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Abstract: Laser micro sintering (LMS) can be defined as a process producing micro features via
laser-induced coalition of particles. In LMS, using short-pulse lasers and small particle sizes (a
few pm or less) have potential advantages such as small theoretically achievable feature sizes.
However, in this case it is often more challenging to obtain a highly densified material than
conventional laser sintering. To help address this challenge, the corresponding author previously
proposed a novel patented process named “double-pulse laser micro sintering” (DP-LMS),
which typically utilizes “sintering laser pulses” to melt the powder and “pressing laser pulses” to
induce in-situ transient high pressures on the powder surface to enhance densification. In this
paper, DP-LMS of an iron powder layer with laser spot scanning multiple overlapping tracks has
been studied, with sintered samples characterized via SEM, XRD, EDS and nanoindentation. The
powder has a small original particle size of ~1.98 um. Under the conditions studied, the surface
porosity (surface pore area percentage) of material sintered by DP-LMS is ~3.4%, much lower
than ~19.0%, the surface porosity of laser-sintered material without using DP-LMS. The material
sintered with DP-LMS appears to have roughly equiaxed grains with typical sizes of ~1 to ~3 pm
in the observed cross section region, and the small grain sizes should be related to the high cooling
rate in re-solidification. The nanoindentation measurements show a high nanohardness of ~7.0
GPa for the material sintered with DP-LMS, which should be related to the small grain size and/or
the existence of martensite. It has been found that to obtain a good DP-LMS result, an overlong
melt pool lifetime induced by each laser pulse group should be avoided.

Keywords: additive manufacturing; laser micro sintering; pulsed laser sintering
1. Introduction

As common additive manufacturing technologies, selective laser melting and sintering can
rapidly produce parts with good flexibility in material compositions and part geometries [1-5]. The
part production is through layer-by-layer laser beam irradiation of a powder bed following

controlled trajectories, causing coalition of powder particles in selected regions into more
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continuous features, typically via partial or complete melting of the particles [1]. In this paper,
both the partial and full-melting situations will be called “laser sintering” for simplicity.

Although lasers in the continuous-wave mode are frequently utilized in conventional laser
sintering [6-8], short-pulse lasers, such as lasers with nanosecond-scale pulse durations, may offer
potential advantages, such as high spatial resolutions [9], high achievable transient laser intensities
(which may be desirable for sintering high-melting-point materials) and/or a better adjustability of
the target temperature history [10]. The potentially high spatial resolutions by short-pulsed lasers
are particularly desirable when laser sintering is employed to make microscale geometrical
features, in which case laser sintering can be named as “laser micro sintering” (LMS) [11-17]. In
LMS, part features are produced by laser-induced coalition of multiple powder particles. Hence,
smaller particles typically imply smaller theoretically achievable minimum feature sizes and
higher spatial resolutions. Thus, in LMS, very small particle sizes of around a few um (< ~10 pum)
or less are often used [11, 15], which are much smaller than the typical particle sizes of tens of um
or more in conventional laser sintering [15, 18-20].

Although using short-pulsed lasers and small metal particle sizes of a few pm or less

have the aforementioned potential advantages in LMS, it is often more challenging to achieve
high-densification and low-porosity material via short-pulsed laser sintering of the small
particles than conventional laser sintering [15]. The small particles have large surface-to-
volume ratios, and the inter-particle surface force may become significant relative to gravity [11].
The particles may often tend to agglomerate [11] and the sintering process may often be prone to
balling and/or unthorough filling of inter-particle voids [11, 15, 17].

The corresponding author previously put forward a novel patented process named

“double-pulse laser micro sintering” (abbreviated as: DP-LMS) [21] to enhance sintered



material densification and reduce balling and porosity. DP-LMS employs laser pulse groups
comprising two kinds of laser pulses: the so-called “sintering pulses” and “pressing pulses”.
Typically, each sintering pulse is relatively long but has a low power density, intended to melt and
coalesce powder particles. In each pulse group, after a certain number of sintering pulses are fired,
one (or more) pressing laser pulse is sent at a controlled moment, at which the sintering pulses-
induced molten material has not fully solidified. The pressing laser pulse is short but has a high
power density. It can vaporize a very thin layer of the powder material, inducing a plasma plume
and thus high pressures onto the molten material surface. The high pressures can potentially drive
the flow of the molten material, enhance densification and continuity and/or reduce balling of the
material upon solidification. Experimental studies on DP-LMS have been reported in the authors’
previous papers [17, 22], showing that under the conditions investigated DP-LMS is able to result
in much better densification and/or much less significant balling than laser sintering employing
only the sintering or pressing pulses.

However, the authors’ previous papers on DP-LMS [17, 22] only reported studies of very
basic situations. In Ref. [22], multiple adjacent powder surface spots were sintered, and laser
beams stayed stationary during the sintering of each spot, while Ref. [17] reported a study on
single-track sintering (i.e., the laser beams scanned a single, non-overlapping track in each
sintering). The sintered material’s grain microstructures and mechanical properties (such as
hardness) were not characterized in Refs. [17, 22]. To further advance the understanding of the
relatively new DP-LMS process, in this paper DP-LMS of a powder layer with laser beams
scanning multiple and overlapping tracks has been studied experimentally using nanosecond laser
pulses and iron powder with a small original median particle diameter of ~1.98 um. The top surface

and cross sections of sintered material are observed using a scanning electron microscope (SEM).



