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Abstract: In laser micro sintering (LMS), good densification and low porosity of sintered material
is often desirable for good mechanical properties. Recently, a novel LMS process, with the name
of “double-pulse laser micro sintering” (DP-LMS), was proposed by the corresponding author.
DP-LMS utilizes laser pulse group(s) consisting of “sintering laser pulse(s)” followed by “pressing
laser pulse(s)” at a suitable delay time. This reported work has preliminarily demonstrated that,
under the studied conditions, DP-LMS can produce an improved sintering result than those by
LMS under similar conditions without using the “double-pulse” approach. The potential
underlying mechanism has been discussed.

Keywords: laser sintering; laser micro sintering
1. Introduction

Laser sintering, in a broad sense, is a process of converting powder particles into a more
continuous medium through coalition of particles under laser irradiation (the process is often called
“laser melting” when full melting of particles occurs) [1, 2]. Laser sintering can be used in areas
such as flexible electronics fabrication, composites fabrication or the rapid and flexible additive
manufacturing of parts [3-6]. When laser sintering is used to produce parts with micro-scale
features, the process can be called laser micro sintering (LMS) [7-12], during which pulsed lasers
are often used [7-10].

The mechanical properties of sintered material often strongly depend on the material
densification and porosity [13]. Hence, in LMS good densification and low porosity are often
desirable in order to manufacture parts with good mechanical properties. A novel LMS process,

called “double-pulse laser micro sintering” (DP-LMS), was recently proposed by the
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corresponding author [14] (and such a kind of LMS process has been rarely reported in the
literature to the authors’ best knowledge). This paper reports experimental work, which has
preliminarily demonstrated that, under the studied conditions, the novel DP-LMS process can
produce an improved sintering result (i.e., an apparently more continuous and densified sintered
region on an optical micrograph shown later in this paper) compared with those by laser micro
sintering processes under similar conditions without using the “double-pulse” approach. The
potential underlying physical mechanism for DP-LMS will also be discussed.

The major goal of this reported work is to preliminarily confirm the potential advantages
of the DP-LMS process. Hence, only a single surface layer in a small region of a powder target is
sintered, and the sintering results are mainly assessed based on optical microscopic images. Lots

of further work is certainly still needed on the novel DP-LMS process.

2. The DP-LMS Process and Experimental Setup

As shown in Fig. 1, during DP-LMS, the sintering process is carried out using one or
multiple groups of laser pulses, where each group comprises N1 “sintering laser pulses” followed
by N2 “pressing laser pulses” at a suitable delay time 7, (where N and N are integers equal to or
larger than 1). The “sintering laser pulses” are fired to “sinter” the target powder particles (i.e.,
coalesce the particles into a more continuous medium), while the “pressing laser pulses” are used
to promote the material densification and reduce porosity through laser-induced high pressure onto
the material surface (the related potential mechanism will be discussed in more details later).
Although the novel process is called “double-pulse laser micro sintering”, each laser pulse group

may have more than two pulses (i.e., the sum of N; and N> could be larger than 2).



There are various possible ways of carrying out the DP-LMS process. For the study
reported in this paper, the values of Ni and N> are chosen to be 10 and 1, respectively. The
schematic of the experimental setup is shown in Fig. 2a. In each laser pulse group, the “sintering
pulses” generated by Laser A (SPI G3.0) are effectively mainly 10 pulses, each of which has a
total pulse duration of ~200 ns and a wavelength of ~1064 nm. The average sintering pulse energy
in each laser pulse group is ~0.09 mJ/pulse. The distance in time between two neighboring
sintering pulses in the same laser pulse group is ~40 us. The “pressing pulse” has a full-width-at-
half-maximum duration of ~5 ns (which also has a wavelength of ~1064 nm), a pulse energy of
~0.22 mJ/pulse, and is generated from Laser B (Bright Solutions, Onda). In each laser pulse group,
the distance in time between the rising edge of the last “sintering pulse” and the peak of the
“pressing pulse” is 7, , which is controlled using a digital delay generator (Berkeley Nucleonics,
Model 577). The laser beams are delivered to the target surface using a scan head (ScanLab,
HurryScan 14), which contains mirrors and a focusing lens with f = 100 mm. The target (cobalt
powder supported by an aluminum substrate) is positioned by XYZ motion stages (not drawn in
Fig.2a) at a certain location below the scan head. The laser pulse energies given in this paper are
the ones measured after laser beam propagates through the scan head. The laser spot diameter at
the target surface has been estimated based on the knife-edge method (and the approximate
assumption that the laser intensity in the spot follows a Gaussian distribution) to be roughly ~70
pm and ~115 pum for the sintering pulse and the pressing pulse, respectively. The two laser spots
are approximately concentric, and the concentricity is expected to be sufficient for the purpose of
this study. The sintering experiments are performed in ambient air.

