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Abstract

This thesis investigates a mainstream metal 3-D printing technique (i.e., direct metal laser sintering of
stainless steel {SS} 316L) and two relatively new metal additive manufacturing methods (i.e., lost-wax
casting of sterling silver using stereolithography-printed wax masters, and binder inkjet printing of SS
316L) for the fabrication, using tens-of-microns sized voxels, of freeform, finely featured, mesoscaled metal
structures part of compact systems. Characterization of the 3-D printing methods includes the assessment
of dimensional accuracy and in-plane minimum feature size, measurement of vacuum outgassing and
porosity, and estimation of thermal and electrical properties of the printed parts. The data demonstrate that
binder inkjet printing of SS 316L has associated the smallest in-plane offset, out-of-plane offset, and
eccentricity of nominally symmetric features, while showing ultra-high-vacuum compatibility and intrinsic
electrical and thermal properties close to those of bulk metal. Characterization of binder inkjet-printed SS
316L MEMS cantilevers shows repeatable micron-level linear actuation and a near-isotropic Young’s
modulus of the printed material close to the bulk value. Also, current-voltage characteristics in air of binder
inkjet-printed SS 316L MEMS corona discharge ionizers with high aspect-ratio tips are presented. In
addition, high-resolution microscopy of binder inkjet-printed SS 316L electrodes part of a novel, compact,
multi-electrode harmonized Kingdon mass trap estimates at ~15 pm the maximum height difference

between the printed part and the digital model.
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1. Introduction

Additive manufacturing (AM) is a relatively new set of bottom-up fabrication techniques for layer-by-
layer buildup of three-dimensional (3D) solid objects of virtually any geometry described by a computer-
aided design (CAD) model [1]-{3]. AM has recently received great attention because of its unique
advantages over traditional manufacturing. In contrast to traditional fabrication methods that feature the
removal of material by cutting or drilling, AM is a bottom-up approach that builds up objects by adding
material in a layer-by-layer manner [2], bringing with it an array of desirable features including fast design
iteration, compatibility with freeform geometries impossible or challenging to build by conventional
methods, print-to-print design customization, and substantial reduction of cost and waste. An example of
this is the Advanced Turboprop engine (ATP) GE currently in development: 855 parts were reduced to 12
and the new process eliminated structural castings (though some casting is still required); the ATP has 20%

less fuel consumption, 5% weight reduction, and the test schedule was reduced from 12 to 6 months [4].

For microsystems, AM benefits include the realization of designs that are difficult, impractical, or
unfeasible to make with standard microfabrication methods, e.g., monolithic multilevel microfluidics [5}-
[7]. The research on metal AM for microsystems has focused on electrical interconnects; explored
approaches include nanoparticle ink coating [8], laser-assisted electrophoretic deposition [9], meniscus
confined electroplating [10], electrohydrodynamic printing [11], focused electron/ion beam-induced
deposition [12], and microplasma sputtering [13]. Although these methods can print layers with electrical
conductivity within an order of magnitude of bulk values [14], they have not been shown to reproduce
freeform three-dimensional objects with high fidelity, or be practical for implementing mesoscaled [15]
components of interest to microsystems, e.g., structures of arbitrary shape with tens-of-microns to sub-
millimeter characteristic dimensions and total dimensions between hundreds of microns to centimeters.
Examples of these structures include packages [ 16], mm-wave vacuum amplifiers and THz wave generators
[17], [18], mass filter electrodes [19], high-temperature microfluidics [20], needles for tissue interaction
[21], [22], ionic wind pumps [23], and low-frequency vibration energy harvesters [24]. These metal
structures are typically microfabricated via LIGA [25] (a low-throughput fabrication technique based on
electroplating molds patterned with x-ray lithography), electrical discharge machining (EDM, a low-
throughput, power-intensive etch process based on microdischarges), wafer bonding [26], or are not

microfabricated (e.g., dowel pins have been used as electrodes in MEMS quadrupole mass filters [19],
[27D).

The AM processes capable of creating freeform, mesoscaled metal components are commonly
classified into powder bed fusion (PBF) [28]-{32], direct energy deposition (DED) [33]-{35], binder jetting
[36], [37] and sheet lamination [38], [39] as stated in ASTM ISO/ASTM 52900 [40]; among these methods,
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PBF and DED are the most widely implemented [41]. In PBF, layers of metal powders are fused by raster
scanning a heat source, laser (named as direct metal laser sintering {DMLS}) or electron beam (referred to
as electron beam melting {EBM}) [42], [43]; re-melting of previous layers during the melting of the current
layer is necessitated to fuse a solid part, potentially altering the geometry being printed compared to the
CAD model. DED relies on melting the substrate and simultaneously the feedstock being deposited into the
substrate melt pool with a focused heat source, typically laser or electron beam; the typical layer thickness
employed in DED is in the range of 0.25-1mm [44], [45], which implies that this method is incapable of
directly producing mesoscale components with high precision. Building 3D components via sheet
lamination involves precisely stacking machined metal sheets followed by joining them with adhesives or
via metal bonding [46]. Requirement of massive fine feature machining and anisotropic properties of final

parts are inherent limiting factors, besides, complex overhangs are unfeasible to manufacture [2].

In this thesis, we investigate a mainstream metal printing technique (i.e., DMLS of stainless steel {SS}
316L) and two relatively new metal AM methods (i.e., lost-wax casting of sterling silver using
stereolithography {SLA}-printed masters [47], and binder inkjet-printing of SS 316L [48]) for the
fabrication, using tens-of-microns-sized voxels, of freeform, finely featured, mesoscaled metal structures.
Chapter 2 describes the different 3D printing technologies and the fabrication of the samples used in this
investigation. Chapter 3 summarizes the characterization methods used in this work. Chapter 4 reports the
characterization of the printed samples including (i) resolution, repeatability, and minimum feature size,
(ii) vacuum outgassing, (iii) thermal conductivity and electrical resistance, (iv) microstructure morphology,
surface roughness, and porosity, and (v) elastic properties. The data demonstrate that binder inkjet-printing
of SS 316L outperforms the other two printing technologies in most of the metrics analyzed, generating
printed material with intrinsic physical properties close to those of the bulk metal. Chapter 5, reports the
fabrication and characterization of two examples of binder inkjet-printed SS 316L mesoscaled structures:
MEMS corona discharge ionizer arrays, and electrodes part of a novel, compact, multielectrode harmonized
Kingdon ion trap for mass spectrometry applications. Finally, Chapter 6 summarizes the work, and Chapter

7 proposes directions for future work.
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2. 3D Printing Technologies and Specimen Fabrication

In this study, three metal AM methods were investigated: DMLS of SS 316L, lost-wax casting of
sterling silver using SLA-printed masters, and binder inkjet-printing of SS 316L. In this chapter, we first

explain in detail the AM methods, and then describe the fabrication of the specimens used in this research.
2.1, Direct metal laser sintering

The DMLS process creates objects from a variety of powder materials by locally heating particles with
a laser, followed by fusing or melting them together near the surface, layer by layer, in an inert-gas
protective chamber [40]. The first DMLS system was developed by Carl Deckard in 1986 and
commercialized by DTM Corporation in 1992 [49]. Introduced in 1995 by company EOS GmbH from
Germany, the machine EOSINT M250 was the first bronze-based metal powder printer that could print 100
um-thick layers using a carbon dioxide laser [50]; an updated version in 1997 enabled printing with 50 pm-
thick layers. In the late 1998 the first iron-based powder DMLS printer Directsteel 50-V1 was introduced,
capable of printing objects using 50 pm-thick layers; this version was soon modified to the DirectSteel 20-
V1 with 20 pm-thick layer capability. In 2004, EOS GmbH presented the EOSINT M 270 and a new series
of powder named DirectSteel H20, which were claimed to print parts with properties comparable with
commonly-used tool steels [51]. In addition, selective laser melting (SLM) systems that completely melt
the powders and use pure metal feedstock were developed by Fockele and Schwarze (F&S) in cooperation
with the Fraunhofer Institute of Laser Technology in 1999 [52]-[54] and commercialized as the MCP
Realizer250 machine by MCP HEK GmbH (now SLM Solutions GmbH) in 2004 [55]. State-of-the-art
DMLS systems are operated at power in the range of 100-1000W, sufficient to fully melt powders, and in
practice SLM and DMLS denominations are currently used interchangeably [56].

Figure 1 shows a schematic diagram of a DMLS setup [37], in which mirrors are used to direct the
laser beam on the powder bed and control the movement of the laser beam spot in planar directions (XY-
direction) following the designed path. The printing process starts by spreading a thin layer of metal
particles on the platform; then, a laser scans the surface of the platform while fusing/melting the metallic
powder in certain areas of the powder bed; once solidified, the laser-treated areas become the newest layer
of the build. Afterwards, the platform moves down, and a recoating blade or brush pushes another layer of
fresh powder from the powder tank to the top of the previously built surface, and the laser scan process
repeats. At the end of the build process, the un-melted powder is removed to reveal the workpiece and

sieved back for reuse.
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Figure 1 Schematic of a direct metal laser sintering setup [37].

In DMLS the building chamber is filled with inert gas, typically argon or nitrogen, to avoid oxidization
of metallic powders at high temperatures. The complicated thermal history the material experiences during
the printing process, i.e., the sequential consolidation of the material in small segments, induces a complex
thermal cycle that includes directed heat input and heat extraction and repeated partial re-melting and
cooling down, leading to accumulated residual stress —posing a detrimental effect on geometrical precision
and mechanical strength. Therefore, a DMLS-fabricated part exhibits heterogeneous microstructure due to
the preferred directional grain growth as the heat is extracted directionally [57], resulting in mechanical
anisotropy in the out-of-plane direction (Z-direction) generally being the weakest. Regarding the roughness,
DMLS parts are composed of a number of molten pools after solidification, and the surface morphology
can be described as overlapping peaks and valleys [58]. Moreover, considering the capillary forces in the
molten pool, the unmelted particles adsorbed on the surface during the cooling process are prone to create
micro-porosity and generate rough surface finish, which limit the consistence of the produced parts.
Furthermore, the absorption by the molten pool of N», O,, and Ha, as well as the entrapment of the gas used
in the inert atmosphere nucleate bubbles at the solid-liquid interface during solidification, leading to
additional porosity in the DMLS parts [59]. Based on the description of the printing process, the main
printing factors that affect the structural and mechanical properties of fabricated parts are (i) laser energy
density, (ii) platform temperature [60], (iii) layer thickness [61], (iv) hatch distance [62], and (V)
composition and pressure of the sintering atmosphere [63]. For example, a higher laser scan speed results
in less energy being transferred to the materials, leading to insufficient sintering and more porosity [64].
Parts densification could be achieved by decreasing the laser scanning speed, lengthening the interaction

time between the powder and the laser beam, boosting the amount of energy delivered to the powder bed.
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As a result, the mechanical properties of the final parts could be strengthened in general, but the final
dimensions of the printed part might be inaccurate [65]. Layer thickness, determined by the maximum
particle size of the powder, is another factor influencing the pore size: a thinner powder layer allows
sufficient fusion between particles, resulting in more densification and lower open porosity [66]; however,
if a too-small layer thickness is chosen, the blade will drag non-melted large particles or chunks of melted
particles, displacing the previous sintered layers from their position. As a matter of fact, the issues posed
by the special and complex metallurgy conditions during the DMLS process (e.g. overlapping of the melt
pools, layer-by-layer stacking, and extreme temperature gradients) are yet to be resolved, and understanding

the DMLS printing process is still an ongoing research effort.

2.2, Lost-wax microcasting

Lost-wax casting —a sculpting technique dating back to the Chalcolithic period [67], is a method for
producing high-quality metal components with excellent surface finish, dimensional accuracy and complex
shapes. Lost-wax casting is especially useful for producing complicatedly metal parts with undercuts or
geometry that could not be forged or machined (or machining would be material wasteful). Another
advantage of the lost-wax casting process over other shaping processes is the low loss of materials as the
runners and sprues (i.e., the solid pieces formed by solidification of molten material within the channels
that connect different casted parts to a single feeding point) can be recycled after separation from the main
components. Lost-wax casting is not fully automated, and in some cases is very arduous and time-
consuming [68]; lost-wax is best-suited for production of small- and medium-sized batches, and for parts

with highly complex shapes.

