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Abstract

In this paper, pulsed Nd:YAG laser of 60kW peak power was used to carry out material
removal process to manufacture 3D microstructures from Inconel-600 samples at
micrometer dimensions for micro-stamping and micro-embossing on metals. Different
parameters, such as power density, overlap of laser pulses and processing velocity,
were determined to introduce their effects on the roughness of the machined surfaces.
The surface roughness was decreased by 80% to reach about 1 micron as the velocity
of laser beam was increased by 600% to be 300 mm/s.
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1. Introduction

Laser removal of metallic samples has many features and advantages when compared to other
methods and techniques of material removal [1-3]. These features still not competed especially in
production of microstructures and nanostructures for ultra-fine applications [4-8]. The interest in
microstructures with 3D geometries has dramatically increased in microsystems applications in recent
years. To promote the wide applications of such 3D microstructures, the materials and patterning
technologies for their fabrication should be inexpensive [9-12]. Material processing with lasers is an
expanding field since it not only makes manufacturing cheaper, faster, cleaner, and more accurate but
also opens up entirely new technologies and manufacturing methods that are simply not available using
standard techniques [13-17].

The production landscape of industrial manufacturing is expected to undergo significant change with
the increasing adoption of additive manufacturing (AM) technology [1-4]. This AM technology offers
potential benefits for a wide range of industries, including defence, biomedical, aerospace, jewellery
making, automotive, construction, electronics, food, and healthcare [2—6]. The use of a laser sources,
both continuous wave (CW) lasers and long-pulsed lasers, to heat and melt materials is common in
most AM processes [7] CW lasers are typically used for larger parts, while pulsed lasers are preferred
for thin, finely structured and precision parts [8]. Some key process variables such as layer thickness,
laser intensity, hatch spacing, light absorptance, scanning speed, and laser energy density will impact
the overall quality of components in laser-based AM [9-12], but several challenging issues remain in
the adoption of this technology. For example, the accuracy of existing laser-based AM is limited by
fundamental variables such as powder size and laser spot size, which are crucial in manufacturing of
micro-features with high accuracy [13]. Processing of high-melting- point or high-reflectivity materials is
also challenging because of the thermal properties of these materials in spite of development of different
lasers at various wavelengths [13-15]. The use of a combination of materials, including metals,
ceramics, glass, and alloys, for fabricating composites are desirable, but the mismatch of materials with
different cooling rates or thermal expansion coefficient causes a variety of problems during production,
including the peeling of different layers and formation and distribution of crystal defects [13—-15]. Heat-
affected zones resulting from heat accumulation degrade the mechanical properties of materials by
creating residual stresses, porous structures, and micro-cracks. These factors together with not-yet-
great surface finishing, productivity, quality control, reliability, product dimensionality, and a narrow
choice of printable materials are significant additional issues that need to be addressed [13]. However,
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the advent of ultra-short pulse lasers, including picosecond (ps) and femtosecond (fs) lasers, presents
a significant opportunity to extend the range of materials used in AM technology [14], because of their
three specific characteristics: a broad spectral bandwidth, ultra-short pulse time and the ability to
generate extremely high power intensities in the range of 1013-10%* W/cm?2 [16,17].

Efficiency of laser sources depends on basic physical processes involved in laser micromachining
(LMM). The most critical laser parameter is often the laser pulse duration [18-21]. For efficient material
removal with minimal heat affected zone shorter pulses are preferable because energy concentration in
time prevents heat diffusion into surrounding area thus reducing heat-affected zone (HAZ) [22,23]. Also,
higher peak power initiates high-degree non-linear mechanisms, including direct multi-photon ionisation
even in transparent materials. Finally, applying laser energy over a relatively long time results in
distortion of machined micro features [24,25].

With the recent progress of micro-electro-mechanical systems (MEMS), interest in the fabrication of
microstructures using different methods and materials is increasing. Although silicon is mostly preferred
to other materials because of the well-established semiconductor manufacturing processes, metallic
structures can provide other advantages such as higher strength and flexibility [26-28]. Titanium and
Inconel are excellent materials exhibiting high corrosion resistance, strength-to-weight ratio, low
modulus of elasticity. Furthermore, they are biocompatible materials employed for medical implants.
Biomedical microdevices, microgripper or sensors are required to meet the biocompatibility and safety
considerations if installation in living body is considered [29-31].