The cobalt powder (Alfa Aesar, Product number: 10455) used in this work has a nominal

size of ~1.6 micron listed in the product specification. The powder is put into 95% ethanol and



treated by a magnetic stirrer for about 15 minutes to create a cobalt suspension. Then, a pipette is
employed to deposit multiple drops of the suspension into the ~1 cm x 1 cm slot surrounded by
~0.5 mm thick aluminum slices placed on an aluminum substrate, as shown in Fig.2b. After the
deposited suspension is completely dry, excessive cobalt powder that is higher than the aluminum
slice surface is removed using a knife blade. Then, the thin aluminum slices are removed, leaving
a layer of cobalt powder onto the aluminum substrate, which is then used as the target in the

sintering experiments.

To sinter a surface region of the target that is larger than the laser spots at the target surface,
multiple surface locations (as shown in Fig. 2¢) are laser-irradiated. For each of the 9 (= 3 X 3)
locations, one laser pulse group is sent, which consists of 10 “sintering pulses” followed by 1
“pressing pulse” as introduced earlier. Laser spots are stationary during the irradiation of one
surface location. Then the laser spots will be moved to the next location using motion stages, after
which the next laser pulse group is sent to the location. The center-to-center distance between
adjacent locations is ~75 um as shown in Fig.2c. After sintering, the sintered surface region is
observed using an optical microscope. As comparisons to the DP-LMS process, sintering processes
are also carried out without using the “double-pulse” approach (e.g., without using either the

“pressing pulse” or the “sintering pulses” in each laser pulse group).

3. Results and Discussions

Figure 3a shows the optical microscopic image for the sintered surface-layer region of the
cobalt powder target through the DP-LMS process (where, as introduced earlier, each of the 3%3
target surface locations is irradiated by a laser pulse group, which consists of 10 “sintering pulses”

(~0.09 mJ/pulse on average) followed by 1 “pressing pulse” of ~0.22 mJ at a delay time of 7y =



~700 ns). As a comparison, Fig. 3b shows the image for the surface region sintered in a similar
way, but without using the “pressing pulse” for each irradiated surface location (i.e., each surface
location is irradiated only by the 10 “sintering pulses”). In Fig. 3b, the laser-sintered surface region
does not appear very continuous and densified. Instead, an obvious ‘“balling” phenomenon is
observed, and many small sphere-like structures are formed after the melting and re-solidification
of some powder particles. On the other hand, in Fig. 3a the surface region sintered by the DP-LMS
process appears much more continuous and densified with a much less severe balling phenomenon
than that in Fig. 3b. A natural question will be: is this simply due to the larger total laser energy
irradiated onto each target surface location for Fig. 3a than that for Fig. 3b?

Figure 3c and 3d show the images for the surface regions sintered in a way similar to
Fig.3b, except that: (i) for Fig. 3¢ the number of sintering pulses in each laser pulse group is
increased by 10, and (i1) for Fig. 3d, the average pulse energy of the sintering pulses in each laser
pulse group is increased from ~0.09 mJ/pulse to ~0.13 mJ/pulse. No “pressing pulse” is used for
Fig. 3c and 3d. The total laser energy irradiated onto each target location in Fig. 3¢ or 3d is larger
than that for Fig. 3a (the DP-LMS situation). However, the laser-sintered surface regions in Fig.
3¢ and 3d still do not appear very continuous and densified, and a severe “balling” phenomenon
still exists. This provides supporting evidence that the better sintering result that appears in Fig. 3a
for DP-LMS is unlikely simply due to more laser energy input at each irradiated target surface
location.

Figure 3e shows an image for the powder target surface region treated by sending 5
“pressing laser pulses” (at ~0.22 mJ/pulse on average and with a pulse-to-pulse separation time of

~40 ps) to each of the irradiated 3x3 target surface locations without sending any “sintering laser



pulse”. It can be seen that the laser pulses have induced obvious material removal from the target
and left multiple “holes” on the target surface.

Figure 3f shows an image for the surface region sintered by the DP-LMS process under a
condition similar to that for Fig. 3a, except with a much larger sintering-pressing pulse separation
time in each laser pulse group (t, = ~1 ms). The sintered surface region under 7, = ~1 ms in Fig.
3f appears to be less continuous, densified, and shows a more severe “balling” phenomenon than
that in Fig.3a under 7, = ~700 ns. The results suggest that under the conditions investigated, the
delay time 7, during DP-LMS needs to be properly selected to produce good sintering results.

The exact underlying mechanisms involved in the novel DP-LMS process still require
further work to fully understand. One important mechanism likely involved is expected to be the
following (see Fig.4 for a schematic): for each laser pulse group, after the last “sintering laser
pulse” is fired, laser-induced target powder melt may still exist when the following “pressing laser
pulse” comes. The “pressing laser pulse” can induce material removal (through vaporization
and/or other mechanism(s)) from the irradiated target surface, and even generate high-pressure
plasma plume at or near the surface when the laser intensity is sufficiently high; as a result, a high-
pressure pulse can be generated onto the target material surface [7, 15, 16]. The high pressure may
promote the melt flow and/or press the target material, which could reduce the “balling” effect,
decrease the porosity and/or promote the densification of sintered material. Further work is still
needed to confirm the aforementioned mechanism and fully understand the DP-LMS process.