Lost-wax casting begins with the formation of a positive master in a sacrificial material, which is
traditionally done via injection of liquid wax into a precision mold. Nowadays, with stereolithography
(SLA), the wax copy of the part can be fabricated quickly and inexpensively without sacrificing its
dimensional accuracy. In SLA, the wax part, i.e., master, is built layer by layer out of UV curable liquid
resin [69] (Figure 2). One or more masters are then assembled with wax sprues and runners that serve as
feedstock feeder system and that also facilitate handling (Figure 3). The wax superstructure (i.e., master(s),
sprues, and runners) is then encased inside a ceramic matrix using a flask where liquid slurry is poured.
After drying, the ceramic is sintered, resulting in a ceramic mold with high mechanical strength. During
sintering of the ceramic, the wax melts and burns, leaving cavities inside the ceramic mold that closely
follow the geometry of the wax superstructure (the cavities are a negative copy of the wax superstructure).
After that, the molten metal is poured into the mold, filling-in the cavities by gravity or due to centrifugal

force. After the melt solidifies and is cooled, the mold is destroyed to extract the metal superstructure [70].
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Figure 3 Diagram of investment casting process [174].

Finally, the individual parts (i.e., metal versions of the wax masters) are separated from the runner system;
depending on the casting alloy and the investment material, chemical cleaning of the metal parts is

sometimes necessary.

Due to the nature of the casting process, a high-precision master is required for successful replication
of the part in metal; SLA can create accurately and quickly in a wax-like resin the part to be casted from its
CAD file. In SLA, a ultraviolet (UV) light source (a laser or an array of LEDs) selectively photopolymerizes
a liquid polymer vat, chemically bonding small molecules to create an infusible, insoluble, and highly cross-
linked 3D polymer network [71], [72]. In an SLA-printed part, the amount of cross-linking is directly related
to the amount of energy exposure received during its production [73]-[75]. Since the power of the
laser/LED is not high enough to completely cross-link the resin, post-UV curing is required. It is possible
to post-process SLA-printed parts with heat instead of UV, but it typically causes major warpage [76], [77],

which is a major concern if the part has thin-walled sections. The layer thickness used to SLA-print the wax
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master determines its surface roughness in the plane parallel to the build direction (i.e., the vertical sides of
the print; the bottom surface is attached to the build platform, while the top surface is the last layer printed).
When the vertical surface is parallel to the molded part’s direction of ejection, it affects the force required
to remove the part from the mold (the surface roughness and associated ejection forces are proportional to
the build layer thickness). Therefore, to reduce the force needed to eject the part, the part can be reoriented,
and/or the layer thickness can be reduced. However, present resin and machine technology have practical
limits in the reduction of layer thickness considering the increase in build time associated with thinner
layers. For example, a part printed with a Formlabs Form 2 using 200 pm layers takes 45 minutes, while

the same machine printing the same object in 100 pm layers would take around 1.5 hours [78].

In a nutshell, in order to improve the overall dimensional accuracy, as well as reduce porosity and
surface roughness of the casted part, it is essential to improve each of the individual stages of the
manufacturing process for different material combinations of master, investment and metal parts. Important

factors are summarized as follows:

o Castability of the alloy: flowability and form-filling ability, little contraction and shrinkage, reduced
segregation, low porosity and shrinkage cavitation, little hot crack susceptibility, high surface quality,
and good mechanical properties;

e Properties of the ceramic investment: the investment should be capable of achieving a very precise
replication of the wax mold with low surface roughness, and its expansion properties should match
those of the alloy used;

e (Casting conditions, such as the preheating temperature of the mold and the casting pressure, greatly

influence the grain size and mechanical properties of the casted part [79].

If the mold temperature is too low, or the overheating of the melt is not high enough, or the filling pressure
is too low to overcome the surface tension of the melt, the metal feedstock will solidify before the cavities
of the investment are filled-in completely, leading to incomplete casting. Porosity can appear in the casted
part due to various reasons e.g., the master is improperly sprued (sprues may be too thin, too long or not
attached in the proper location), the metal reservoir is too small to eliminate shrinkage porosity, there is gas
contained in the metal, the mold and/or metal are too hot, there is too high moisture, poor mold burnout.
Shrinkage holes would form if the solidification rate is not matched by feedstock feeding; surface shrinkage
holes and surface pores are caused by an excessive casting temperature. High surface roughness is related
to poor quality of the master, insufficiently cured ceramic investment before placing into the burnout oven,
prolonged time the investment flask held in steam dewax, overheated metal and/or flask [80]. Continuing
efforts are underway to improve the properties of SLA-printable waxes through the addition of additives

and fillers to produce a blend that offers better surface finish, minimum shrinkage, and moderate hardness
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[81]-{84]. Investigations on the modification of the investments have been conducted to reduce the surface
roughness of the casted parts [85]. A complete optimization of the lost-wax process is yet to be attempted

to thoroughly cover the physical variables associated with the thermochemical process.

2.3. Binder inkjet jetting 3D printing

Binder jetting printing is a two-step process for powder feedstock that decouples the printing of the part
from its heat treatment, making possible to use a homogeneous sintering environment to consolidate the
part with a uniform microstructure. In the first step of the process, components are created by injecting at
room temperature binders into the areas of the powder layer that are intended to be consolidated.
Specifically, as shown in Figure 4, a thin layer of powder is first distributed on the platform by a leveling
roller and then and array of inkjet nozzles moves along the X and Y directions to locally distribute binders
to adhere powders together. The binder is a polymer dissolved in water; during drying, water evaporates
and the polymer remains —sticking the powder particles together [86]. After completing bonding of the
powder of the current layer, the platform moves down (Z direction) for a distance equal to the layer
thickness, another layer of powder is distributed, and the binder injection process repeats. When all the
layers are built, the fragile binder—metal mix part is cured to gain mechanical strength, becoming a “green”
part, which is then extracted from the powder box and transferred to a furnace to completely burn out the
binder while sintering the print at a temperature of above 1000 °C for 24-36 hours [41]; the debinding
process is carried out following a thermal profile specific to each binder and metal power combination. The
green part becomes very brittle with binder decomposition and evaporation as temperature increases. A
minimum temperature must be maintained to pre-sinter the part to allow it to be handled. The loosely packed
metallic powder is bonded together through sintering and consolidation, inducing densification and
conferring mechanical strength. Similar to the DMLS process, the unattached powder can be recycled,
leading to significant gain of material utilization. Unlike traditional machining, binder jetting printing has
more versatility to create free-form geometries; moreover, unlike SLA, binder jetting-printed parts don’t

require any auxiliary support structures because the power bed serves as support.

The major processing parameters that control the morphology and density of a binder jetting-printed
part are (i) powder size, (ii) layer thickness, (iii) binder concentration, (iv) packing density, and (v) heat
treatment conditions. Finer powder often increases the density of the product, and also helps achieve finer
feature size; however, the efficiency of densification is decreased for a finer powder due to the powder
spreading issue [86]. Larger layer thickness reduces the processing time but increases the porosity. In
addition, parts are prone to failure during binder burnout if the binder concentration is high; therefore, the
binder concentration must be minimized while still providing sufficient mechanical stability to the printed

structure. Improving the packing density of the printed powder helps consolidate the powder better and
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reduce the shape distortion in the final parts. The heat treatment affects the microstructure, which
determines the mechanical properties of binder jetting-printed metals. The binder burnout temperature must
be compromised between the temperature beyond which the complete binder burnout is possible and the
temperature under which the oxidation of SS powders is minimized. Moreover, the parts shrink during the
sintering process, and, unfortunately, the shrinkage is not necessarily uniform, which would impair
geometrical accuracy and, even worse, trigger cracking —leaving the parts useless. Research has shown that
near-fully dense stainless steel parts with better surface finish are possible by using as feedstock powders
of various sizes, and by adding a small amounts of boron as sintering additive to reduce the sintering time

and temperature [87].

2.4, Specimen fabrication

2.4.1. DMLS-printed SS 316L specimens

The DMLS SS 316L samples were made with a Farsoon FS121M printer (Farsoon Technologies,
Hunan, China), shown in Figure 5, using SS 316L powders with ~35 um average diameter as printable
feedstock. The main specifications of the printer are listed in Table 1 [88] and the features of the stainless
steel power used is listed in Table 2 [89]. The powder melting and fusion was performed under nitrogen
gas by a 200W, 1060 nm Yb-fiber laser featuring a 100 pm focus diameter, traveling at 700 mm/s with
hatch spacing equal to 80 pm. The distance of two successive melting points along a scan line is set at 120
+ 5 um (i.e., the pixels measured ~120 x 80 pm). Specimens were built with ~30 um thick layers, each
layer was scanned once, except for the first layer that is scanned twice. The first layer was built by double

scanning along 67° from the X-direction, and for each subsequent layer, the scan vectors are perpendicular
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Figure 5 A Farsoon Metal Solutions FS121M [88].

Table 1 FS121M Specifications [88]

Effective Build Size (LxWxH)

120 x 120 x 100 mm

Layer Thickness (Typical) Adjustable 0.02 - 0.08 mm
Volume Build Rate* 5 cm*/hr

Scanning Speed** 15.2 m/s

Laser Type 200W Yb-fibre laser

Spot Diameter 0.04 - 0.1 mm

Inert gas supply Argon or Nitrogen

* Build quality degradation may occur outside the effective build size. ** Max build rate, material dependent.

Table 2 General Properties of FS316L Stainless Steel 316L

Average Particle Size (D50) 30 ~ 40 pm
Particle Size Range (D10~D90) 20 ~ 60 pm
Apparent Density 3.5~4.5 g/em?
Tap Density 4.5~5.5 g/em?

to the previously deposited layer (Figure 6). After furnace cooling down to room temperature, the parts

were removed from the build plate via EDM wire cutting. Supporting structures are used to assist the
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Figure 6 Schematic of the laser scanning pattern used to fabricate DMLS SS 316L specimens — double
scan of the first layer along 67°, and for each subsequent new layer a single scan shifted 90° relative to

the previous layer.

detachment of the part (the support structures provide material between the build platform and the part itself
so neither of them are damaged during part removal). Support structures were removed by hand using

hammer and chisel to avoid the temperature increase incurred during the tooling process.
2.4.2. Casted sterling silver specimens

The masters of the sterling silver micromolded samples used in this study were printed in B9 Creator
Emerald resin (B9Creations, LLC, Rapid City, SD, USA) using CAD files in STL format with a Solus
digital light projection (DLP)-SLA printer (Junction 3D, Santa Clarita, CA, USA), shown in Figure 7. The
Solus is a DLP projector-based SLA printer that uses a peeling mechanism to eliminate the need for
replacing or re-coating resin tanks with PDMS, while at the same time providing a non-stick surface for
smooth peeling; the peeling mechanism allows printing objects with high surface quality and very fine
details. The resin B9 Emerald provides clean burnout without staining the investment, enables casting of
thicker objects, and is pigmented for 25 um - 70 pm layer thickness for printing with fine features.
Plasticast® BANDUST™ (Ransom & Randolph, Maumee, OH, USA) is employed for casting. The
material is a gypsum-based jewelry investment which contains a refractory material, a bonding material,
and controlling chemicals. The refractory material, silica, can withstand high temperatures without

decomposing. Gypsum is the bonding material, which holds the refractory materials in place to form a
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Figure 8 Investment Mixing and Burnout Instructions [91].

mold. The controlling chemicals are used to adjust and accentuate various investment properties. The
Plasticast® BANDUST™ produces up to 99% less respirable dust exposure during the investing process
compared to competing investments, while maintaining the same final casting quality. Besides, it is an extra
high strength investment with isotropic expansion that can maintain smooth mold surface and dimensional

integrity [90]. In addition, the Plasticast® BANDUST™ investment can easily be removed in water.