The pore area percentage on the top surface has been obtained from SEM images via ImageJ [23]
and compared with that for laser sintering employing only the “sintering pulses” (the latter will be
called single-pulse laser micro sintering (SP-LMS) in this paper). The sintered material is
characterized by X-ray diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDS). The
sintered material is chemically etched and observed by SEM for grain sizes and shapes. The
material nanohardness has been measured via nanoindentation. Please note that this paper does
NOT aim to investigate the spatial resolution achievable by DP-LMS. Thus, in this paper
relatively big laser spots are utilized and powder bed surface regions on the ~mm scale are sintered
to facilitate some material characterizations. But please note that with the small particle size, small
micro features can be potentially produced with small laser spots.

DP-LMS itself does not require high-pressure compaction of powder particles prior to the
sintering of each layer (the pre-sintering compaction may benefit the sintered material
densification in LMS [15], but may also increase the manufacturing time). Meanwhile, DP-LMS
does not prohibit the pre-sintering powder compaction, which can still be performed if it benefits
the sintering result.

It should be noted that selective laser melting (SLM) of iron powders was reported in the
literature, e.g., in Ref. [24]. However, Ref.[24] studied the SLM process based on a CW laser
beam, not the unique DP-LMS process studied in this paper. Ref.[24] utilized an average powder
particle size of ~27 pm, much larger than the original median particle size in this paper (~1.98

um). Thus, this work is very different from that in [24].

2. Experiment and Characterization



Figure 1a shows the major components of the DP-LMS system used in this experimental
work. Laser 1 (SPI, G3.0) provides ~1064-nm “sintering pulses” with each pulse having a full
duration equal to ~200 ns and an average pulse energy equal to ~0.048 mJ (E1). Laser 2 (Bright
Solutions, Onda) provides ~1064-nm “pressing pulses” with each pulse having a full-width-at-
half-maximum (FWHM) duration equal to ~4 ns and an average pulse energy equal to ~0.124 mJ
(E»). The pulse energies E1 and E» refer to those coming to the powder bed surface. The laser beam
propagation paths of the two kinds of laser pulses are initially different, and then combined by the
beam splitter in Fig.1 into approximately the same path. The two beams were aligned to be
approximately coaxial after the beam splitter. Then they propagate into a scan head (Scanlab,
Hurryscan 14), housing two mirrors controlling the laser spot scanning trajectory on the target
surface, as well as a lens with a focal length equal to 100 mm. The sintering and pressing laser
pulses have corresponding spot diameters of ~150 pm and ~110 pum, respectively, on the powder
bed surface. The diameters were approximately estimated using the knife-edge method assuming
approximately a Gaussian intensity profile for both laser beams. During laser scanning, the
“pressing pulse” laser spot largely overlaps with the “sintering pulse” laser spot region on the
powder bed surface, although the two laser spots may not be perfectly concentric. The powder bed
surface is placed in a chamber with a transparent glass top cover. Prior to sintering, argon flows
into the chamber for some time to displace air through the outlet of the chamber. During the
sintering experiments, argon continues flowing. The average velocity of argon flow in the direction
parallel to the powder bed surface is roughly estimated to be less than ~0.1 m/s, and thus the related
cooling effect on the molten material is expected to be insignificant.

Figure 1b shows the typical sequence of laser pulses during the DP-LMS process studied

in the work, achieved via the digital delay generator. In each pulse group, 10 sintering laser pulses



are shot with a temporal interval of 40 ps between adjacent pulses, equivalent to a 25 kHz pulse
repetition rate (PRR). Then, one pressing pulse is shot at a delay time (zp) equal to ~125 ps after
the 10™ sintering laser pulse. After the current laser pulse group is finished, the next group begins
at a temporal interval (zg) of ~640 ps, which is the time interval from the last sintering pulse in the

current pulse group to the first sintering pulse in the next pulse group.
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Figure 1. Schematic diagrams showing: (a) the major components of the double-pulse laser
micro sintering (DP-LMS) system used in the experiments; (b) the sequence of laser pulses in
time during the DP-LMS process, where the line height does not represent the power of each

pulse (£ denotes the “sintering pulse” energy, E> the “pressing pulse” energy, and 7, the
“pressing pulse” delay time. Schematics in this paper do not necessarily comprise all components
or present the exact actual details. The DP-LMS setup and the laser pulse sequence are similar to
(but not exactly the same as) those shown in Fig.1 of the authors’ prior paper Ref.[17]).

