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Abstract: Compared with the current mature point scanning metal additive manufacturing technol-
ogy, the surface exposure technology by laser additive manufacturing can accelerate the construction
speed, and the short pulse laser is expected to improve the resolution. Here, a surface exposure
technology processing system was constructed based on a nanosecond pulsed laser source and
an optically-addressed liquid crystal spatial light modulator with a damage threshold higher than
500 m]/cm?. The resolution of the surface exposure processing system is proved to be about 100 pm.

Keywords: surface exposure; additive manufacturing; amplitude spatial light modulator; pulsed
laser; resolution

1. Introduction

Metal laser additive manufacturing (AM) is an important technology in the field of
three-dimensional (3D) rapid prototyping [1]. It can directly convert a computer-generated
3D model into a physical model and has the advantages of high degrees of freedom [2] and
high density [3]. At present, there are many mature metal laser additive manufacturing
technologies such as selective laser melting (SLM) [4], selective laser sintering (SLS) [5],
and direct energy disposition (DED) [6]. These technologies are based on continuous
laser melting and point scanning mode, where the scanning point size is in the order of
microns. However, when building a large sample, the processing speed is lower than that
of traditional manufacturing technologies.

The manufacturing accuracy of metal powder laser AM is in the range of approx-
imately 80-250 um, which is lower than that of stereolithography [6—8]. Therefore, im-
proving the printing accuracy is a crucial research area. It is well known that the thermal
diffusion length of a laser is an important factor affecting the forming accuracy. The affected
areas are typically composed of a fusion and a heat-affected zone [9,10]. The time scale
of the continuous laser is large, hence, it has a higher temperature and longer diffusion
length compared to the pulsed laser, resulting in a larger heat-affected zone [11], which
has a strong effect on the resolution. Therefore, a technology of surface exposure (SE)
additive manufacturing of metal powder with short pulses is expected to improve the
construction rate and resolution. Matthews reported a new AM method based on diodes
and layer-by-layer printing by coupling the light valve with a diode and pulse light [12].

Previously, our research group had developed a light-emitting addressable liquid
crystal spatial light modulator with a high damage threshold, which has been used in
several laser systems to realize beam pre-shielding [13,14], homogenization, and other
functions [13]. Recently, the damage threshold of this device can reach 521 mJ/ cm?. Based
on this, we designed a 3D additive manufacturing scheme for SE technology and verified
the feasibility of the scheme using tin material and a pulse light source with a pulse full
width at half maximum of 8 ns. The resolution of the formed metal was also analyzed.
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2. System Design of 3D Additive Manufacturing Scheme of SE

The principle of the SE AM is to print layer-by-layer. When irradiated by a single-pulse
laser, the powder on the actual layer is melted. After that, the powder is laid again by the
scraper, and the metal powder is melted and formed after being irradiated by the other
laser pulse. This step is repeated continuously until the entire sample is formed. In this
section, we mainly focus on the construction of the entire optical system used for the SE
technology. As shown in Figure 1, the optical system is composed of a short-pulse laser,
an optical transmission system, an optically-addressed spatial light modulator (OASLM),
and a vacuum tube. The short-pulse laser was provided by Keamtech (China), and it had
a wavelength of 1064 nm, full width at half maximum of 8 ns, frequency in the range
of 1-10 Hz, and a nearly flat top output laser beam profile. The laser was expanded to
27 mm (1/e?) through a pair of concave-convex lenses. Then, it was transmitted through
a soft-edge aperture to meet the optical aperture of OASLM, which is 22 mm X 22 mm.
Finally, the lens pair and mirror relayed the modulated beam to the printing plane. Lenses
with different focal lengths can be used to achieve different beam-reduction ratios. In this
experiment, the expansion ratios were 3. A vacuum tube without a pinhole filter was used
to prevent air breakdown due to the high energy density at the focal point.