To print each master, the in-plane (XY) resolution is set at 25 pm x 25 um pixels and the layer thickness

is set at 30 um. In some cases, support structures were included to assist the creation of the part. After
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Figure 9 B9 Emerald resin burnout schedule [95].

printing, the parts were sequentially dipped in a 90% isopropyl alcohol and ultrasonic rinse for 30 s to
remove uncured resin, followed by immersion in water with detergent, and finally rinsed in clean water for
about 30 s. After the prints were dried with an air gun, post curing was performed at 45 °C for at least 120
minutes using a 405 nm light source. The supports were then carefully clipped off by hand, and sprues and
runners are added to the master(s). After the wax superstructure is made, the casting process continues with
mixing the pre-weighted investment with water (Figure 8 [91]). The water-to-investment powder ratio is in
the range of 38:100-42:100 for this product [90]. If the water-to-powder ratio is too low, the investment
would be difficult to pour, and the removal of the casted part would be difficult due to the compressive
strength of the fully-fired ceramic; also, a high water-to-powder ratio may contribute to cracks or a rough
surface finish [92], [93]. De-ionized water was mixed with the investment powder because it features a
lower pH and conductivity, which reduce the variability in pour time, set time, and fluidity, making the
investing process more consistent and reproducible [92], [94]. The investment powder was added to water
instead of the other way around, as it would be difficult to mix and will affect the working time. The
investment mix was then placed in a vacuum chamber, applying enough vacuum to cause a rapid outgassing
and pour into the flask. The invested flask was vacuumed for ~1.5 min to release air bubbles, slightly
vibrating or tapping the flask during this operation to assist air release. Afterwards, the flask was
immediately transferred to a vibration-free storage area for initial hardening and bench curing for about 2-
6 hours. The sprue base was then removed, and the flask was loaded in the burnout oven to burnout the
resin following the schedule recommended by the vendor, shown in Figure 9 [95]. A centrifugal casting
machine was used to fill-in the cavities left by the burning out of the wax master with sterling silver. Finally,

the resulting metal parts were washed in an acid bath to remove residual oxides, and carefully polished.
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2.4.3. Binder inkjet-printed SS 316L specimens

The binder inkjet-printed SS 316L samples used in this study were made with a DM P2500 printer
(Digital Metal, Hollsopple, PA, USA) at room temperature; the printer is shown in Figure 10 and its
specifications are summarized in Table 3 [96]. The printer uses a feedstock powder that contains 17% Cr,
12% Ni, and 2.2% Mo (Table 4 [97]) that is optimized to attain a high density in the printed material at the
green state [86]. The tool has ~30 um x ~30 pm in-plane pixels and prints in ~35 um thick layers. The
binder is a water-dissolved polymer glue that is digitally applied to agglomerate the powder in the designed
shape with sufficient strength. There is no need for building support structures because the printed
components are adequately held by the powder bed, which facilitates removal of powder during cleaning
and reduces the need for post treatment. The printing process is performed without protective gas because
there is no heat involved during printing. The green components can be produced with high detail level and
tolerance because no melting takes place during the building of the object. After carefully removing the
loose powder, the parts are annealed at ~1,360 °C in vacuum with a partial pressure of nitrogen applied to
eliminate trapped air, obtain a final high density, and maintain good dimensional stability. Among the
metals that compose the SS 316L alloy, chromium has significantly high vapor pressure at the annealing
temperature and tends to vaporize [98]; however, conducting the annealing at nitrogen partial pressure
reduces the surface chromium evaporation as the vaporizing Cr will collide with nitrogen molecules within
the furnace, which is crucial to maintain the high corrosion resistance of austenitic Cr-Ni-steel [99]. The
printed part shrinks during annealing due to the high porosity of the green component; however, because
the amount of shrinkage is repeatable and can be measured, it can be compensated at the design stage.

Finally, the parts are carefully polished.
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Figure 10 DM P2500 digital metal printer [96].

Table 3 DM P2500 Digital Metal process capabilities [96]

Effective Build Size (LxWxH)

203 mm * 180 mm x 69 mm

Layer Thickness (Typical)

Adjustable 0.02 - 0.08 mm

Build volume (scaled):

170 mm x 150 mm x 57 mm (L x W x H)

Build volume (unscaled):

203 mm x 180 mm x 69 mm (L x W x H)

Minimum length 1 mm

Maximum length Preferably <50 mm

Comer radius 35 um

Chamfer Steps of 35 um in z direction

Wall thickness Preferably > 300 pm. Minimum > 150 pm

Resolution Maximum

35 um in z direction

Holes

> 200 pm depending on hole length

Productivity

60 cm?/h scaled; 100 em*h unscaled

Table 4 Stainless Steel 316L Chemical Composition (%) [97].

Fe

Cr

Ni Mo

316L Bal

16-18

10-14 2-3
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3. Sample Characterization Methods

3.1. Metrology

The Mitutoyo Quick Vision ACTIVE 202 (Mitutoyo America Corporation, Marlborough, MA, USA),
shown in Figure 11 [100], offers a wide field of view with interchangeable objective zoom lenses to measure
small to large features. The 8-step zoom lens can achieve a magnification between 0.5X and 7X while
maintaining crisp image quality: with the 1X objective, the tool achieves a magnification between 0.5X and
3.5X with a working distance of 74 mm; with the 2X objective, the tool achieves a magnification between
1X and 7X. The illumination of the programmable LED stage, coaxial light and 4-quandrant LED ring light
can be controlled independently in every direction, front and back, right and left, to configure highly
variable lighting settings to match measurement locations. Reliable edge detection is achieved by selecting
the optimal focus among surface focus, pattern focus, edge focus and laser auto focus according to each

surface texture and measured features [101].
3.2. Scanning electron microscope (SEM)

An SEM is useful for observing the surface morphology of a specimen at high magnifications.
Compared with optical microscope, an SEM offers a wider range of magnifications with greater focal depth.
A brief description of the imaging formation is described here, more details can be found in SEM reference

books and other materials [102], [103].

The main components of a typical SEM are the electron column, the scanning system, one or more
detectors, the display, a vacuum system, and control electronics (Figure 12 [104]). The electron column of

the SEM consists of an electron gun and two or more electromagnetic lenses operating in vacuum. The

Figure 11 QV ACTIVE with optional Opti-fix clamping system [100].
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Figure 12 Schematic illustration of scanning system of the scanning electron microscope [104].

HITACH

Figure 13 HITACHI High Technologies Tabletop Microscope TM3030 [105]

electron gun generates free electrons and accelerates these electrons to energies in the range of 1-40 keV in
the SEM. The electron optics of the SEM provides the microscope with the capability of forming a beam
at the specimen surface typically with spot size diameter in the range of | nm to 1 um, beam current between

pAs and pAs, and probe convergence angle between 10 to 10~ radians. The electron beam enters the
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specimen chamber and strikes the specimen at a single location; elastic and inelastic scatterings occur within
the interaction volume. The scattering produces secondary (SE) and/or backscattered electrons (BSE) that
are collected by a detector; the resulting signal is amplified and displayed on a computer monitor. SEs are
produced near the sample surface and the SE image obtained reflects the fine topographical structure of the
sample. BSEs are electrons that are reflected upon striking the atoms composing the sample whose number
is dependent on the composition (average atomic number, crystal orientation, etc.) of the sample; therefore,

a BSE image reflects the compositional distribution on the sample surface.

Scanning is usually accomplished by driving electromagnetic coils arranged in sets consisting of two
pairs for deflection in the X and Y directions, respectively. A typical double-deflection scanning system,
as shown in Figure 12, has two sets of scan coils, located in the bore of the final (objective) lens, which
first drive the beam off-axis and then back across the optical axis, with the second crossing of the optical

axis taking place in the final aperture, hence sampling the specimen at a controlled succession of points.

The HITACHI High Technologies Tabletop Microscope TM3030 (Figure 13) was employed in this
study [105]. The TM3030 can observe BSE images using high-sensitive semiconductor 4-segment BSE
detector incorporated in FE-SEM and VP-SEM. The magnification is adjusted in the range of 15X to
60,000X. The chamber can accommodate samples up to 70 mm diameter, travelling +17.5 mm in the X-
and Y-directions. When a non-conductive sample is imaged, detectors are operated under low-vacuum

conditions with the charge-up reduction mode.
3.3, Scanning confocal microscope surface texture characterization

Surface texture reflects the local deviations of a surface from its ideal shape. Surface texture can cause
variations in the physical and chemical properties of a material. Roughness is one of the most critical surface
texture parameters; it plays an important role in determining how an object will interact with its
environment, e.g. the initial points of cracks or corrosion. Measurement of the surface texture is important
in many disciplines, in particular, in the machining of precision parts and assemblies that contain mating

surfaces or that must be operated under high pressure.

There are several instruments, based on various techniques, that can be used to characterize surface
texture. The measurement techniques can be divided into contact and non-contact methods; in each
category, the optimal method is chosen based on the prior knowledge of aspects such as the range of the
surface roughness, and reflectance of the examined surface. Contact methods involve tracing a stylus across
the surface of the specimen, such as stylus profilometer for nano to micron meter range roughness, and the
atomic force microscope (AFM) for nanometer roughness. Non-contact methods, also known as optical

methods, include white light interferometry for roughness smaller than a quarter of the wavelength of green
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light, and confocal microscopy (nanometer to micrometer range). Optical methods can perform fast, high-
accuracy and, most importantly, non-destructive characterization of surface texture. Besides, it makes the

construction of topography maps possible, enabling the determination of the whole surface under test.

A laser confocal microscope is a light-based microscopy system that uses a laser passing through the
confocal optical path for image formation. In conventional light microscopy, the image is formed
simultaneously for all observed points of the entire field of view; in contrast, a laser confocal microscope
forms the image pixel by pixel using photomultipliers or CCD. The resolution of a stylus profilometer is
governed by the tip diameter and shape selected for surface analysis. The tip radius of a general contact-
type stylus is about 2 to 10 pm, which causes the roughness data to be “filtered”. In contrast, with a
diminutive laser spot, a laser confocal microscope can measure surface roughness of micro geometries at
higher resolution than a contact-type stylus, including mapping shapes that the stylus cannot reach.
Moreover, in roughness measurements across an area in which line scanning across an arbitrary rectangular
range is required, a laser scanner can provide a finer lateral separation with a reasonable evaluation time.
A laser scanning confocal microscope (LSCM) configured with confocal aperture can compile a series of
2D images captured at step size through a specimen into a 3D data set, providing pixel intensity and sub-
micron spatial information adequate for the quantitative surface measurements that were conducted in this

study.

Unlike a conventional wide-field microscopes where the entire specimen is illuminated and viewed,
the method of image formation in a confocal microscope is achieved by scanning one or more focused
beams of light, usually from a laser, across the specimen [106], [107]. In LSCM (Figure 14 [108]), the point
source produced by a pinhole placed in front of a laser source is focused by an objective lens into the
specimen, and light reflected by the surface is focused by the same objective lens and passed through a
second pinhole located in front of the detector and confocal with the first pinhole. Any light that passes
through the second pinhole strikes a low-noise photomultiplier, which produces a signal that is directly
proportional to the brightness of the light. The second pinhole prevents light from above or below the plane
of focus from striking the photomultiplier which is the key to the confocal approach, eliminating the
ambient light and out-of-focus light from the specimen by spatial filtering —enhancing both lateral and axial
spatial resolution by significantly improving image contrast [109], [110]. This reflection arrangement
eliminates the considerable problem of aligning the two objective lenses in the transmitted light version
since a single o objective lens is used for both the excitation and the emission paths. In a LSCM the vertical
resolution of the measurement depends on the resolution of the microscope used, i.e., the depth of focus
DOF[111]
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DOF =—2* 3-H

4n(1— #1—(%)2)’
where 1 is the wavelength of the light source, n is the reflective index of the medium, and NA is the
numerical aperture of the objective lens. From an optical point of view, height variation smaller than the
depth of focus is not detectable by the photo multiplier tube because it cannot detect the variation in the
reflected light intensity. Lateral resolution, according to the Rayleigh formula, is determined by the N4 of

the objective lens and the wavelength of the illumination [19]
_ 2
=0.61 A’ 3-2)

which indicates the level of in-plane details actually observed in the specimen.