In this paper, the sintering of a powder-bed surface layer with laser beams scanning
multiple overlapping tracks was conducted. Figure 2 shows the schematic for the laser spot
scanning trajectory on the powder bed surface with a nominal scan speed of 20 mm/s. The
scanning is bidirectional, where the directions of two adjacent tracks are opposite with a nominal
hatch distance of 50 pm. The nominal dimensions of the sintered regions on the powder bed surface
are typically ~4.0 mm and ~1.5 mm. The aforementioned ‘“nominal” speed and dimensions are the
values used in the control parameters for the laser scan head in the sintering experiments.

In Figure 2, the scanning trajectory for DP-LMS was selected to be a bidirectional scanning

trajectory mainly along the Y direction with a nominal hatch distance of 50 um. It was found that



a unidirectional scanning or bidirectional scanning mainly along the £X direction led to much more
significant thermal deformations of the sintered layer. Besides, under the given condition, a hatch
distance of around ~50 um gave the lowest top surface porosity of the sintered layer compared

with other hatch distances. Thus, the scanning trajectory as shown in Fig.2 was selected in this

study.
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Figure 2. Schematic diagram of the laser spot scanning trajectory on the surface of the powder
bed during DP-LMS for each iron layer sintered (the dashed line shows the “inter-track
boundary”, which is defined as the line in the middle of two adjacent laser scanning tracks).

The powder used in this work is the iron powder from Alfa Aesar (Product No.: 40337).
Table 1 and 2 show the powder elemental composition and particle size distribution, respectively,
which are based on the product Certificate of Analysis from Alfa Aesar [25] (in this paper the
sintered material layer will be called an “iron layer” because iron is the dominant elemental
component). The powder particles have an original median diameter of ~1.98 um according to

Ref. [25]. Before the sintering experiment, the iron powder was first put into ~95% ethanol and

ultrasonically dispersed for a few minutes to decrease the possible agglomeration of the powder



particles. The supernatant was removed after the ultrasonic treatment was completed. Then the
powder was manually stirred evenly with the residual ethanol using a micro spoon before it was
distributed into the powder bed by a doctor blade. The iron powder in the bed got naturally dried
in the air, after which the sintering experiments were carried out. The total powder thickness in the
bed is ~200 pum, but the sintered layer is much thinner as shown later. According to the measured
apparent volume and actual weight of the material in the powder bed, the pre-sintering density of
the powder is estimated to be ~50% of the corresponding bulk density of the material [25]. This
value is obviously lower than the powder bed densities typically in the range of ~55 to ~60%
reported in Refs. [ 18-20] for conventional laser sintering using larger powder particles with median
diameters of tens of um or more.

After the sintering process, the sintered iron layer was collected out of the powder bed, and
then ultrasonically cleaned in water in an ultrasonic cleaner for a few seconds in order to remove
particles attached to the bottom of the sintered iron layer. To prepare samples for SEM imaging of
sample cross sections, nanoindentation test and chemical etching (for subsequent grain observation
by SEM), sintered samples were mounted in epoxy resin, and their cross sections were ground on
180, 320, 600, 1200 and 2000-grit sandpapers sequentially, and then polished using 3 um and 1
um diamond suspensions sequentially. The samples intended for grain observation and indentation
test went through a further polishing step utilizing a suspension of 0.05 um colloidal silica. After
this, the mounted samples were put into an ultrasonic cleaner to remove residual polishing
suspension (if any) from the sample surfaces. The cross section of the sample for grain observation
was etched with 2% nital (i.e., 98% ethanol + 2% nitric acid in terms of volume percentage) for
around 12-15 seconds to reveal the grain microstructure for subsequent observation using SEM.

SEM images were also taken for the un-polished top surface of some sintered samples.



Nanoindentation tests were carried out using the Keysight G200 Nanoindenter with the
continuous stiffness measurement method [26] to obtain the nanohardness of the XZ cross section
of some samples produced by the DP-LMS process. The maximum penetration depth of the tip is
300 nm. The hardness value given in this paper for each individual nanoindentation measurement
is the average hardness for the tip penetration depth range of around 100 nm - 200nm.

In addition, X-ray diffraction (XRD) measurements were performed on both original iron
powder and sintered iron samples using the Copper K, radiation in the measurements. The XRD

measurement results provide useful information for phase identification in the material.

3. Results and Discussions
3.1 Morphology and Surface Porosity of Material Sintered by DP-LMS

Figure 3 gives the SEM images of the top surface of a sample sintered with DP-LMS (the
top row) as well as the images of the top surface of a sample sintered using only the sintering
pulses (denoted as “SP-LMS” in this paper). The images in Fig. 3b and 3d have a higher
magnification than that in Fig. 3a and 3¢c. The SEM images demonstrate that the material sintered
with DP-LMS looks much more densified and much less porous than the material sintered with
SP-LMS.