Fabrication of metallic microstructures may be done by precision machining, electro discharge
machining, laser machining, etc. Laser machining is a promising technique because it is a noncontact
simple process with relatively small hardware requirement [32,33]. Direct laser machining, however, has
drawbacks due to high thermal load that may lead to thermal deformation of microstructures or poor
surface quality by melting and droplet formation [34]. The material removal is related to the total
absorbed energy, and it is the mechanical behavior which is most complicated, involving particle
trajectories and flow of both liquids and solids [35].

Requiring fast and flexible methods to manufacture microstructures and parts at decreased costs,
needs for micro-tools have increased in too special way [13]. The needed microstructures have some
requirements must be satisfied such as very small dimensions (<100um), high aspect ratio (>1:20) and
too small roughness of surfaces (<1um). As the tools used for stamping, embossing, injection molding
and other similar applications must be made of hard metals as they should be weariless [36]. The electric
discharge machining can be considered as an available alternative, but the costs of microstructured
electrodes are high [37].

This problem can be solved by using Nd:YAG laser removal for microstructures. The advantages of
laser micromachining include small heat affected zone (HAZ), control over machining depth, rapid
throughout and accomplishment of machining at any time during or after processing [38]. Using a pulsed
Nd:YAG laser, 6[1m-wide grooves were cut in a 300nm thick gold layer coated on sapphire and 2.5[1m-
wide grooves could be cut in a 200nm thick layer of nichrome on quartz. Lines of 1uym in wide were
scribed in tantalum nitride, titanium and nichrome films. Scribing speeds were less than about 2mm/sec
and were limited by the 400Hz-pulse repetition rate frequency [39].

The Nd:YAG laser is employed in a direct writing method with radiation and hard metals can be
structured with Nd:YAG laser method since it has no material restrictions. Additionally, the development
of high-quality diode-pumped Nd:YAG lasers opened new fields in machining with higher harmonic
generation, high beam quality, short laser pulse and high precision positioning tables. All these
mentioned specifications improve the quality of microstructures produced by laser-employed methods
[40]. The process efficiency is determined by the choice of laser source itself, as well as by the system
technology such as optical elements for beam shaping and guidance of workpiece handling. Beside the
system technology, the choice of an appropriate laser and handling system ensures an efficient
processing and repair of microelectronic components [41,42]. Usually, production of micro-parts and
micro-tools by Nd:YAG laser removal requires so low technical effort to be achieved.

2. Experiment

An important parameter for the laser beam removal with a pulsed Nd:YAG laser is the overlap of
laser pulses. This parameter determines the average depth of removal per laser pulse, which can be
higher than the depth of a single laser pulse, and the quality of the worked surface. Subsequent
overlapping laser-pulses deposit some of the newly ejected material back into previously machined
cavities. The nature of the resultant kerf depends on the percentage overlap and the aspect (depth-to-
width) ratio of the kerf. In Fig. (1), the relation between the overlap and the single laser pulses is shown.
The definition of the overlap (O) is [43]:
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d,
where m is movement of the axis between two laser pulses, and dy is effecting working diameter of the
laser beam.

Experiments show that with overlap of less than 60%, the kerf remains clean and material flow is
small. For larger overlap, the kerf is substantially closed by resolidified material [44]. The effecting
working diameter (dw) needs not to be equal to the focus diameter. Definition of the focus diameter does
not depend on the maximum of the power density of the laser beam, but on the power density distribution
[45].

A criterion for the quality of a microstructure is the roughness and the structure of the machined
surface. For this reason Inconel species was examined, which is used for stamping and embossing
tools.
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Fig. (1) Overlap principle of laser pulses Fig. (2) Experimental set-up used in this work

The laser system is a 300us duration Nd:YAG laser operating at 1064nm and the Gaussian mode
(TEMoo), a high-energy stability and a beam divergence of about 1.5mrad. The focus diameter is 50um
with a quartz lens of 2.54cm focal length. The peak power obtained is about 60kW and average power
delivered is 10W at 1064nm. Samples processed are 2cm-thickness Inconel-600. Mechanical and
physical properties of this alloy are characterized by 225Hv hardness, 1665K melting temperature and
7.1x10m?/s thermal diffusivity at 273K.

Manual moving table was used for the coarse movement as the technique used in this work requires
too precise positioning, so, a computerized step-motor xyz-positioning stage was used onto the manual
table for fine movement. A QuickBasic 3.0 software was used for controlling the motion of the xyz-stage,
which has high dynamic and precise linear drivers. The resolution of the position is 1um, the positioning
accuracy is 10uym and the maximum velocity (sample velocity) is 50mm/s. Laser beam was guided to
the focusing lens (L) by mirror (M1) through the beam splitter (BS), as shown in Fig. (2). The beam
splitter was used to feed the vision system (camera) accessorized with laser system. The focusing lens
was connected with the z-axis, while the workpiece was fixed on the x-axis and y-axis. The position of
the focus of laser beam relative to the workpiece can be adjusted with the z-axis.