Surface texture of the printed samples was examined with a point scanning confocal microscope
Keyence VK-X250 (Figure 15) with illumination provided by 0.95 mW laser, generating a monochromatic
408 nm light beam with 0.2 pm spot size. Reflection from sample surfaces was collected with 20X lens
(NA = 0.46, working distance {WD} = 3.1 mm) or 50X lens (N4 = 0.95, WD = 0.35 mm), and received by
a high-sensitivity 16-bit photomultiplier that captures the weakly reflected laser light —enabling nanoscale
measurements. The X-Y scanning repeats for each Z position within the field-of-view by dividing the region
into up to 2048 x 1536 pixels, generating height and color data. Image stacks with the optimal number of
sections for maximal z-resolution (for the lens) were transformed into topographical images for
measurements. For the two lenses used in this work, the axial resolution is limited to 0.910 pm and 0.148
pum for 20X and 50X, respectively, and the lateral resolution are 0.541 um and 0.261pm, respectively,
according to Eq. (3-1) and Eq.(3-2). Therefore, in theory, although the optimal scanning pitch should be
equal or larger than the depth of focus in function, even with a fine scanning pitch, the axial resolution is
still limited by the characteristics of the objective lens. However, in this instrument, a linear scale module
is included in which the sensor that measures dimensions uses two scales to convert movement and
displacement into electrical signals, improving the Z-resolution of the objective lens to 0.5 nm with 10 nm

increments of the Z drive and with X and Y step size 10 nm, resulting in a resolution as high as 1 nm.

3.4, Characterization of thermal diffusivity

The method used for measuring thermal diffusivity employed in this study is a laser flash. The technique
assumes an infinite slab specimen of dense material having a thickness L. that is initially at a uniform
temperature, which is then subjected to an instantaneous, spatially uniform impulse of radiant energy at its
front surface, leading to a measurable temperature increase at its opposite rear face. The specimen is

assumed to be opaque, thermally insulated, homogeneous, and isotropic [112], and the thermophysical
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properties and density of the test material are constant within the temperature excursion induced by the
impulse (usually 2-10 °C). With these assumptions, the heat flow is treated as one-dimensional, occurring
throughout the thickness of the slab, i.e., the z direction (i.e., there are no heat losses). The transport of heat
through the sample causes a transient temperature rise, 7(z,f) on the rear (or top) surface of the specimen

(i.e., z=L;) which is expressed as [113]

—n2q2
T(Let) = 52 [14 252, ()" exn (P55, (3-3)

where Q is the radiant pulse energy per unit surface area, # is time, and ¢,, p, and a are the specific heat,
mass density, and thermal diffusivity, respectively, of the material being analyzed. By dimensionalizing the

temperature in terms of the maximum excursion temperature at the rear surface after an impulse, i.e., Ty, =

2
Q/ (pcp LC), and rewriting the time as w = EL—?, the temperature at z= L. can be written as
c
V(e w) =1+ 2357,(—1)" exp(—n’w). (3-4)

The thermogram plot from Eq. (3-4) is shown in Figure 16, with # s representing the half-rise time, i.e.,
the time required for the rear-face temperature to reach half the maximum [114]. The precision of the flash
method depends on how the experimental conditions resemble the assumptions formulated as the initial and
boundary conditions of the analytical model. Of course, the samples used in the actual experiments have
finite in-plane dimensions, causing possible heat loss by radiation or conduction at the sample, potentially
invalidating the one-dimensional heat flow assumption. Besides, since the sample is not perfectly insulated,
the radiative heat losses on the normal surfaces is unavoidable. Furthermore, as the laser impulse is not
infinitely short in duration, the heat input is not instantaneous, leading to possible overlap with the
characteristic rise time of the rear-face temperature caused by heat transport through the sample. Non-
uniform heating is another issue that affects the experiment, which stems from the nonuniform laser-beam
energy profile, as well as non-uniform absorption of the radiation energy over the front face surface.
However, the last two phenomena are mostly encountered in measuring thin, high-diffusivity materials
[112].

The thermal diffusivity of the samples used in this study were measured with the laser flash technique
using the instrument NETZSCH LFA 457 MicroFlash. Compared with conductivity measurements using
other products from NETZSCH, e.g., the GHP (Guarded Hot Plate), the HFM (Heat Flow Meter), or the
TCT (Thermal Conductivity Tester), the LFA is configured to handle much smaller sample sizes and the
investigations generally take much less time, while HFM, GHP and TCT are those primarily used for

inhomogeneous sample materials (insulation materials) considering their relatively large sample capacities.
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Figure 16 (a) Schematic of the laser flash method for thermal diffusivity; (b) Dimensionless plot of the
theoretical rear surface temperature.

Table 5 Sample geometry suitable for LFA, GHP, HFM and TCT techniques [115].

LFA GHP HFM* TCT

Round or .
Sample shape rectangilar Square Round or rectangular Rectangular (cuboid)
Number of pieces per 1 2 1 2
sample
Diameter and/or edge ” 150 x 150 - 300 x 300 or | =200 x 100
lengths (mm) L A00=300 305x305-610x 610 | (Standard: 230 x 114)
Max. thickness (mm) 6 100 100 or 200 76
Ml thifidvess o) 0.01, dependenton | ~ 1, dependent on -5 50

sample sample
Applicable -120-28000r-125 | . . }
temperature (°C) -1100or -100- 500 | "'60-20 -30-90 K50

* Two models of HFM are available for different sample sizes.

An overview of different methods of suitable sample and the temperature ranges are summarized in Table

5[115].

The NETZSCH LFA 457 MicroFlash, shown in Figure 17, can measure thermal diffusivities between
0.01 mm?/s and 1000 mm?/s (i.e., thermal conductivities between 0.1 W/(m'K) and 2000 W/(m-K)).
The thermal diffusivity is determined with +3% accuracy and the specific heat capacity can be directly

determined with £5% accuracy for most materials [116]. The 1054 nm Nd: Glass laser in the system has a
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Figure 17 LFA 457 MicroFlash (a) Apparatus; (b) Schematic diagram [116].

maximum pulse energy of 18 J and a uniform pulse width over the entire pulse duration of 0.3 ms, producing
sharp and defined peaks with negligible tailing. Two interchangeable detectors are available to cover
different temperature ranges, with the standard InSb (Indium Antimonide) detector designed for the high-
temperature range, and the highly sensitive MCT (Mercury Cadmium Telluride) IR-detector for the lower
temperature range between -125 °C and 500 °C. To conduct a measurement, the lower surface of a plane
parallel sample is first heated by a short energy pulse; the resulting temperature change on the upper surface

of the sample is then measured with an infrared detector.
3.5. Electrical resistivity characterization

When estimating the resistance of switch or relay contacts, a common multimeter often produces high,
almost meaningless resistance readings due to the very low currents involved in the measurement. Typical
off-the-shelf multimeters offer a low resistance measurement on the order of 200 Q full scale with a
resolution of 0.1 Q, which is inadequate for conducting these measurements. For quantitative measurements
of components like switches and relay contacts, the resistance is typically 1 Q or less and needs to be

determined with a resolution on the order of mQ.

The specifications on some handheld 2-wire meters indicate a 200 mQ range with 1 mQ sensitivity.

The lead resistance (typically 10-100 m€) [117] could be zeroed out, but the uncertainty of the contact
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Figure 18 Four-Wire Resistance Measurement [177].

C] Position of connection Pi
when using Kelin clips

.. Current Connection
" Potential Connection

Figure 19 Kelvin clips for four wire terminal connection [178].

Figure 20 Hewlett Packard 34420A Micro-Ohm Meter [179].

resistances is left and can change with each measurement. Contact resistance values may be in the 35 mQ
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range at each probe and can vary with the temperature of the material under investigation. The two-wire

test method is best used for readings above 10.00 Q up to 1.0 to 10.0 MQ [118].

Due to the limitations of the two-wire method, the four wire (Kelvin) connection method, shown in
Figure 18, is generally preferred for low-resistance measurements. With this configuration, the test current
I is forced through the test resistance R through one set of test leads, while the voltage Vs across the
resistance under test is measured through a second set of leads called sense leads. Although small, pA-level
current may flow through the sense leads, it is usually negligible and can generally be ignored for all
practical purposes. The voltage drop across the resistance of the sense leads R.z4p is negligible, so the
voltage measured by the meter Vi, is essentially the same as the voltage Vr across R. Consequently, the
resistance value can be determined much more accurately than with the two-wire method. Note that the
voltage-sensing leads should be connected as close to the resistor under test as possible to avoid including
the resistance of the test leads in the measurement. The terminals used in the circuit are Kelvin clips instead
of crocodile clips (Figure 19), where each jaw of the Kelvin clip is insulated from the others. The current
lead is connected to one jaw and the potential lead to the other, providing separate current and potential

connections.

In this study, the electrical resistances of the specimens were measured with a Hewlett Packard 34420A
u&Q Meter (Figure 20) using insulated gold Kelvin clips. This meter features a resistance sensitivity of 100
nQ and a DC voltage sensitivity of 100 pV. The reading noise is down to 8 nVy, as the meter is configured

with low-noise input amplifiers and a highly tuned input protection scheme.
3.6. Vacuum outgassing characterization

Outgassing in a vacuum system refers to gas that is released from the surfaces inside the system that
are exposed to vacuum —it is effectively a desorption process. In general, outgassing does not become a
factor until the pressure in the system is 0.1 mbar (75 mtorr) or less, although the outgassing greatly varies
depending on the materials involved. The intrinsic outgassing rate of a solid or liquid is the quantity of gas
leaving per unit time and per unit of exposed geometric surface, or per unit mass of the sample, at a specified
time after the start of evacuation. The outgassing rates of materials decrease with time exposed to vacuum,
as gas is progressively removed from the material. With most materials, the outgassing rate reaches a
plateau after approximately 4 hours under vacuum. Various methods such as the throughput method and its
two variants, the conductance modulation method and the two-path method, the gas accumulation method,
and the mass-loss measurements are available for outgassing rate measurement [119]. For measuring
outgassing rates lower than 10® mbar.l/s.cm?, the gas accumulation method and the conductance
modulation method are widely used. When the former method is used to measure small outgassing rate, the

test chamber is pumped to its ultimate pressure before the isolation valve is closed and the rate of pressure
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rise is measured. In the latter method, the pressure difference is measured via the known conductance of
the pumping orifice to obtain the outgassing rate of a sample. In this study the second method is used in the
measurement, and the chamber was evacuated by a turbo pump. The gas flow and then the actual outgassing

rate g, (mbar.[/(s.cm?)) are related to the pumping rate following equations

== Pg as

Ga=="5, (3-5)
where S is the pumping speed of the pump (L/s), P, is the partial pressure of gas species (mbar); 4 is the
geometric surface area of the sample (cm?).