Figure 3¢ and 3d show that if only the sintering pulses are used, the sintered material is not
very continuous or densified; instead, highly porous network-like structures are formed. Laser-
induced molten metal does not flow sufficiently to thoroughly fill inter-particle voids. The effects
of the viscosity and/or surface tension of the molten metal likely play a role in hindering the

thorough filling of voids via the molten metal flow [27].
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On the other hand, Figure 3a and 3b show that the material sintered with DP-LMS appears
reasonably continuous and densified, with some pores mainly located around inter-track
boundaries. The porosity in Fig.3a and 3b appears much lower than that in Fig.3c and 3d. As
already discussed in the authors’ previous papers [17, 22], in DP-LMS typically the high-intensity
pressing laser pulse can vaporize a very thin layer of material from the powder bed and generate a
plasma plume above its surface. As a result, high transient pressures are induced onto the surface
of the molten metal in the powder bed and promote the molten metal flow to better fill inter-particle
voids to eventually achieve a more densified and less porous sintered material structure [11, 17,
22]. Figure 4 shows schematics demonstrating the aforementioned expected mechanisms for the
different surface morphologies observed in Fig.3 for the material sintered with DP-LMS and SP-
LMS.

In DP-LMS, changing the relative position of the pressing pulse and sintering pulse laser
spots will affect the relative impact position of the pressure induced by the pressing laser pulse. A
small spot center distance is acceptable as long as the pressure can still effectively impact the
region melted by the sintering pulse(s). But if the distance is too large and the melted region cannot
be effectively impacted by the pressure, then the sintering result is expected to become obviously

WOTISCE.
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Figure 3. SEM images (for the XY plane view) of surface regions of material sintered with:
(a)(b) DP-LMS, and (c)(d) LMS utilizing only the sintering pulses (denoted as SP-LMS) (see
Fig.2 for the setup of the XYZ coordinate system).

Figure 5 shows the percentage of the pore area relative to the sintered material surface area
(called “surface porosity” next for simplicity) in the imaged regions of samples sintered with DP-
LMS versus the surface porosity with SP-LMS. Each surface porosity given in Fig. 5 is an average
value from two samples sintered using the corresponding method (DP-LMS or SP-LMS). For each
sample the surface porosity estimation is based on five SEM images taken at five different top
surface regions roughly along the line of Y = ~0.75 mm (see Figure 2 for the coordinate axis

definition). Each imaged region has a size of ~300 um X ~260 um. For each image, the pore area
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percentage is obtained using ImageJ [23]. It can be seen that the surface porosity of the DP-LMS
samples is ~3.4%, much lower than the surface porosity of the SP-LMS samples, which is ~19.0 %.
This has quantitatively demonstrated the effectiveness of DP-LMS in improving densification and

reducing porosity of sintered material as compared with the SP-LMS process.
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Figure 4. Schematics of the expected fundamental mechanisms for the different surface
morphologies of material sintered with SP-LMS and DP-LMS.
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Figure 5. The top surface porosities of iron layers sintered with DP-LMS and SP-LMS (the
“surface porosity” is defined as the pore area percentage in the measured surface regions).

Figure 6 shows SEM images for the XZ cross section of a sample sintered with DP-LMS
(the top row) and a sample sintered with SP-LMS (the bottom row) (see Fig. 2 for the XYZ
coordinate system definition). Figure 6b and 6d show further magnified portions of the regions in
Figure 6a and 6c¢, respectively. Figure 7 shows the SEM images for the YZ cross section of a
sample sintered with DP-LMS (the top row) and a sample with SP-LMS (the bottom row). Figure

7b and 7d show further magnified portions of the regions in Figure 7a and 7c, respectively.
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Figure 6. SEM images of cross sections approximately in the XZ plane for samples sintered

with: (a)(b) DP-LMS, (c)(d) SP-LMS (see Fig.2 for the setup of the XYZ coordinate system).
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Figure 7. SEM images of cross sections approximately in the YZ plane for samples sintered
with: (a)(b) DP-LMS, and (c)(d) SP-LMS (see Fig. 2 for the setup of the XYZ coordinate
system. For (a)(b), the given YZ cross section is near the center of a Y-direction laser spot

scanning trajectory).

It can be seen from Fig.6a, b and Fig. 7a, b that the cross-sectional images of the samples
sintered with DP-LMS show reasonably continuous and densified top thin layers (in the XZ cross
section, voids may be seen around inter-track boundaries, which is also implied by the top surface
SEM images in Fig.3a and b, showing some pores mainly located around inter-track boundaries).

On the other hand, Figure 6¢, d and 7c, d show that the cross sections of the samples

sintered with SP-LMS do not show very continuous top thin layers, which consist of multiple
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sections that appear to have poor connections with each other. Each section appears to be formed
due to melting, coalition, and solidification of powder particles. However, the multiple sections
are not well connected with each other. The frequent gaps between adjacent sections imply a high
porosity of each layer sintered with SP-LMS. It should be noted that a layer of particles is attached
to the bottom of the sintered layer in each SEM image for the SP-LMS samples. This is because
the SP-LMS samples are very fragile and can only endure ultrasonic cleaning for just a few seconds
and would often be broken by longer ultrasonic cleaning. Thus, typically the SP-LMS samples
were ultrasonically cleaned only for a very short duration. Hence, a much larger amount of
particles below the sintered layer shows up in the SP-LMS sample images than those in the DP-
LMS sample images in Figs. 6 and 7. This also implies a much poorer mechanical strength of the

layer sintered with SP-LMS than the layer sintered with DP-LMS.