Laser  PBS; L

Soft-edge
aperture

OASLM PBS, Ls L M

M-

Vacuum filter

Construction
chamber

Figure 1. Layout of the optical system of the additive manufacturing scheme of the surface exposure
(SE) technology. PBS;, and PBS,: Polarizing beam splitter; L;: concave lens; Ly, L3, and L4: convex
lenses; OASLM: optically addressed spatial light modulator; My: mirror.

It is widely known that pure metal powders are easily oxidized in air. During the
construction process, the oxidation rate of the pure metal powder is accelerated due to
the increase in temperature. Therefore, building a low-oxygen construction chamber is
required, as shown in Figure 1. The laser was vertically incident on the internal construction
platform from the window above the construction chamber. The entire construction
chamber was filled with argon having a purity of 99.99% to reduce the oxygen content in
the construction chamber. Sn powder was used in the experiment.

The energy of the incident laser is converted into heat when it reaches the surface of
the metal powder. The heat conducted to the adjacent powder results in a temperature
rise around the irradiated area, which affects the resolution of the construction samples.
For the isotropic material, it can be approximately characterized by the theoretical thermal
diffusion length L = 2+/Dt [15] which is a simplified, where D is the thermal diffusion
coefficient calculated from thermal conductivity, density, and heat capacity [16], and T is
the laser pulse duration. For a pulse with the full width at half maximum of 8 ns, the
thermal diffusion in Sn powder is about 1.5 um. Compared with the long pulse, the short
pulse laser offers the potential to improving the resolution of printing results.

3. OASLM Structure

The structure of the OASLM [17] is shown in Figure 2. It is composed of a photocon-
ductive layer, a transparent electrode layer, an alignment layer, a liquid crystal molecule
layer, and a glass substrate. The photoconductive layer was connected to the liquid crystal
layer in series, and an AC voltage of approximately 29 V was applied during operation.
When a write-in optical signal (blue, 470 nm) is incident on the photoconductive layer,
with a change in the resistance of the photoconductive layer, the partial pressure on the
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liquid crystal layer changes, which results in different deflection states of the liquid crystal
molecules. When a read-out light signal is incident, its optical parameters change corre-
spondingly [13]. Transmissive OASLM has a high transmittance in the range of 85-90%.
Compared with a reflective structure, the transmissive OASLM is more convenient in the
construction of optical path.

Liquid crystal
.. . Photoconductor Substrate
Write-in
blue light
<>
1064 nm[ N 1064 nm
laser laser
beam beam
input output
=
Transparent Transparent
electrode electrode
layer layer

Figure 2. Schematic diagram of the OASLM.

The OASLM can be divided into two types: amplitude type and phase type. When the
director difference of the liquid crystal molecule on the front and back surface is 90°, the
transmittance of the read-out light signal has a monotonous, nearly linear relationship with
the intensity of blue light on the photoconductive layer. When the liquid crystal molecular
twist is 0°, the phase delay of the output light varies with the intensity of blue light on
the photoconductive layer, which can be used for phase modulation. When using the
phase type modulator to realize the intensity modulation, it is usually placed at the front
focus of the lens. In this way, the intensity distribution of the output light after lens or the
intensity distribution after the phase type modulator and then the far-field transmission
can be realized by loading the phase hologram on the modulator, and the phase hologram
should be calculated by Fourier transform [18]. In addition, Marquez has reported that
the Fourier transform is in need to using the phase type modulator [19]. However, the
amplitude modulator can be directly loaded with an optical signal for the corresponding
modulation, which is more convenient to operate.

The device was integrated into a volume of 90 mm x 74 mm x 134 mm, and the
aperture was 22 mm X 22 mm. The damage threshold of the OASLM was tested to be
521 mJ/cm? (@ 1064 nm, 4 ns) using the N-on-1 method.

