth after 5,000 pulses. Figure 7b presents
the reported ablation rates of some component materials (PP,
PE, and bulk stainless steel) for reference purposes. The
measured ablation threshold during ns laser processing was
F=0.5 J/em? (Fig. 7b). The threshold was substantially lower
than that of bulk stainless steel and was the same order of
magnitude as that of the polymers. This indicated that the
ablation of the stainless steel-polymer composite occurred
via ablation of the polymer binder. The measured ablation
threshold also agreed well with the numerical predictions
described in Section 2.1. The ablation rate of the stainless
steel-polymer composite was substantially lower than the
rates of PE and PP (0.1-5 pum/pulse) but much higher than
the rate for bulk stainless steel (10 nm/pulse), possibly

400
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Fig.7 a Ablation depth as a function of pulse number, and b comparison
of the ablation rates of bulk PB PE [32], and stainless steel [26] under
248 nm ns laser irradiation with air jet blowing

because the stainless steel particles were exposed to the sur-
face, melted, and agglomerated at high F; thereby blocking the
laser beam. The slope of the ablation rate curve decreased
significantly as F exceeded 2 J/em®.

Microholes and channels were fabricated using an excimer
laser, as shown in Fig. 8. A series of 100 um square
holes and 50 um circular holes were obtained by per-
cussion drilling with N=20,000 at 1.6 J/cm® (Fig. 8a, b). The
depth of the drilled holes was 500 um in both cases.
Accordingly, the aspect ratio of the structures 50 pm holes
was 10. Microchannels 100 and 50 pum in width were also
fabricated by translating the sample at a speed of 10 um/s
at F=1.6 J/cm® (Fig. 8c, d) and, from the cross-section
images, which have 600 and 550 pm machining depth,
respectively. During the process, the laser pulse scanned
the sample 200 times at 10 Hz, resulting in N=20,000.
Considering that the resolution of conventional p-PIM pro-
cesses using stainless steel powder (17-4PH, Ds53=9.6 um) is
160 pwm [38], these results clearly showed that the UV laser-
based microstructuring process, even using a ns laser, has
strong potential as a micromanufacturing tool for stainless
steel-polymer composites.

4.2 Femtosecond UV laser processing

The peak power of a fs laser pulse is much higher than that ofa
ns laser pulse [39]. As expected, the ablation depth was
linearly proportional to N, and the ablation rate based
on N=5,000 laser pulses (Fig. 9) was much greater than
that obtained using the excimer laser (Fig. 7). In both the ns
and fs laser cases, the ablation rates measured for the stainless

50 ym

50 um

S Z

© d)

Fig. 8 Machining results (drilling and channeling) using ns laser pulses.
a a square hole 100 um in length and b a circular hole 50 um in diameter,
prepared using 20,000 pulses of the laser; ¢ microchannels 100 pm wide
or d 50 um wide (F=1.6 J/cm?)
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Fig. 9 Comparison of the ablation rates of bulk wax [47], PE [34], and
stainless steel by using fs laser irradiation

steel-polymer composite were much higher than the rates for
bulk stainless steel. SEM images of a sample ablated by fs
laser pulses showed no signs of melting or agglomeration of
the particles (Fig. 10), in contrast with samples ablated using a
ns laser (Fig. 5). Microstructure fabrication was demonstrated
using fs laser pulses (Fig. 11). Circular microholes were
drilled using the percussion process with N=10,000 at
F=0.06 and 0.16 J/cm®. The results demonstrated the fab-
rication of 15 pm holes with depths up to 150 um (Fig. 11a)
and 20 pum holes with depths up to 400 um (Fig. 11b).
Microchannel fabrication was demonstrated by translating
the sample at a speed of 10 um/s. In the process, the laser
pulse scanned the sample 40 times at 1 kHz, resulting in
N=80,000 pulses. Microchannels of different sizes, includ-
ing 25 pwm in width and 300 pm in depth (Fig. 11¢) and 28 um
in width and 400 pm in depth (Fig. 11d), were successfully
fabricated. The resolution of the fs laser micromachining
process, which is generally determined by the spot size, the

Fig. 10 Powder shapes at the ablation sites using fs laser pulses
(F=0.32 J/em®)

@ Springer

Fig. 11 Micromachining results using fs laser pulses. Percussion laser
machining with 10,000 pulses of peak laser energy a 0.2 11J (0.06 J/cm?)
and b 0.5 (J (0.16 J/em?); channeling at a peak laser energy of ¢ 1.0 pJ
(0.32 J/em®) and d 2.0 pJ (0.64 J/em?)

thermal effects, and the resolution of the translation stage, can
be smaller than the size (mean, 8.8 um) of the embedded
particles. Consequently, the resolution of the micromachining
process described here was about 10 um. These results sug-
gest that fs laser processing of stainless steel-polymer com-
posite provides a micromachining processes with good reso-
lution, regardless of the size distribution of the stainless steel
particles, in contrast with conventional p-PIM processes.

5 Conclusions

In this work, we investigated the micromachining of a stainless
steel-polymer composite using ns and fs UV lasers. The abla-
tion mechanism varied significantly depending on the laser
pulse width and fluence. Nanosecond laser ablation occurred
largely via the removal of embedded stainless steel particles
because the polymer resin thermally decomposed. On the other
hand, the fs laser pulse directly ablated, that is, cut, the particles,
thereby increasing the spatial resolution of the ablation process.
An air jet increased the ablation rate and smoothed the surface
during ns laser processing. Liquid immersion during ablation
enhanced the ablation rate but increased the surface roughness.
Micromachining using ns and fs UV lasers was demonstrated
by fabricating high-aspect-ratio microstructures with spatial
resolutions of 50 and 10 yum, respectively.
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