3.2 Grain Microstructure, Phase and Nanohardness of Material Sintered by DP-LMS
Figure 8a gives the elemental distribution map measured with EDS for a region in the XZ
cross section of a sample sintered with DP-LMS. Figure 8b gives the elemental weight percentages
obtained via EDS for the measured region. No detectable oxygen element is shown, implying that
argon has prevented obvious iron oxidation during the sintering. The measurement result in Fig.8b
shows 6.0% carbon, which is larger than the carbon percentage in the original iron powder given
in the product Certificate of Analysis [25] (see Table 1). As introduced earlier, the laser-sintered
sample was mounted in epoxy, ground and polished prior to the EDS measurement, and the sample
surface could be easily attached with carbon coming from external sources after sintering, which
is expected to be the major reason for the 6.0% carbon in the EDS measurement result. As pointed
out in Ref. [28], it is challenging to reliably measure the carbon element percentage originally in

a sample by EDS due to the wide presence of carbon in the environment.
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Figure 8. (a) A map showing elemental distributions obtained from an EDS measurement for a
cross-sectional region approximately in the XZ plane for an iron layer sample sintered with DP-
LMS; (b) the elemental weight percentages obtained via the EDS measurement for the map
region in (a) (the EDS result shows no detectable oxygen, indicating the argon environment
during DP-LMS is effective in the protection against oxidation).

Figure 9 presents the SEM image for a region of a chemically etched oblique cross section
of a sample sintered with DP-LMS, which shows the grain microstructure (the orientation of the
cross section has a small angle relative to the sample top surface orientation). In the image,
typically the small dents with sharp corners (e.g., the one indicated by the red circle) result from
chemical etching, and they are not pores resulting from the sintering process (i.e., they do not exist
prior to chemical etching). The approximately circular dents (e.g., the one indicated by the black
circle) are typically pores resulting from the sintering process. The chemical etching process has
reasonably revealed the grain boundaries, based on which the grain sizes in the image can be very
approximately estimated to be typically in the range of ~1 to ~3 um using the scale bar of the

image. In the image, the grains appear roughly equiaxed.
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Figure 9. An SEM image of a chemically etched region in an oblique cross section of a sample
sintered with DP-LMS, showing the grain microstructure (The red circle indicates a dent caused
by chemical etching, while the black circle indicates a pore that already exists prior to etching.
The orange arrows indicate some of the parent austenite grain boundaries).

The surface and cross-sectional morphologies shown in Figs. 3, 6 and 7 for the samples
sintered with DP-LMS suggest that likely full melting of particles have occurred during DP-LMS.
Hence, the re-solidification process of the molten material should significantly affect the final
grain size. One important reason for the small grain size shown in Fig. 9 is expected to be the high
cooling rate [29-31] in re-solidification during DP-LMS. In the authors’ previous paper on DP-
LMS [17], time-resolved measurements were performed for the cobalt powder bed surface
temperature in an approximately elliptical spot of ~50 x ~70 um surrounding the laser beam center
during DP-LMS (called “the small spot surrounding the laser center” next). During the
measurement in [17], the small measurement spot and the laser spot stay stationary while the cobalt
material is moving at a nominal speed of 20 mm/s. Solid bulk cobalt has a regular density, specific
heat and thermal conductivity reasonably similar to those for solid iron [32-34]. Besides, the

particle size (nominal size: ~1.6 um), powder pre-sintering relative density and laser parameters
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in Ref. [17] are at least on the same order of magnitude as those in this paper. Thus, the temperature
history measured in Ref. [17] can be used to roughly estimate the material cooling rate (at least the
order of magnitude) of the DP-LMS process reported in the current paper. Based on the measured
temperature history in [17], the material cooling rate at the powder bed surface (for the small spot
surrounding the laser center) is roughly estimated to be on the order of magnitude of ~0.5 to ~1x10°
K/s when the temperature is near the melting point. The estimation process is very rough, but is
expected to approximately reflect at least the order of magnitude of the actual cooling rate,
sufficient for the purpose of the discussion below.

Fitting relations between the grain size and the cooling rate have been reported in the
literature for different metallic materials. For example, in Ref. [29], the solidification of Ni45 alloy
with different high cooling rates has been studied, and the following fitting relation is obtained for
the cooling rate range of ~2000 to ~22000 K/s:

d=79x T3 (1)
where d denotes the grain diameter (um) and T represents the cooling rate (K/s). Based on Eq.(1)
and the cooling rate of ~0.5 — 1 X 10° K/s previously estimated for the DP-LMS process in this
paper, a grain size of approximately ~1.3 — 1.5 um is obtained, which is reasonably close to the
typical grain size estimated from Fig.9. Ref.[30] shows the following relation between the grain
diameter D (in the unit of meter) and the cooling rate near the solidification point for 316 stainless
steel within the range of ~5x10% to ~5x10° K/s:

D=1xT"1 ()
Using Eq.(2) and the cooling rate of ~0.5 — 1 X 10° K/s, a grain diameter of ~1 — 2 um is obtained,
which is still reasonably close to the grain size estimated from Fig. 9. Thus, the grain sizes

estimated from both Egs. (1) and (2) are reasonably close to the grain size in this work estimated
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from Fig. 9. Although Egs. (1) and (2) are fitting relations for metals and cooling rate ranges
different from those in this study, such consistency does provide supporting evidence that one
important reason for the fine grains shown in Fig. 9 should be the high cooling rate in re-
solidification during the DP-LMS process. It should also be noted that Ref. [31] studied rapid
solidification of pure iron via the piston quenching method, and when the cooling rate at the
solidification point is ~4x10° K/s, the obtained grain sizes are in the range of around 2.6 to 6 pm,
not very far away from the grain size estimated in this work from Fig. 9.

Figure 10 shows the nanohardness measurement results. Nanoindentation measurements
were conducted on the XZ cross section of two samples produced by DP-LMS with six locations
measured per sample, leading to twelve measurements in total for the two samples. Figure 10a
shows the load-displacement curves for three of the six measurements for Sample 1. Figure 10b
shows the hardness values from the six measurements on each sample as well as the average
hardness value obtained for each sample. The average hardness measured for both samples is close

to ~7.0 GPa. The error bar shown in Fig.10b is the standard deviation for the six measurements.

In this study, for the nanoindentation test on a sample, multiple locations on the XZ cross
section of the sintered material were measured. It was intended to make indentation locations close
to the central region of the sintered layer in its depth direction; but some actual indentation
location(s) could have deviations. If the dent left by an indentation measurement was found to be
too close to the edge of the sintered material (i.e., too close to the interface between the sintered
material and the mounting epoxy), that particular indentation result was discarded (and the location
was not counted in the aforementioned six locations) because it could be obviously affected by the
edge effect. Eventually, only the measurement results for indentation locations close to the central

region of the sintered layer were kept.
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Figure 10. Nanoindentation results for samples sintered with DP-LMS: (a) the load-
displacement curves from three of the six measurements for Sample 1; (b) Individual
measurement and average hardness values for Sample 1 and 2 (each individual hardness value
given is the average hardness in the tip penetration depth range of 100 to 200 nm)

Figure 11 shows the measured XRD results. Figure 11a gives the results in a relatively
wide-angle range for an original iron powder sample and a sample sintered with DP-LMS, while
Figure 11b and c show refined measurement results in a relatively narrow angle range for a powder
sample and a sample sintered with DP-LMS, respectively. In the XRD measurements, each DP-
LMS “sample” placed in the sample holder contains multiple pieces of the layer sintered by DP-
LMS, such that a relatively large top surface area of the sintered material is irradiated by the X-
ray spot. The locations of the four major diffraction peaks in Fig.11a (for both the powder and the
sintered samples) are reasonably consistent with the locations of the four peaks for the a-Fe phase
[35-37] in the angle range shown in Fig.11a. Hence, the a-Fe phase should exist in both the original
powder and the sintered samples. It is very likely the martensite phase also exists in the sintered
sample, which is supported by multiple pieces of evidence. Evidence (1): the original powder
contains ~0.66 wt.% carbon according to Ref. [25] as shown in Table 1. The DP-LMS process, as

discussed earlier, has likely resulted in full melting of some powder particles, followed by rapid
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cooling at a very high rate of ~0.5 — 1 X 10° K/s in solidification as roughly estimated earlier.
Based on the time-temperature-transformation diagram shown in [38] for 0.65% carbon steel, it is
expected that such a high cooling rate is sufficient to form martensite. Evidence (2): the existence
of martensite is further supported by the material morphology in the SEM image in Fig.9, where
the lath-like microstructures appear reasonably similar to those for steel martensite in SEM images
in Refs. [39, 40]. Such laths broadly exist in the entire imaged domain in Fig.9, which indicates
that martensite likely exists in the material. Evidence (3): the existence of martensite is also
consistent with the high nanohardness shown in Fig.10.

The top X-ray diffraction peak (i.e., the peak with the highest relative intensity) for
martensite can be closely located on the left side of the top diffraction peak for a-Fe [35-37].
Fig.11c shows that for the sintered sample, the profile of the top XRD peak for a-Fe is significantly
asymmetric, and the asymmetricity looks more severe than that for the powder sample shown in
Fig.11b. Although other factors such as dislocations and concentration gradients may also
contribute to the asymmetricity of an XRD peak [41, 42], the existence of the martensite top peak
slightly to the left of the a-Fe top peak is likely for Fig.11c, considering the multiple pieces of

evidence supporting martensite existence as discussed in the previous paragraph.
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Figure 11. XRD measurement results for original iron powder samples and samples sintered
with DP-LMS: (a) measurement results in a relatively wide angle range for a powder sample and
a sintered sample; (b) and (c) results from refined measurements in a narrow angle range for a
powder sample and a sintered sample, respectively.