4. Requirement Analysis of Laser Energy Density for Surface Irradiated Tin Laser
Additive Fabrication

The melting threshold of tin was simulated using a finite-element method. The
dimensions of the powder were 34 x 20 x 1 mm?>, and the laser was irradiated at the
center of the powder. Owing to the symmetrical nature of the problem, we established a
1/4 model (17 x 10 x 1 mm?3). The 3D heat conduction model can be expressed as:

d
pcpa—f +V(—kVT) = Q )

where p, Cp, and k are the density, specific heat capacity, and thermal conductivity, re-
spectively, and Q is the input source, which is the pulsed laser incident along the z-axis.
Benchmarking the experiment, the input source had a uniform heat flux and the time
domain obeys a Gaussian distribution with full width at half maximum of 8 ns. The beam
waist radius was 0.42 mm. The absorption coefficient of material at 1064 nm was set to be
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0.2. The initial temperature was 100 °C. In addition, it was assumed that the heat source
was focused on center of the model and there was no radiant heat loss or melting.

The powder layer is a mixture of solid (Sn) and gas (air) phases. Theoretically, in
additive manufacturing processes, the powder layer has a discrete powder particle structure
with a single point connection; actually, the connection between adjacent powders typically
has the shape of the thin neck rather than a single point. Hence, the thermophysical
parameters of the powder are very different from those of the bulk material. Here, a linear
scaling approach is adopted to describe the thermal properties of the powder bed, and the
effective density, specific heat capacity, and thermal conductivity of the powder are given
as follows [20]:

P = ¢pair + (1= @)ps
CP = % (Ppaircp,air + (1 - (P)Pscp,s) ()
k=(1- (P)st
where ¢ is the initial packing porosity, defined as the fraction of voids with respect to the
bulk material, ps, Cy s, and ks are the density, specific heat capacity, and thermal conductivity

of the bulk material, respectively, and p,;, and C,, ,; are the density and heat capacity of air,
respectively, as shown in Table 1.

Table 1. Thermal properties of Sn and air.

Thermal Property Value
Bulk Sn density (ps) 7280 kg/ m3
Bulk Sn specific heat capacity (Cps,) 200]/kg-K
Bulk Sn thermal conductivity (k) 60 W/m-K
Air density (0,,) 1.2 kg/m3
Air specific heat capacity (Cp i) 1kJ/kg-K

Figure 3a shows surface temperature under the laser irradiation with different energy
density. The higher the energy density of incident laser, the higher the temperature of laser
irradiated surface. It can be seen that when the laser energy density was irradiated once
with a laser energy of 0.88 ] /cm?, the temperature of the powder layer reached the melting
point of tin (231.9 °C). The surface temperature of the powder when the laser was incident
of 0.88 ] /em? is shown in Figure 3b,c. The temperature reached the melting point in the
laser irradiation range, while for the other areas, the temperature is lower than the melting
point, which could improve the resolution of melting. Therefore, a laser energy density of
more than 0.88 ] /cm? was required to melt the powder in the experiment.
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Figure 3. Finite-element simulation results. (a) Surface temperature under the laser irradiation with
different energy density. (b) Temperature in the x-direction. (c) Temperature in the y-direction.

5. Experiments of SE Metal Additive Manufacturing Based on OASLM

To verify whether SE AM can be realized using the method described above, tin
powder with a low melting point was used. As pure metal powder is easily oxidized in
air, a chamber filled with argon was constructed. First, the substrate was preheated to
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approximately 100 °C in advance to improve the laser absorption of the powder, and then
the powder was manually laid on the construction platform with the size of 34 x 20 mm?.
To ensure sufficient powder content during melting, the thickness of the powder was
approximately 3 mm. The frequency of the laser was 1 Hz. Each time the laser was
triggered, the powder was melted in a set pattern.

The melting effect of tin powder was analyzed under different laser energy densities
without the application of the OASLM. Based on the simulation results, different energy
densities higher than 0.88 J/cm? were used to irradiate the surface powder. The surface
topology analysis of build samples was conducted with scanning election microscope
(SEM). Figure 4 shows top-view SEM images of build samples for different laser energy
density. According to SEM observations, the surface open porosity was obvious because
of the weak bonding and partially melted powder adhering in Figure 4a—c. An increase
of energy density of 1.24 ] /cm? and 1.25 J/cm? in Figure 4b,c, the effect was a little better
than Figure 4a, but there was still some failed bonding. Figure 4d—g show a better surface
after applying a higher energy density. The surface looked much smoother in Figure 4e-g.
Although there were some small bumps in Figure 4d, it was relatively flat. In addition, the
three-dimensional microscopy was used to test the surface roughness of samples.