A custom test rig at Edwards Vacuum was used in the characterization of the outgassing rate, which

features a 200 mm-wide, ultra-high vacuum (UHV)-compatible SS cube chamber fitted with a 200 amu

mass range reduced gas analyzer capable of measuring partial pressures as small as 1x10™"* mbar.
3.7. Mechanical characterization via cantilever deflection

To characterize the elastic performance of cantilevers printed using different technologies, bending
tests were carried out using a Hysitron Triboindenter TI 950 (Figure 21) fitted with a 10 pm radius cono-
spherical diamond tip. The instrument is capable of applying a force up to 10 mN with 1 nN resolution and
measuring a vertical displacement up to 5 pm with a 0.02 nm resolution. The tests were conducted in the
elastic region with a linear relationship between applied force and vertical deflection with a slope denoted

as kg

ko=F/8=3E-I/ I3 (3-6)

Figure 21 Hysitron Triboindenter TI 950
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in which § is the deflection with force F loaded at position L. E is Young’s modulus, /. denotes the moment
of inertia of the cross section of the beam (assumed to be constant across the beam) about the neutral axis
[120]. L couldn’t be measured precisely due to the difficulty of locating the cantilever roots [121]; therefore,

the Young’s modulus E of the 3D printed samples was calculated as
E=1/(@ls"b%), (-7

where b is the gradient of k, from the force-deflection curves produced at two or more different loading

positions; this approach requires well-known relative positions of the different points of measurement.
3.8. Material characterization via uniaxial tensile tests

Uniaxial tension tests provide a simple and effective way to characterize a material's response to
loading. By subjecting a sample to a controlled tensile displacement along a single axis, the change in
dimensions and resulting load can be recorded to calculate a stress-strain profile. From the obtained curve,
elastic and plastic material properties can then be determined. We performed tensile tests on stainless steel
samples and calculated their Young’s modulus, yield stress, ultimate tensile strength, and elastic strain
energy density. The uniaxial tensile tests were conducted using a PASCO Materials Testing Machine (ME-
8236). The built-in strain gauge transducer is capable of measuring up to 7100 N of force witha 1 N
resolution, and the displacement of the load bar is measured by the optical encoder module with a resolution
of 1 um. Force data from the load cell and displacement data from the encoder module are recorded with

PASCO Data Collection Software Capstone.
3.9. SEM sample preparation

Sectioning of the test samples was carefully performed to avoid altering or destroying the structure of
the material. A Buehler IsoMet™ Low-Speed Precision Cutter [122], shown in Figure 23(a), capable of
cutting with a +£5 pm precision, was used to section the cantilever samples to review the surface along the
longitudinal direction. The tool uses gravity-fed cutting force to reduce deformation on delicate samples:
the weight is applied to the work in increments of 25 grams by proper selection of the four weights supplied
with the unit —the heavier the load, the greater the surface damage to the specimen. The angular speed of
the spindle can be set in the 0-300 rpm range; analogous to using heavier weights, faster speeds tend to
damage the specimen surface. Weight and rotation rate are chosen to provide a smooth, clean surface with
optimal cutting efficiency. The IsoMet™ employs the "drag" principle of lubrication with the lubricant
carried to the sample on the periphery of the blade to keep the sample cool [123]; moreover, it reduces
cutting time and produces superior quality cuts as effective lubrication allows the diamond particles to cut

cleanly by minimizing blade loading with the formation of discrete chips, enabling a clean release from the
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Figure 22 Pasco Materials Testing System.

blade and work surface. The small amount of possible deformation occurred on the sample surface was

removed during subsequent sample preparation steps.

After the specimen is sectioned to a convenient size, it is mounted in a plastic or epoxy material to
facilitate handling during the grinding and polishing steps —mounting metallographic samples helps to
protect and preserve the edges during metallographic preparation, which is crucial to evaluate the surface
for structural integrity [124]. Given that SS specimens are not susceptible to heat or pressure, compression
mounting using Buehler Simplimet 4000 Mounting Machine (Figure 23(b)) is employed; the tool uses a
mounting press to apply heat and pressure to encapsulate the sample in a mounting compound. The
mounting technique provides excellent edge retention that protects and preserves the edges during the
preparation process. Green PhenoCure powder is chosen as the mounting media, considering the
compatibility of in terms of hardness and abrasion resistance. With the addition of copper filler, the
electrical conductivity under SEM examination is ensured. The mount is allowed to cool down to room
temperature under pressure before removing it from the mounting press to minimize shrinkage and improve

edge retention.

The next step in sample preparation is grinding (Struers Rotopol, Figure 24 (a)) with abrasive used for
each succeeding grinding operation —one or two grit sizes smaller than what was used in the preceding step
to achieve a flat, smooth and scratch-free surface. The polishing step is required to remove the surface
damage that occurred during sectioning and during the previous grinding step. Wet grinding with water is
used to minimize specimen heating, and to prevent the abrasive from becoming loaded with metal removed

from the specimen being prepared. Proper grinding removes damaged or deformed surface material, while
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Figure 23 (a) Buehler IsoMet™ Low Speed Precision Cutter [123]; (b) Buehler Simplimet 4000
Mounting Machine [124].

Figure 24 (a) Struers RotoPol-21 polishing machine; (b) Buehler AutoMet 250 Polisher.

limiting the amount of additional surface deformation, such as enlarging or deforming the pores. The
grinding process began with 240 grit silicon dioxide paper to remove burrs from sectioning and progressed
through 1200 grit silicon dioxide paper for finer polishing. Much care was taken during the grinding and
polishing process to not over polish or use worn out paper. Paper was changed frequently, and pressure

forced on the samples was monitored. One-direction grinding was used to maintain flatness.

Mechanical polishing was performed on Buehler AutoMet 250 Polisher (Figure 24 (b)) as the final
polishing step to remove any remaining thin layer of deformed metal, resulting in a smooth, reflective
surface. The procedure leaves a properly prepared sample ready for examination of the unetched
characteristics, such as porosity. The cloth used is magnetically attached to a rotating wheel, and the applied

abrasive particles are finer successively (starts with 9 pm diamond, then continues with 3 pm diamond, and
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concludes with 0.05 um alumina in the final polishing step, listed in Table 6 [125]). Between each step of
grinding and polishing, the samples are sonicated to remove abrasive and debris from the opened pores to

avoid contaminating the next polishing step.

Table 6 3-Step Polishing Method for Stainless Steel [126].

Surface Abrasive / Size Load - 1bs [N]/ | Base Speed [rpm] | Relative Rotation | Time [min:sec]
Specimen
UltraPad 9um MetaDi 6[27] 150 (RN = 5:00
Supreme Diamond \.) @
TriDent 3um MetaDi 627 150 R B 3:00
Supreme Diamond \.f l&@l
ChemoMet 0.05pm MasterPrep | 6 [27] 150 AR 2:00
Alumina ‘ '\\.}x@
. = Platen @ = Specimen holder ~ *Plus MetaDi Fluid Extender as desired
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4. Characterization of 3D Printed Metal Samples

Clearly, there is a need for better understanding of the properties of metal components produced via
AM technologies. Therefore, we conducted a comprehensive characterization of the properties of the 3D
printed samples, with the aim to identify the best manufacturing method for vacuum-compatible, detail-
rich, freeform mesoscaled components. Dimensional accuracy and surface finish are the cornerstones of
metal AM, especially when producing functional products that satisfy practical applications: for example,
post-machining of mesoscale parts to a tight tolerance and additional polishing to a smooth surface would
be time-consuming and expensive, wiping out the advantages of AM over conventional production
methods. Thermal and electrical conductivities are heavily influenced by porosity and cracks; therefore,
measuring these physical properties could help verify the capability of printing technologies to create
relatively pore-free parts and provide insight into the manufacturing process. Given that 3D printing is and
additive process, it is possible that small voids in the print, created as layers are formed, could trap gases
and later gradually vent into vacuum, making the part unsuitable for high vacuum environments.
Mechanical properties of 3D printed parts could be different from those of the conventional machined parts
due to the complex thermal history involved in their creation. The data from this analysis demonstrate that
binder inkjet printing of SS 316L has associated the smallest in-plane offset, out-of-plane offset, and
eccentricity of nominally symmetric features, while showing ultra-high-vacuum compatibility and intrinsic

electrical and thermal properties close to those of bulk metal.
4.1, Dimensional accuracy, minimum feature size

Geometry characterization is critical for quality control and to assess whether the deviations from the
CAD design meet the required tolerance. The accuracy a printer can reach is not only determined by the
printing process parameters (e.g., the size of the feedstock, the minimum diameter of the laser source or the
binder jet), but also by the dimensions and geometry of the part that is printed. Here, we characterize the
minimum feature size (MFS), precision, and repeatability of the printers using vertical cylinders spanning
a range of diameters and heights; each of these structures is called a resolution matrix. The fabricated
resolution matrices from each technology are shown in Figure 25 —a top view of a selected pillar with
nominal diameter of 450 pm from binder inkjet printing and 500 pum from the other printing techniques is
included. The heights of the substrate and the pillars are designed to be integer multiples of the layer
thickness of each printer. For the DMLS SS 316L resolution matrices, the pillar diameter was varied
between 300 pm and 1,600 pum in steps of 100 um, while the pillar height was varied between 300 pm and
2,200 pum in steps of 100 um; similarly, for the binder inkjet-printed SS 316L resolution matrices the pillar
diameter was varied between 360 um and 1,530 um in steps of 90 pm, while the pillar height was varied

between 360 pum and 2,070 pm in steps of 90 pm; likewise, for the lost-wax casted sterling silver resolution
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Specimen Specimnen

(a} Inkjet Printed 58 316L (by DMLS SS 316L (¢) SLA Green Resin (d) Casted Sterling Silver

Figure 25 Fabricated resolution matrices from each technology.

matrices the pillar diameter was varied between 350 pm and 1,550 pm in steps of 75 pm, while the pillar
height was varied between 350 um and 2700 pm in steps of 90 um. Features with dimensions larger than
200 pm were measured using a Mitutoyo Quick Vision ACTIVE 202, while smaller heights were
characterized by a Leica Microsystems’ research-grade microscope incorporated with the Renishaw Invia
Reflex Raman Confocal Microscope system that is equipped with a motorized stage for area mapping with
step sizes of 100 nm (X/Y) and 16 nm (Z). Metrology of the B9 Creator Emerald wax masters is included
in the characterization to decouple the resolution issues due to the printing of the wax masters from those
due to the lost-wax casting, a 3% volumetric shrinkage is accounted for during printing. In-plane
dimensions are measured in two directions corresponding to the maximum and minimum diameters
respectively to assess the roundness of the pillar, and results are illustrated in Figure 26. Out-of-plane

dimensions refer to the height of each pillar are shown in Figure 27.

The relatively large deviation of features in the objects printed with DMLS is related to the heat transfer
during printing process. After the laser source passes a spot, it returns back before the heat from the previous
pass could dissipate since the part is small. The small pillars will reach a higher peak temperature during
melting than a larger pillar given the constant laser power and scan speed. Besides, when printing small
pillars, the material underneath is not sufficient to conduct the heat away, which further aggravates the

overheating problem, leading to larger shrinkage in smaller features as illustrated in Figure 26 (b) —the
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Figure 26 In-plane dimension characterization of (a) inkjet printed SS 316L; (b) DMLS SS 316L; (c)
SLA green resin; (d) casted sterling silver.

deviation tends to be suppressed for larger feature sizes. In addition, the energy concentration increases the
relative scale of molten pool, resulting in a less sharply defined edge. The increase in height is possibly
related to the setup of the machine to prevent the shape error. Due to the strong dependence of the
dimensional deviation on the feature size, compensation based on the experimental measurement of all
features would be needed, which would significantly complicate the procedure to improve the dimensional
accuracy of a general part as different shrinkage compensation factors would be required for each section
of the CAD model.

In the casted samples of SLA-printed resolution matrix masters, the height is undersized by around 270
um regardless the height of the pillars. Taken into account the 3% shrinkage, 10 layers are likely missing,
which might be caused by the calibration of the printer. Since the height of the pillars are rather small, it is

relatively easy to achieve high dimensional accuracy of the casted part in the vertical direction. In the plane
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Figure 27 Out-of-plane dimension characterization of (a) binder inkjet-printed SS 316L; (b) DMLS SS
316L; (c) SLA-printed B9 green resin; (d) lost-wax casted sterling silver.

parallel to the layers, the edge of the casted pillars is severely rounded off as illustrated by the single pillar
in the Figure 26(d) —the bright circle is the edge of the top surface of the pillar, while the outer rim of the

dark circle is the top view of the side surface.