Ref. [43] reported effective nanohardness of around 2.3 to 3.0 GPa for material made by
selective laser melting (SLM) of high-purity iron powders with an original average particle size of
~27 pum (the related SLM process using a CW laser was introduced in Ref.[24]). The measured
nanohardness of the material sintered with DP-LMS in this paper is ~7.0 GPa, much larger than

the material nanohardness reported in Ref. [43]. This is expected to be related to one or both of the

24



following factors: (1) the sintered material in this paper likely contains martensite as discussed
earlier while the material in Ref. [43] is obtained by SLM of high-purity iron powders with a very
low carbon content of only 0.004% and the material after SLM only contains the bce phase [24];
and (2) the grain size of material sintered in this paper as shown in Fig.9 is estimated to be typically
~1 to ~3 um, much smaller than that for the material in Ref. [43] (which is around ~10 um on
average). A small grain size can lead to the Hall-Petch strengthening mechanism, which can be
shown in the following equation relating the ferrite grain size (d) with the polycrystalline ferrite

microstructure yield strength, o, [44]:

oy =0y + 05+ 04 +kd " 3)
where o is the single crystal iron friction stress, o and g, represent the friction stress increase
due to solid solution strengthening and dislocations, respectively, and & denotes the Hall-Petch
coefficient. Eq.(3) suggests that a smaller grain size will result in a higher yield strength, which
may also be correlated with a larger hardness [45].

Ref. [46] reports that the intrinsic martensite nanohardness for a low-carbon steel with a
0.2 wt.% carbon content is ~6.25 GPa. Ref. [47] shows that the Fe-C martensite nanohardness is
~10 GPa for a 0.6 wt.% carbon content. The material sintered with DP-LMS in this paper likely
contains both martensite and a-Fe phases, and thus its measured nanohardness of ~7.0 GPa is a

reasonable value compared with those reported in [46, 47] for martensite and that in [43] for a

fully bec iron phase (which is ~2.3 to 3 GPa).

3.3 Strategic Guidelines for Parameter Selection in DP-LMS
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Finally, some strategic guidelines on the parameter selection in DP-LMS will be discussed.
As already introduced in Ref. [17], typically the selection of parameters in DP-LMS should follow
the following strategic guidelines:

Guideline 1: The pressing pulse intensity needs to be large enough to generate sufficiently high
pressures onto the surface of the powder bed. For a given laser spot size, this guideline typically
implies the selection of a relatively short pulse duration and a sufficiently large pulse energy for
the pressing laser pulse.

Guideline 2: It is often desirable that the material surface area irradiated by the pressing pulse is
still in a molten or partially molten state right before the pressing pulse arrives. Typically, this
guideline implies that the pressing pulse delay time 7, should be sufficiently small.

If Guidelines 1 and 2 are followed, then potentially the pressing laser pulse can induce high
pressures onto the surface of molten powder material to promote their flow to fill voids, reduce
balling, and/or improve material continuity.

In addition to the aforementioned two guidelines already discussed in the authors’ previous
paper [17], an additional guideline is introduced below in this paper:

Guideline 3: It is often desirable that the melt pool lifetime induced by each laser pulse group is
short enough to avoid excessive melt flow driven by surface tension after the end of the pressing
laser pulse. Different from the melt flow driven by the pressing laser pulse, the flow driven by
surface tension may often hurt the continuity and/or densification of the material solidified from
the melt pool (as discussed in detail below). Typically, this guideline implies the total incoming
energy from each laser pulse group should not be too large and adjacent pulse groups should be
sufficiently separated in time. The melt pool lifetime here mainly refers to the melt pool duration

during which the pool size is large enough to permit obvious melt flow driven by surface tension.
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The likely fundamental mechanism for Guideline 3 will be discussed next. In DP-LMS,
typically in each pulse group it is desirable that the pressing pulse follows the last previous
sintering pulse sufficiently close in time such that the material surface region irradiated by the
pressing laser pulse is still melted or partially melted right before the pressing pulse arrives [17].
The high pressures generated by the pressing laser pulse can promote melt flow to fill voids, reduce
balling, and/or improve material continuity. The melt pool may still exist for a certain period after
the pressing laser pulse is over. During this period, surface tension may drive further material flow
in the melt pool [48-50]. Different from the flow driven by the pressing pulse, the flow driven by
surface tension, if lasts sufficiently long, could often hurt the continuity and/or densification of
material solidified from the melt pool. For example, the thermocapillary flow driven by a surface
tension gradient (Marangoni effect) might occur, and could potentially cause a larger amount of
molten material moving out of a certain portion of the melt pool than the amount of material
moving in [48, 50]. This could cause depression in that portion of the melt pool [48], leading to
poor continuity or even segmentation in the material solidified from the melt pool. Thus, it is often
desirable to avoid an overlong melt pool lifetime to prevent excessive melt flow driven by surface
tension after the end of the pressing laser pulse.