Laser-material processing techniques are mostly computer-aided and the computer software used
in this work was developed for laser removal application. The computer-aided laser material-removal
process is divided into three steps: design, slicing and postprocessing [46] and this process can be
achieved in one of three modes: scanning, vector or modified-scanning mode, as shown in Fig. (3).

[

1. Scanning 2. Vector 3. Modified scanning
mode mode mode

Fig. (3) Net shapes of material removal process
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3. Results and Discussion

The net shape of material removal for several slices influences the result. It is possible to change the
direction after each slice (modified scanning mode) to get a homogeneous surface with low roughness.
As with most optical manufacturing methods, there is a problem to produce vertical walls explained in
Fig. (4). The removal can be controlled to generate vertical walls by titling the specimen relative to the
incident laser beam. It is possible to tilt the specimen in case of a basic geometry, but in case of
complicated geometries it is recommended to use a special titling device for the laser beam to obtain
higher dynamic and accuracy.

00 12

without correction of the with correction of the
angle o angle o

Fig. (4) The correction of the angle 6

The effecting working diameter varies throughout changing the peak of power density of laser beam,
possibly, because the material has a threshold for laser power density required for material removal, as
shown in Fig. (5) [47]. During first half of pulse duration, material absorbs energy reaching its melting
point. Material is melted to a distance (melting depth) depending on its thermal diffusivity and interaction
time. Second half of pulse duration transfers more energy to the molten leading to vaporization due to
easy absorption of energy by the liquid-phase pool. The material can be removed without residue since
the ratio of vaporized to melted material is high due to short laser pulse duration.
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Fig. (5) Difference between focus diameter and effecting working diameter

At an overlap of 0%, the average depth of removal per laser pulse is equal to the removal depth of a
single laser pulse. The average removal depth per laser pulse, hence the thickness of a single slice,
increases as the overlap increases. As a single laser-pulse is melting its incidence-position, then when
overlap is high, a part of processed region will receive much more energy. As a result, removal depth
increases. However, too higher overlap may cause thermal damage to the material since more overlap
means higher power density, i.e., more thermal effect on same localized area. Thermal effect has
induced changes in the properties of processed region since most mechanical and physical properties
of metals are temperature-dependent. Figure (6) shows an SEM image of a hole drilled in the surface
of Inconel-600 sample with 100 ym diameter.

Figure (7) shows variation of the roughness (Ra) of the surface machined as a function to the overlap
of laser pulses in x- and y-direction. Roughness increases because the increasing overlap has
concentrated laser power on the overlapping region.

Liquid-phase molten moves toward expanding direction due to thermodynamics of fluids. As it starts
to resolidify, non-uniform distribution of mass results. Depth of removal material increases as power

© All Rights Reserved ISSN (print) 2958-8960 (online) 3006-6042 Printed in IRAQ 46



B IRAQI JOURNAL OF MATERIALS
((E;j\%. Volume (4) Issue (1) January-March 2025, pp. 43-48

density does, hence surface will be distorted more than before which means more roughness as in Fig.

8).

Fig. (6) SEM image of a hole drilled in the surface of Inconel-600 sample with 100 pm diameter

As can be seen from Fig. (9), roughness decreases with increasing velocity of laser beam. The
surface roughness was decreased from 1.2 to reach about 1 ym as the velocity of laser beam was
increased from 50 to 300 mm/s, respectively. A compensation to laser-beam velocity should be satisfied.
Low velocity allows energy per unit area to accumulate leading to higher power density. High velocity
prevents pulses to overlap and reduces power received by processed region. As a result, reduced
roughness would be achieved.
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Fig. (7) Variation of roughness (Ra) versus Fig. (8) Variation of roughness (Ra) versus
overlap of laser pulses in x-direction (Rx) and laser power density
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Fig. (9) Variation of roughness (Ra) versus velocity of laser beam
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4. Conclusion

Forming microstructures with Nd:YAG laser expands the range of manufacturing techniques for the
production of micro-tools. The main advantages of this technology are the variety of materials, flexibility
and short cycle from the control software to the machining system. This technology can reduce
manufacturing costs of micro-parts. Roughness can be decreased as the overlap of laser pulses
decreases and it is recommended to work at the optimum value of overlap that permits to obtain optimum
removal depth, hence optimum thickness of a single slice. The basic and complex shapes are possible
to produce micro-tools for stamping and embossing of metal parts.
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