Binder inkjet printing displays a very high dimensional accuracy and the dimensional parameters stay
within a tight deviation across the full range of dimensions included in the matrices (Figure 27 (a)). The
shape of cylinders is well conformed with a straight side wall and relatively flat top surface (Figure 25(a)).
In conclusion, binder inkjet printing succeeded in building accurate fine features, which is of great
importance for components fabricated from stainless steel 316L since feature post-sizing becomes

increasingly difficult for materials with hardness exceeds 150HV [127].
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Table 7 Summary of Metrology 3-D Printed resolution matrices

DMLS SS 316L ~1 pixel (~100 pm) (0.294+0.133) 185 um ~3 slices (~100 pm)
}1‘}2‘:’ SS 316L ~0.5 pixels (~10 um) | (0.297+0.080) | 366 pm ~1 slice (~25 pm)

DLP-SLA B9 green resin | ~2 pixels (~60 pm) (0.228+0.032) 287 pm ~9 slices (~270 pm)
Lost-wax Sterling silver ~1.5 pixels (~40 pm) | (0.330+0.056) 340 pm ~9 slices (~270 um)

A summary of key findings from the metrology characterization is provided in Table 7. For all printing
methods characterized, the coefficients of determination of the least-squares fits suggest a linear
correspondence between the printed dimensions and the corresponding CAD dimensions; also, the printed
out-of-plane dimensions are closer to the corresponding dimensions of the CAD files than the in-plane
dimensions (the in-plane and out-of- plane printed dimensions are on average 3.6% off and 1.7% off than
the corresponding CAD dimensions, respectively). The average eccentricity across all samples is ~0.29,
i.e., the cross-section of the pillars is very close to the ideal circular shape (in an ellipse with an eccentricity
of 0.29, the major axis is ~2% longer and the minor axis is ~2% shorter than the radius of a circle with the
same center). The data also show that binder inkjet printing of SS 316L has associated the smallest in-plane
offset, out-of-plane offset, and eccentricity (variation considered) of nominally symmetric features; in
addition, the cylinders made with this technique had straight sidewalls and fairly flat top surfaces. Although
the DMLS technique produced smaller features due to the significantly larger offset, the edges of the printed
parts were less sharply defined compared to the samples made with binder inkjet printing. The values in
Table 7 for the lost-wax micromolded parts and the DLP-SL A wax masters are about the same, suggesting
that the lost-wax process minimally distorts the CAD geometries after the changes caused by the wax
masters; however, unlike the wax samples, the edge of the lost-wax micromolded pillars was severely
rounded off (due to surface tension, the solidifying metal is not fulty conformed to the sharp corners defined
in the mold by the wax master; in addition, heat concentrates at the small volume of molten material located
in the corners, limiting the heat transfer from the melted metal to the mold, creating localized areas with

low solidification rate).
4,2, Electrical and thermal characterization

For metals, the thermal and electrical conductivities are heavily influenced by porosity and cracks in

the microstructure. Therefore, characterizing these physical properties on printed samples could provide
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insights into the internal structure of the printed materials. Also, in many cases, the applications that can be
satisfied with a given AM method strongly depend on how close the intrinsic values of the printed material

are to those of the bulk material.
4.2.1. Electrical resistivity characterization

The electrical resistivity p, of the printed metal rods was calculated from the slope of the resistance vs.

length data plot via
R=p,-l/A; + Ry, @D
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Figure 28 R - [ Curve of an inkjet binder-printed SS 316L rod.

Table 8 Electrical resistivity of SS 316L and sterling silver samples.

Sample Electrical Resistivity (pQ-cm)
SS 316L ESPI 72.593+0.039

DMLS 72.096+0.516

Binder inkjet 78.356+1.456
Sterling silver ESPI 2.128+0.067

Lost-wax 4.801+0.215

where A, [, and R are equal to the area of the cross-section of the rod samples, the length of the rod samples,
and the resistance of the rod samples, respectively, and R, is equal to the contact resistance. R was directly
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measured with the 4-wire Kelvin apparatus previously described using a Hewlett Packard 34420A nV, uQ
meter. The printed rods had 1 mm diameter and were 45 mm, 65 mm, and 60 mm long for binder inkjet-
printed, DMLS, and lost-wax casted samples, respectively; the electrical resistivity of the bulk material was
measured for comparison using 1| mm diameter and 65 mm long rod samples (ESPI metals, Ashland, OR,
USA). To eliminate the influence of the contact resistance from the mating connectors on the estimate of
the electrical resistivity, resistance measurements at different clip separations were made using each rod.
The R -1 curve of the inkjet binder-printed SS 316L rod sample is shown in Figure 28, while the
experimental results are summarized in Table 8. The electrical resistivity of the printed SS 316L samples
is close to the bulk value, suggesting that the DMLS and binder inkjet-printed SS 316L samples are
relatively free of internally porosity and cracks. In contrast, the electrical resistivity of the lost-wax sterling
silver sample is twice that of the bulk metal; this result is surprising, it was expected that the lost-wax
process would yield pore-free samples with near-bulk properties. The reason for the large discrepancy needs
to be further studied as experiments showed no significant decrease in mass density, or contamination of

the samples.
4.2.2. Thermal conductivity characterization

Conducting a direct measurement of the thermal conductivity of a metal sample is relatively difficult
because we need to know very well the heat flux across the sample; however, measuring thermal diffusivity
is comparatively less challenging [116]. The thermal conductivity k as a function of the thermal diffusivity

a is given by
K=a-c,: p, 4-2)

where ¢, is the specific heat and p is the mass density. The thermal conductivity at room temperature of
metal printed samples was estimated by measuring a via the laser flash technique described in Chapter 3
with a Netzsch LFA 457 MicroFlash. The 2 mm-thick and 12.4 mm diameter samples were pre-coated with
graphite to increase heat absorption; for comparison, a of the bulk material was also characterized using
similarly shaped samples (ESPI metals, Ashland, OR, USA). The experimental estimates of the thermal
conductivity of the samples are summarized in Table 9; in these estimates, ¢, was assumed equal to
published values, and p was estimated by measuring the weight and volume of each sample with a precision
balance and a micrometer, respectively. The thermal conductivity of printed SS 316L is roughly the same
for both printing technologies and comparable to the bulk value. However, the thermal conductivity of lost-
wax sterling silver is slightly lower to that of the bulk material, which may be related to the low conductivity

of the graphite coating. Since the spot of laser is smaller than the specimen, the porosity distribution plays
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Table 9 Measured Thermal Conductivity of SS 316L and sterling silver samples.

Sample Thermal Conductivity (W/(m*K))
SS 316L Nominal 16.2

ESPI 16911

DMLS 13.568+0.281

Inkjet Printed 14.689+0.184
Sterling silver | Nominal 361

ESPI 307.391

Casted 290.870+12.930

a role in measuring the thermal diffusivity —further studies should be conducted to elucidate whether the

porosity distribution is correlated with the thermal conductivity estimates.

4.3. Vacuum outgassing characterization

The vacuum outgassing of samples made with the three studied AM methods was characterized to
assess the suitability of these manufacturing technologies for vacuum applications. Several of the MEMS
applications satisfied by mesoscale metal structures require vacuum to operate, e.g., mm-wave vacuum
amplifiers, THz wave generators, and mass filters [17], [18], [128]. Porosity is a common concern in metal
AM [41]; it is possible that small voids within the printed part could trap gases, which later, gradually, vent

into vacuum, increasing the background pressure.

The vacuum outgassing of DMLS-printed SS 316L, binder inkjet-printed SS 316L, and lost-wax casted
sterling silver samples was measured using a custom testing rig. The system is pumped by a 68 I/s dry rough
pump/turbo combo capable of reaching 107" mbar ultimate pressure (if baked). The samples tested are
printed flat plates with nominal surface area equal to 96 cm? for SS 316L and 80 cm? for sterling silver.
Measurement of the outgassing rates was conducted every ten minutes for over 10 hours. The residual gas
analysis at 10 hr are shown in Figure 29, and a summary of the experimental results at 1 hr and 10 hr are
provided in Table 10. As expected, most of the outgassing is water (the samples were not baked in vacuum).
The outgassing rate of DMLS SS 316L is the smallest of the three samples, followed by lost-wax sterling

silver (~1x107'° mbar.l/(s.cm?) and 4x10°'° mbar.l/(s.cm?), respectively, after subtracting the contribution
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of water vapor in the outgassing). Nonetheless, the water-free outgassing rate of binder inkjet-printed SS

316L is adequate for UHV applications [129].
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Figure 29 Residual gas analysis of materials in the chamber after pumping down for 10 hours, (a) binder

inkjet-printed SS 316L; (b) DMLS printed SS 316L; (c) lost-wax casted sterling silver.

Table 10 Outgassing rate of 3-D Printed metal samples

Outgassing rate x 10" mbar.l/(s.cm?)
Sample 1 hour 10 hours

Total H20 CyHy Total H20 CxHy
Binder inkjet (SS 316L) 54 37 0.26 7.2 35 0.018
DMLS (SS 316L) 14 53 0.15 1.3 1.2 0.0044
Lost-wax (sterling silver) | 27 15 0.18 28 2.4 0.004
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4.4. Mechanical and surface texture characterization

To assess the capability of the three metal AM techniques studied to creating free-standing structures,
cantilevers were produced; their surface morphology and Young’s modulus were measured to evaluate the
influence of printing orientation on dimensional accuracy, surface roughness and mechanical properties.
Cantilevers are transducers commonly used in miniaturized systems for sensing [130], switching [131],
vibration energy harvesting [132] and other applications. Fabrication of overhanging structures layer by
layer often surfers the problem of deformation caused by residual stress [133] and the layer-wise
manufacture of the part often leads to inherent anisotropy [134], [135]. Besides, as stated by Niendorf [136],
for feature sizes smaller than 650 pm, sample geometry and the overall sample dimension have pronounced
influences on the evolution of the microstructure due to heat flow phenomena, strongly affecting the
mechanical performance. There are reports in the literature of 3-D printed metal MEMS cantilevers. For
example, Lam and Schmidt reported 50 pm to 100 um wide, 2.8 pm tall, and 500 pm long cantilevers made
by inkjet printing of silver nanoparticles, followed by laser trimming [137]. Also, Park et al. demonstrated
MEMS mechanical switches based on 100 pm wide, 1.6 um tall, and 500 pm long inkjet-printed silver

nanoparticle cantilevers [138].

Cantilevers with length equal to 5 mm, height between 450 um and 675 pm, and width between 300
pum and 630 um were fabricated in SS 316L via binder inkjet printing. The specimens were printed in two
directions, that is, the neutral axis of the cantilever was either parallel (i.e., horizontally printed) or
perpendicular (i.e., vertically printed) to the printed layers. The cantilevers were printed monolithically
attached to a rigid frame. The horizontally printed cantilevers were oriented upside down to eliminate the
need for support structures (in other words, the tops of the horizontally printed cantilevers directly touched
the build plate). The surfaces of the DMLS specimens were left in as-printed condition due to limited
polishing path caused by the severe wrap. Binder inkjet-printed SS 316L specimens were post treated with
blasting using small and gentle media, while lost-wax casted sterling silver specimens were slightly tumble

polished.
4.4.1. Cantilever neutral axis deviation characterization

The deflection of the neutral axis of the cantilever specimens was characterized with a Mitutoyo Quick
Vision ACTIVE 202, the findings are summarized in Table 11. The significant wrap-up (bending towards
the laser beam) of the DMLS cantilever beams is due to the residual stress introduced by the steep
temperature gradients [139] due to the rapid heating up of the interaction spot and low heat conduction of
the material. Given that the expansion of the upper layer is restricted by the underlying material, the heated
top layer would be plastically compressed. During the cooling process, the plastically compressed upper
layer starts to shrink and finally the thin beam is angled towards the building direction [139]. The printing
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orientation has a significant influence on the deviation of cantilevers printed with DMLS method —vertically

Figure 30 SEM micrographs of cantilevers: binder inkjet-printed, SS 316L, horizontal neutral axis,
lateral side (a) and top side (b); binder inkjet-printed, SS 316L, vertical neutral axis, unpolished lateral
side (c) and top side (d); binder inkjet-printed, SS 316L, vertical neutral axis, polished lateral side (e)
and top side (f); DMLS, SS 316L, horizontally printed, unpolished lateral side (g) and top side (h);
DMLS, SS 316L, vertically printed, unpolished lateral side (i) and top side (j); lost-wax casted sterling
silver, polished lateral side (k) and top side (1).
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Table 11 Deviation of cantilever neutral axis at the tip of the cantilever