The comparison of the single-track sintering results in Fig.12a and b is a likely
demonstration of the harmful effect of excessive melt flow driven by surface tension after the end
of the pressing laser pulse due to an overlong melt pool lifetime in DP-LMS. Figure 12a shows a
single track on an iron powder bed surface sintered with DP-LMS using the same laser parameters
as those for the results in Fig. 3 (E1: ~0.048 mJ, E>: ~0.124 mJ, di: ~150 pm and d>: ~110 pm).
Each laser pulse group comprises 10 sintering pulses as well as 1 pressing pulse as shown in Fig.

1b. For Fig.12a, the incoming energy from each laser pulse group is around 0.604 mJ. Figure 12b
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shows a single track sintered with DP-LMS using laser parameters the same as those for Fig.12a,
except a larger sintering pulse energy of £1=~0.080 mJ. For Fig.12b, the laser energy input from
each laser pulse group is around 0.924 mJ, about 53.0% higher than that for Fig. 12a. As a result,
compared with Fig.12a, each laser pulse group for Fig.12b is expected to produce a longer melt
pool lifetime in the powder bed. The sintered track in Fig. 12b appears more segmented and less
continuous than that in Fig.12a. The material irregularity and segmentation in the sintered track in
Fig.12b is expected to be due to the excessive melt flow driven by surface tension after the end of

the pressing laser pulse due to an overlong melt pool lifetime.

E; =~0.048 mJ
% E,=~0.124mJ
& d,=~150 um
d,=~110 ym

E, =~0.080 mJ
E,=~0.124 mJ
d, =~150 pm
dy=~110 pm

100 pm

Figure 12. Single-track sintering results with DP-LMS using £,=~0.048 mJ (a) and ~0.080 mJ
(b), respectively (E1: sintering pulse energy, E»: pressing pulse energy, d: sintering laser spot
diameter, d>: pressing laser spot diameter).

As introduced earlier, DP-LMS can produce a much lower surface porosity than SP-LMS
as shown in Fig.5. Meanwhile, some pores still exist (particularly around the inter-track
boundaries) in the DP-LMS results in Fig.3a and b. This is likely related to the fact that the very
fine iron powder used has a high pre-sintering porosity of ~50%. It could be good work in the

future to further improve the sintering quality and reduce the porosity, possibly via a systematic
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optimization of multiple laser parameters involved (not just the optimization of one parameter)

and/or pre-heating of the powder during DP-LMS.

4. Conclusions

This paper reported experimental studies on a novel patented DP-LMS process previously
put forward by the corresponding author [21]. In each sintering process, a thin layer was sintered
via DP-LMS with a laser spot scanning multiple overlapping tracks on the surface of an iron
powder bed with small particle sizes. The top surface and cross sections of the samples sintered
were observed using SEM. The top surface porosity (i.e., the pore area percentage) was estimated
based on SEM images using ImageJ. EDS and XRD measurements were conducted on the material
sintered. The material grain microstructure was observed via SEM after chemical etching. The
sintered material nanohardness was measured via nanoindentation. Under the conditions studied,
the following has been found:

(1) The top surface porosity of the iron layer sintered with DP-LMS is ~3.4%, much lower than
that by SP-LMS (i.e., laser micro sintering utilizing only the “sintering laser pulses”, but not
the “pressing laser pulses”), where the porosity is ~19.0%. The cross sections of the iron layer
sintered with DP-LMS look much more densified and continuous than those with SP-LMS.

(2) The SEM image of the DP-LMS sample cross section in Fig. 9 shows roughly equiaxed grains
with a typical grain size of ~1 to ~3 um. One important reason for the small grain size is
expected to be the high cooling rate of the material in re-solidification during DP-LMS,
estimated to be on the order of magnitude of ~0.5 — 1 X 10° K/s based on the authors’
previous related work.

(3) The nanoindentation measurements performed show that the material sintered with DP-LMS

has a high nanohardness of ~7.0 GPa, which is likely due to the small grain size and/or the
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existence of martensite phase.

(4) To obtain good sintering results in DP-LMS, the sintering pulse energy should not be too large.
Otherwise, the sintered material may show poor continuity. This is likely because the overlarge
sintering pulse energy can lead to an overlong melt pool lifetime for each laser pulse group,
during which the melt flow driven by surface tension could cause irregularity and even

segmentation in the material solidified from the melt pool.

Some good potential future work may include (but not necessarily limited to): (1) the
further improvement of the process parameters to further enhance the sintering quality by DP-
LMS; (2) the production of metal parts with complicated geometries by DP-LMS; and (3) the study

of the potential application of DP-LMS for ceramic materials.
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Table 1: The original elemental composition of the iron powder used for the laser sintering

experiments in this work according to the product Certificate of Analysis from Alfa Aesar [25].

Element

Fe

C

N

O

Weight %

98.18

0.66

0.69

0.47

Table 2: The original particle size distribution of the iron powder utilized in the laser sintering
experiments in this work, according to the product Certificate of Analysis from Alfa Aesar [25].

Percentage

10%

50%

90%

Particle size (um)

0.87

1.98

4.24
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