During DP-LMS, the parameters of the “sintering laser pulse(s)” and “pressing laser
pulse(s)” can be selected independently, which can potentially give a good process adjustability
and flexibility. The sintering and pressing laser pulse parameters can be optimized for the main

purposes of sintering and “pressing” (i.e., generating high pressure), respectively. Target powder



melt may possibly exist for quite some additional time after the last “sintering laser pulse” ends,
and the effects of high-pressure impact onto the target material at different timings could be
different. The relatively best result can be potentially achieved by sending suitable “pressing laser
pulse(s)” at the most suitable timing(s). To produce a high pressure without causing excessive
target material removal, the “pressing laser pulse(s)” may often be desired to have a sufficiently
high intensity (W/m?), sufficiently low total fluence (J/m?), and hence a relatively short pulse
duration. A sufficiently low total fluence may be desired because the amount of target material
removed per unit (irradiated) surface area by the “pressing pulse(s)” is often proportional (although
not necessarily linearly and not necessarily always) to the total fluence. In addition, because the
eventual goal of DP-LMS is to sinter material, when laser parameters are selected typically the
following requirement needs to be satisfied: each laser pulse group can effectively induce material
sintering and the amount of material sintered should be larger than the amount of material removed
or ablated. The laser parameters selected and employed in this study, including the values of N
and N> and the laser beam profile, are certainly not necessarily the only possible choices for DP-

LMS.

4. Conclusions

This paper reports preliminary study on a novel DP-LMS process that was proposed
recently by the corresponding author [14]. During the studied DP-LMS process, as introduced
earlier target powder particles are sintered by a laser pulse group that consists of 10 “sintering
pulses” followed by 1 “pressing pulse” at each laser-irradiated target location. Optical microscopic
images show that under the conditions studied, the surface region sintered by the novel DP-LMS

process with a suitable delay time 7, appears to be more continuous, densified, and/or have a less



severe balling phenomenon in the image than those sintered by: (1) using only the “sintering
pulses” with the same pulse energy and number as those in DP-LMS for each laser-irradiated
location; (2) using only the “sintering pulses”, but with a larger pulse energy or pulse number; and
(3) using only multiple “pressing pulses”. This study shows a great potential of the novel DP-
LMS process, while further research work is still needed to confirm and better understand its

capability, performance and fundamental mechanisms.
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Figure 1. Schematic diagram demonstrating the general concept of laser pulse format in each laser
pulse group for the novel double-pulse laser micro sintering (DP-LMS) process (the schematic is not
drawn to scale; and it does not necessarily include all the actual components, details and/or denote
them in an exact way).
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Figure 2. Schematics of: (a) the experimental setup of the double-pulse laser micro sintering (DP-
LMS) process in this study (not all components are shown); (b) the preparation process of the target
(a cobalt powder layer supported by an aluminum substrate); and (c) laser-irradiated 3 % 3 powder
surface locations during laser sintering (all the schematics are typically not drawn to scale; and they
do not necessarily include all the actual components, details and/or denote them in an exact way).
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(a) DP-LMS, 7o = ~700 ns, (b) 10 sintering pulses only for each laser-

10 sintering pulses (~0.09 mJ/pulse) + 1 irradiated location (~0.09 mJ/pulse)
pressing pulse (~0.22 mJ/pulse) for each of the

3x3 laser-irradiated locations

(c) 20 sintering pulses only for each laser- (d) 10 sintering pulses only for each laser-
irradiated location (~0.09 mJ/pulse) irradiated location (~0.13 mJ/pulse)

(Figure 3 continues on the next page)
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(e) 5 pressing pulses only for each laser- (f) DP-LMS, under conditions similar to (a),
irradiated location (~0.22 mJ/pulse) exceptTg = ~1ms

Figure 3. Optical microscopic images of target surface regions sintered by: (a) DP-LMS, with 7,=
~700 ns, 10 sintering pulses (~0.09 mJ/pulse) + 1 pressing pulse (~0.22 mJ/pulse) for each of the
laser-irradiated 3 x 3 surface locations; (b) 10 sintering pulses only for each location (~0.09
mlJ/pulse); (c) 20 sintering pulses only for each location (~0.09 mJ/pulse); (d) 10 sintering pulses
only for each location (~0.13 mJ/pulse); (e) 5 pressing pulses only for each location (~0.22 mJ/pulse);
and (f) DP-LMS under conditions similar to (a) except 7= ~1 ms.
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Figure 4. Schematic for a possible fundamental mechanism of the DP-LMS process (the schematic is
not drawn to scale, does not necessarily include all the actual components, details and/or denote them
in an exact way).
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