Sample Deviation (mm)
Horizontal, polished 0.1969+0.0494
Binder inkjet 3161 Vertical, unpolished 0.2321+0.0383
Vertical, polished 0.2166+0.0350
Horizontal, unpolished 0.3401+0.0475
DMLS 316L
Vertical, unpolished 0.4189+0.0700
Casted sterling silver Vertical SLA resin mold, polished | 0.3572+0.0467

DMLS printed samples have a higher distortion attributing to the lack of support when scanning a large
number of layers. Furthermore, scanning track reduction results in a quick reheat of previously molten
tracks and rapid exposure of the entire beam layer, which causes the temperature of the upper layer to
remain high. Given that heat transfer directly down to the solidified underlying layers is more likely to
occur than to the surrounding loose powders, the small size of the solidified underlying layers makes the
cantilever less resistant to thermal shock, which could magnify the effect. As for sterling silver cantilevers,
besides the high malleability and ductility of sterling silver, the curl of sterling silver cantilevers partially
stems from the warping of the resin mold as a result of the non-uniform internal stresses developed during
the formation of the polymer bond and the exothermic chemical reaction during photo-polymerisation [73].
Binder inkjet-printed samples display a much lower deformation (~2° angular deviation) because no
differential temperature is applied during printing process, and the heating occurs to the whole part during

the sintering,
4.4.2. SEM inspection

SEMs (Tabletop Microscope TM3030) of the lateral and top surfaces of cantilevers made with each of
the AM methods studied are shown in Figure 32. For SS 316L printed samples in the as-fabricated
condition, the layering and the hatching line are not visually apparent on the lateral surfaces (Figure 32 (d),
(g), (§)) and top surfaces (Figure 32 (c), (h), (i)). Discrete bumps and surface voids are noticeable within the
conglomeration of sintered SS particles (Figure 32 (c), (d)). After polishing, it is obvious that both the size
and amount of defects in vertically inkjet binder-printed sample (Figure 32 (f)) are greater than the
horizontally built sample (Figure 32 (b)) which arise from the interlayer pores; however, the edges and
corners of the vertically printed cantilevers are clearly sharper. DMLS-printed surfaces display different

features: a coarsely scaled texture where many pores linked together forming microcracks, and the corners
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of the cantilever’s cross-section are rounded. Sharp edges could not be resolved when casting in sterling
silver (Figure 32 (k), (1)). This could be explained as follows: heat concentrates at the small volume of mold
media located at the corner, limiting the heat transfer from the melted metal to the mold, creating localized
areas with low solidification rate; due to surface tension, the solidifying metal is not fully conformed to the

sharp corners. Of all the printing methods and neutral axis orientations, vertical inkjet binder-printed SS

Figure 31 3D topography of 3D printed cantilevers: horizontally inkjet printed, polished (a); vertically

inkjet printed, unpolished (b); vertically inkjet printed, polished (c); horizontally DMLS, unpolished
(d); vertically DMLS, unpolished (e); sterling silver casted from vertically printed mold, polished (f).
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Table 12 Surface roughness of 3D printed metal cantilevers: arithmetic average roughness and root

mean square height.

Sample Sa (um) Sq (pm)
Binder inkjet Horizontal, polished 2.299 3.015
Vertical, unpolished 6.483 7.705
Vertical, polished 2.584 . 3.577
DMLS Horizontal, unpolished | 6.112 7.744
Vertical, unpolished 6.663 8.386
Lost-wax casted Vertical SLA resin 6.034 9.287
mold, polished
Smooth portion picked | 2.141 2.869
for bending test

316L cantilevers had the straightest faces (Figure 32 (d)) with the most precise rectangular cross sections

with crisp corners (Figure 32 (c)).
4.4.3. Surface texture characterization

The surface roughness of the cantilevers was measured following ISO 25178-2 [140] using a 3D Laser
Scanning Confocal Microscope VK-X250 with Nikon 20X objective lens. The whole surface of each
cantilever was sampled to conduct the analysis of surface roughness. Table 12 gives the mean values of
surface roughness in terms of the arithmetic average roughness S, and the root mean square roughness S,
3D images under Nikon 50X objective lens of the typical surface profiles for each category are shown in
Figure 31. In the as-fabricated condition of the vertically binder inkjet-printed specimen, high points are
evident amid the nodular sintered powder particles; polishing effectively smooths high points, but the low
pooled regions are still evident compared with the horizontally built specimen, which may relate to the
insufficient fusion between layers, and this leads to slightly higher roughness of vertically built cantilevers.
Discrete and small-scale bumps are more obvious on horizontally built cantilevers; the vertical counterpart
has more linked, coarsely scaled sintered powders. Most of the materials appeared to be completely fused,
with no laser traces or segregated beads of powders evident on the surface. Vertically and horizontally
printed DMLS specimens displayed similar features with pores linked together forming microcracks.
Higher surface roughness from the vertically fabricated samples could be attributed to the staircase shape

effect during the DMLS process [141].
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4.4.4. Defects characterization

Defects in AM components are hard to avoid, which to a great extent deteriorate the materials’
mechanical properties and vacuum compatibility. In the binder inkjet printing process, the organic additives
present in the binder that momentarily holds together the green part are complete burned out during
sintering, causing the solid particles to stick together and consolidate into a rigid body. Sintering is a thermal
process that creates inter-particle welds; sintering of the green parts that are binder inkjet -printed is a solid-
phase sinter process, i.e., bonding of particles occurs at a temperature below the melting point by solid-state
atomic transport events [142]. Specifically, particles are sintered by atomic motions driven by the release
of high surface energy associated with the particle surface area [142]. During the sintering progresses, the
contact points between particles enlarge and merge to form grain boundaries, which grow to replace the
solid-vapor interface —lowering the total free energy of the system. Prolonged sintering causes sintered
particles to coalesce. Several variables influence the porosity after sintering, including the tap density,
particle dimension distribution, particle shape, sintering atmosphere, temperature, time, and heating rate

[142], while the final coalescence of all the sintered particles is seldom reached.

In this characterization, we examined several defects including unmelted particles, pores, cracks, and
layer separation in the samples. The appearance of these defects depends on their orientation with respect
to the printing direction. In this study, defects characterization is carried out on polished longitudinal
surfaces, i.e., sectioned along the axis of the cantilever beam; the bulk area on the right- and left-hand side
of the cantilever are included for comparative study. Since the cantilevers are too thin to remain in their
original shape after cutting, the section was done on a bulk area parallel to the axis of the beam, and the
longitudinal surface was revealed by subsequent grinding the mounted sample. The polishing was done
following the method discussed in Section 3.9; great care was paid during the preparation of the samples
since the pores can easily carry abrasives and be smeared. It is of great importance to open the smeared
pores via polishing to reveal their true shapes and amounts [143]. The polished surfaces were examined

using a Tabletop Microscope TM3030.

Unmelted particles can form in between the melt pool boundaries and at the edges of the melt pools.
However, in this research no unmelted particles were found. Cracks are another possible defects — especially
in DMLS. Cracks may arise from residual thermal internal stresses due to the large temperature gradients
and fast cooling rates during sintering. Moreover, cracks can form at the melt pool edges or at the boundaries
of melt pools because during laser sintering, the melt pool is in liquid state and the boundary or edges are
in solid/liquid state, which leads to thermal mismatch due to different shrinkage rate of the melt

solidification and the surrounding powder matrix, causing these cracks. However, these micro-cracks are
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not formed in the examined specimens. The most prominent defects in the binder inkjet-printed and DMLS-
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Figure 32 Pore morphology and distribution of the longitudinal surface of binder inkjet-printed SS 316L
samples.
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printed samples in this research are porosity and unfilled voids.
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Table 13 Porosity fraction and average pore size of specimens fabricated via binder inkjet printing and

DMLS printing.
Specimens Fraction of porosity (%) Average pore radius (pm)

Binder inkjet-printed SS 316L | 0.217 + 0.094 3.454 £ 0.629
Cantilever beam DMLS-printed SS316L 0.376 + 0.388 3.758 +0.382
Right Binder inkjet-printed SS 316L | 0.376 + 0.388 3.386 + 0.600
DMLS-printed SS316L 1.035 £ 0.544 5.498 + 0.526
Bulk Left Binder inkjet printed SS 316L. | 0.932 % 0.757 4.579+0.218

area
DMLS-printed SS316L 0.737 £ 0.347 5.160 + 0.441
Average Binder inkjet-printed SS 316L | 0.654 + 0.134 3.983 £0.101
DMLS-printed SS316L 0.856 + 0.087 5.295 + 0.096

The surface porosity characterization was carried out in MATLAB using the city-block distance
function and the watershed segmentation algorithm assuming pores as spheres and throats as cylinders
[144]. The distance function expressed in city-block forms creates angular and cubical contours that
intersect with curved pore walls in explicit boundaries, leading to better and clearer pore-throat
differentiation; after median filtering for noise removal, segmentation was performed using the watershed
algorithm to detect throats and consequently to differentiate pores, thus generating the pore network. The
overall porosity and the pore size distribution are shown for binder inkjet-printed and DMLS-printed SS
316L specimens in Figure and Figure 33, respectively. Voids, as those shown in Figure (b), can originate
from hard agglomerates inside the starting powder and/or insufficient powder packing before the melting
process. Some of the pores are formed in between each powder granule, establishing closed pores and

connected pores, i.e., open porosity as can be seen in Figure 33 (c).

The area fraction of porosity and pore size are summarized in Table 13. The bulk area, in general, has
higher porosity ratio and larger pore size, and pore clusters are easily formed on the bulk areas of DMLS
surfaces. Inkjet binder-printed samples have less pores compared with DMLS samples, but the pore sites
are preferentially distributed on one side of the bulk samples which is abnormal. In both cases the pores are
relatively small and spheroid is shape, and are unevenly distributed overall polished section; there are areas

free of any visible defects.
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4.4.5. Young’s modulus characterization via cantilever deflection

To characterize the mechanical performance of the cantilevers printed with different technologies,

bending tests were carried out using a Hysitron Triboindenter TI 950 fitted with a 10 pm radius cono-
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Figure 34 Load-deflection curve of the binder inkjet-printed SS 316L cantilever beam with a nominal
450x360 pum cross-section, the separation between loading positions is 200 pm, 200 pm, 200 pm, 250
um, and 250 um, respectively. The slope k, is calculated as the average of the loading and unloading

slopes.
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Figure 35 Inverse of cubic root of spring constant vs. distance of application of the load for a SS 316L
binder inkjet-printed cantilever with 450 pm x 360 um cross-section; starting at a point about 1 mm
from the fixed end of the beam, the separation between each loading position is 200 pm, 200 pm, 200
um, 250 pm, and 250 pm, respectively. From the slope of the linear, value of E determined from the
averaged slope is 179.4 GPa.
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spherical diamond tip. For each printed method, three specimens were tested, loading force at several
positions along the central axis of the beam with well-known relative separations. The experiments were
conducted under an open-loop mode with a 20 s loading-unloading cycle. Due to the distortion of the
cantilever beams with respect to the horizontal plane (Table 11), on each point where the load was applied
the zero-deflection height was reset. The scale of the roughness is very small compared to the dimensions
of the beam, so the effects on the extraction of Young’s modulus due to the deviation of the moment of
inertia of the cross-section is negligible. No acceptable data were captured for the unpolished DMLS and
unpolished vertically binder inkjet-printed cantilevers because the resetting of the zero-deflection height
proved challenging and because the complex topography of their surfaces lead to tip sliding. The significant
distortion of the DMLS beams posed difficulties in polishing the surface, making the bending test
inapplicable; from this point of view, binder inkjet printing is preferable when manufacturing intricate
contours like overhanging beams in the micro and mesoscales. For the lost-wax casted sterling silver
cantilevers, although the overall surface roughness is high (Table 12), there is a small relatively smooth

portion near the free end of the cantilevers on which the bending tests were conducted.