(b) [ 30 ey () &%

Figure 4. SEM images of melting effect of tin powder with different laser energy densities. The
energy densities from (a-g) are 1.19, 1.24, 1.25, 1.30, 1.32, 1.35, and 1.37 ] /cm?.

Figure 5a,b show the surface roughness and the surface height maps with different
energy density respectively (i.e., S, roughness, see ISO 25,178 [21] standard) [22]. As
either fluence was increased, the surface became smoother. When the energy density
was 1.35]/cm? and 1.37 ] /cm?, the hills and valleys for the particles became less distinct.
Although there were some fluctuations in Figure 5a, the overall trend of surface roughness
decreased with the increase of fluence. As a result, the effect of metal melting forming was
better under a higher energy density.

Then, the OASLM was used in the experiment. The energy density irradiating the
surface of the metal powder was set to approximately 1.28 J/cm?. Figure 6a—d, Figure 6e-h,
Figure 6i-1 show the pictures loaded on the OASLM, the corresponding printing results, and
the printing results separated from the construction platform, respectively. The patterns
were loaded into the complex pattern in turns. First, the word “Jt.” was loaded on the
OASLM. As shown in Figure 6e-1, the powder was well formed and could be peeled off
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the construction platform. Then, more complex images were loaded on the OASLM, as
shown in Figure 6b—d. In Figure 6k, there are some misplaced when the printing results
were separated from the construction platform by hand due to each letter of “SIOM” was
independent of each other. From the results, we can see that the modulation from simple
to complex pictures was well formed. Therefore, SE technology, a new laser AM method,
can be realized by modulating the beam using the OASLM.

(a)

8.1
7.7
73

5.3

S, (pm)

L19 1.24 1.25 1.30 1.32 1.35 1.37
Energy density (J/cmz)

Figure 5. (a) The surface roughness (S,) of printing samples. (b) Surface height maps with different
laser energy densities. The energy densities from the first map to the last map are 1.19, 1.24, 1.25,
1.30,1.32, 1.35, and 1.37 ] /cm?.

Figure 6. (a-d) Loading images on the OASLM. (e-h) Printing results. (i-1) Printing results separated
from the construction platform.

A resolution pattern image was loaded on the OASLM to analyze the resolution of the
forming samples in this system, as shown in Figure 7a. Figure 7b shows the microscope
images of forming resolution sample. It can be seen that the printing results in the red box
were essentially the same as the shape of resolution plate, so it can be concluded that the
resolution of metal formation in this system was about 100 um. In this system, the limit
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References

factors of resolution of this system are the OASLM with the resolution of 50 um and the
particle size of powder. But there are errors caused by the offset of the image plane, and
the surface flatness of laying the powder on the construction platform. These errors will be
optimized to improve the resolution in subsequent studies.

4 5
=lmns

nm=s

Figure 7. (a) Resolution pattern image loaded on the OASLM. (b) The printing results of the resolution
pattern image.

6. Conclusions

In this study, we designed a nanosecond pulse laser optical system that can realize SE
AM using an OASLM with a high damage threshold of 521 m]J/cm?. The melting effect of
tin powder under different laser energy densities was studied, and a melting experiment
was performed with a laser energy density of 1.28 J/cm? irradiating the surface of the
metal powder. The results show that SE AM can be realized using OASLM to modulate
beams with different complexities. The minimum resolution of the entire optical system
was approximately 100 pm. In the future, we aim to improve the powder-spreading system,
which is expected to be able to achieve stereostructure printing of metallic materials. Also,
we are developing a high damage threshold (>1 J/cm?) OASLM, which can be used in
other metal SE AM applications.
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