For the relatively smooth samples, a typical force-bending diagram is shown in Figure 34, which
clearly shows a linear felationship between applied force and vertical deflection with a slope denoted as kg,
I.s is assumed to be constant across the beam [120]. The tests were conducted in the elastic region because
the deflection is recovered after unloading. The length of the cantilevers couldn’t be measured precisely
due to the difficulty of locating their root [121]; therefore, the Young’s modulus of our 3D printed samples
was extracted from the gradient b of the spring constant k, from the force-deflection characteristics

produced at different loading positions with well-known relative separations. The determination of the

Table 14 Measured Young’s modulus (GPa) of binder inkjet-printed SS 316L and lost-wax casted

sterling silver cantilever beams

Sample Young’s modulus (GPa)
Nominal [180] 193

SS 316L Horizontally Inkjet 185.35+1.89
Printed

Vertically Inkjet Printed | 174.40+1.98

inal [181
Sterling Nominal [181] 75

silver

Casted 58.63+8.97
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gradient b is shown in Figure 35 for each k; obtained from Figure 34. The average measured Young’s

moduli for each printing technology are listed in

Table 14. The actual moment inertia obtained from SEM images was used in the calculation, the cross-

section was approximated by a rectangle with rounded corners for specimens without sharp corners.

Specimens produced in the vertical orientation via binder inkjet printing demonstrated an elastic
modulus (174.40 GPa) slightly lower than that of the beams fabricated in the horizontal orientation (185.35
GPa), but both are close to the bulk value (193 GPa). Vertically produced cantilevers are subjected to
bending stresses perpendicular to the build planes, and the process of building massive number of thin,
discrete layers is prone to form more interior microcracks. The intrinsically low strength between layers is
believed to be responsible to the drop. Lower Young’s modulus in the sterling silver samples could be
explained by the nonuniformity of I along the beam. In our calculations I is derived from the area of the
end surface, which has the largest cross-section along the beam, thus generating I, higher than the actual
moment inertia. Larger data spread due to specimen-to-specimen variations shown in sterling silver test

pieces arises from the geometrical inaccuracy of the beams.
4.4.6. Mechanical characterization of DMLS-printed samples via uniaxial tensile tests

In order to complete the mechanical characterization of the printed samples, we conducted uniaxial
tensile tests on the DMLS parts using a PASCO Materials Testing Machine (ME-8236). Three tensile bars
with 1.3 mm thick, 2 mm wide and with an initial gauge length of 26.5 mm were printed directly and not
cut from a block of DMLS material. Those specimens were built flat in the X/Y-orientation, so all the
tensile tests were performed in the direction of the layers. Mechanical polishing was performed before the

tensile test. Tests were executed with a displacement rate of approximately 10 mm/min.

Engineering Stress/ MPa

0 01 0.2 0.3 0.4 (1551 0.6
Engineering Strain

Figure 36 Typical engineering stress-strain curve of a DMLS-printed SS 316L specimen.
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Figure 37 Failure surfaces of a DMLS-printed SS 316L uniaxial tensile test specimen: (a) apparent
necking; (b) dimples can be seen, indicating ductile fracture.

Table 15 Mechanical properties of DMLS-printed specimens

Mechanical Property Annealed [145] | DMLS

Yield Strength (MPa) 290 273.93+£27.81
Young’s Modulus (GPa) 193 24.47+0.97
Ultimate Tensile strength (MPa) 627 711.31£26.79
Elongation at break (%) 55 53.03£3.02

A representative engineering stress-strain curve of the DMLS specimens is shown in Figure 37. DMLS-
printed SS 316L appears much less stiff, revealing a Young’s modulus an order of magnitude lower than
the bulk material. DMLS-printed SS 316L specimens experienced gradual yielding in response to tensile
deformation, and exhibited extensive elongation before fracture —similar to annealed SS 316L [145]; the
DMLS-printed SS 316L samples hardened and reached an ultimate tensile strength (UTS) higher than that
of the typical annealed material; finally, the samples failed producing nearly the same ductility of bulk
metal. Apparent thinning of the cross-section is accompanied with the failures of the specimens during
uniaxial tensile testing, as shown in Figure 38 (a); the area of the built samples (2.512 + 0.007 mm?) reduced
after the tensile tests to 0.582 + 0.020 mm”. The failure surfaces exhibited high ductility, which can be
clearly observed at a higher magnification (Figure 38 (b)) from the dimple-like surface morphology along
with the microscopic voids formation, growth, and eventual coalescence due to the large plastic
deformation. The mechanical properties are summarized in Table 15, in which we listed the standard 0.2%
offset yield stress. One aspect that should be emphasized is that DMLS is known to considerably reduce
the difference between the yield point and the ultimate tensile strength [134]; DMLS is also known to
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produce high-strength parts, as the grain growth is restricted due to the rapid cooling. Whereas the alteration
of this strength ratio in our case is marginal. One possible explanation is the relatively large residual stresses
induced during fabrication, especially by the lack of preheating of the building platform [146],[60] which
acts as internal tensile strength encouraging the initiation of plastic deformation, and this also partially
accounts for the low elastic Young’s modulus. The low stiffness is also related to the isolated voids and
cracks at the boundary between powder granule and between two unfused layers. The high UTS is probably
due to the strengthening from the small grains. Due to the epaxial growth of the grain, the direction of load
is parallel to the columnar grains, which contributes to the large elongation. Further microstructure and

residual stress analyses should be conducted to provide a thorough explanation to the tensile behavior of

these samples.
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5. Examples

The experimental results obtained in this study demonstrate that binder inkjet printing of SS 316L
outperforms DMLS printing of SS 316L and lost-wax micromolding of sterling silver in terms of resolution
and fidelity to the CAD file; in addition, binder inkjet-printed SS 316L is UHV compatible, has thermal
and electrical conductivities close to bulk values, and has a near-isotropic Young’s modulus close to bulk
values. In this section, two examples of 3-D printed, freeform, fine-featured metal structures part of compact
systems are presented, i.e., a multi-electrode harmonized Kingdon ion trap, and MEMS corona discharge

ionizer arrays.
5.1. Miniaturized advanced Kingdon ion trap

Mass spectrometers (MS) are used to quantitatively determine the composition of a sample by ionizing
the sample and using electrical and/or magnetic fields to sort the ions based on their mass-to-charge ratio
[147]. For over thirty years, researchers have actively pursued the development of compact MS systems to
be able to do, anywhere in-situ, the chemical analysis currently only feasible in brick-and-mortar labs [148],
[149]. A significant portion of this research effort has focused in developing miniaturized electrical mass
filters, i.e., devices that sort out ions using electric fields; examples of these devices include quadrupoles
[128], ion traps [150], and time-of-flight filters [151]. The fabrication of compact mass filters is inherently
difficult because of the absolute tolerances required to achieve satisfactory performance (e.g., mass

resolution) [152].

Besides precise electrode alignment, high-fidelity fabrication of complex shapes is essential to
implement electrodes that can generate with great accuracy the electric fields needed for efficient species
sorting. For example, the ideal quadrupole mass filter has hyperbolic rods; however, due to fabrication
complexity, the great majority of miniaturized (and non-miniaturized) quadrupoles have circular rods,
which introduces higher order fields, resulting in distortion of the peak shape, peak broadening (loss of
resolution), and mass shifts [153]. Moreover, quadrupole electrode geometries compatible with standard
batch microfabrication, e.g., square rods [26], greatly degrade the peak shape, further reducing the
performance of the filter. Consequently, a typical non-miniaturized quadrupole has a mass resolution (ratio
between the mass of the peak and its width) on the order of thousands or more, while a typical MEMS

quadrupole has at least a mass resolution an order of magnitude smaller.

AM has recently been explored as a means to reach better performance in miniaturized mass filters by
fabricating with high fidelity the correct electrode shapes for efficient species sorting; reported work
includes linear ion traps [154], [155] and quadrupoles [156]. However, these devices are made in polymer

and coated with a thin layer of metal, which creates problems such as outgassing, incompatibility with hard
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baking, mechanical deflection, and lifetime; in addition, RF mass filters (e.g., quadrupoles, ion traps) could

have issues with skin depth and heating of the metal layer caused by the driving signals.

The development of miniaturized MS instruments with greatly improved resolution would decisively
help mass spectrometry become ubiquitous, as device portability would not be achieved at the expense of
performance. Kingdon traps [157] are electrostatic mass filters based on a harmonic axial field that are
capable of up to 140,000: 1 mass resolution and high mass accuracy [158]. Cassinian ion trap mass analyzers
are Kingdon traps, characterized by high mass resolution and high mass accuracy [159]; the state-of-art
Cassinian trap, called Orbitrap Elite, was fabricated with the stringent refinement of the existing precision
manufacturing techniques, featuring an outer barrel-like electrode of maximum radius equal to 10 cm and
a central spindle-like electrode of maximum radius 5 cm [160], [161]. However, the Orbitrap cannot capture
the ions created inside; therefore, it can only be used in conjunction with another trap (e.g., C-trap in [162])
or a pulsed ion source. The use of an additional radio frequency trap with a complex system of deflectors
to inject the ions to the Orbitrap, as well as the use of a high-voltage pulsed power supply, significantly
increases the energy consumption of the device, and greatly complicates its implementation as a portable
device. In addition, the electrode shapes of a Cassinian trap are very complex; therefore, there is a clear
need to simplify the manufacture process to fabricate electrodes with high mechanical accuracy and high-

vacuum compatibility that generate the ideal electric fields for optimal performance of the mass analyzer.

It is possible to implement compact multi-electrode harmonized Kingdon traps that hold the ions
created inside them and allow measuring their masses [159], [163]. Using modeling and simulations, our
collaborators recently identified a novel multi-electrode harmonized Kingdon trap that has low sensitivity
to distortions in geometry and/or misalignment of the electrodes [164] (Figure 39 (a), (b))); such a trap is
an excellent candidate for AM because the shapes of the electrodes are intricate, smoothly varying, and

finely detailed. The general form of the electric potential ¢ inside the trap is in the form of

2 cx?+dy?

oxy.2)=c (z 22 ) + n[((x + @) + O +B)D)(( + @) + (7 — DD + Inl((x — @) +
o +b)*)((x—a)* + ¥ — b)M)], (5-1)

where z is the coordinate along the axis of the mass filter, and g, b, and ¢ are constants; the combination of
a quadrupole and logarithmic potential is beneficial for ion injection at stable voltages due to the difference
in trapping motion mechanism [158]. A thorough explanation of the design is beyond the scope of this
thesis; however, the following. are the highlights of the design: (i) the shape of the matched outer and central
electrodes are designed to follow the equipotential surface expressed as a combination of a quadrupole and
a logarithmic potential, (ii) the outer electrode is split into halves to measure the differentially amplified
image current; (iii) the geometry of the trap was optimized to improve the sensitivity and reduce higher
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Figure 38 (a) Top view schematic of second order Kingdon trap; (b) cross section of the trap; (c)
corresponding binder inkjet-printed SS 316L electrodes.

harmonics; (iv) the ion motion along the central axis is harmonic and the trajectory of trapped ions adopted
in this design is the radial motion between the inner electrodes; (v) unlike the orbital trapped motion in the
Orbitrap, the radial motion of the ions inside this advanced trap is one-dimensional, making possible to trap

ions with almost no initial kinetic energy.

Based on the results of the characterization of the three AM technologies, the advanced Kingdon trap
was fabricated with SS 316L via binder inkjet printing (Figure 39 (c)). To characterize the geometrical
accuracy, the surface of each component was mapped using a Keyence VR3200 Wide-Area 3D
Measurement System. The mapped surface profiles were compared with the CAD design; Figure 40 (a)
shows the height deviation of the central electrode vs. CAD file values, while the height deviation of the
central electrode scanned along the central axes of the arms of the electrode is shown in Figure 40 (b) and
(¢). The instrument used to measure the electrodes can only reliably measure a side angle smaller than 65°;
this incapability leads to the larger deviations in some of the edges of the printed part in Figure 40 (a), and

at the ends of the linear scans shown in Figure 40 (b) and (c). However, most of the height deviation field
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Figure 39 Height deviation of fabricated central electrode vs. CAD file values: (a) 3D mapping; (b)
height deviation along a horizontal line lying on the central axis of the upper arm of the electrode; (c)
height deviation along a horizontal line lying on the central axis of the lower arm of the electrode.

falls within 15 pm, consistent with the metrology of the resolution matrices used in this work. The upper

bound for the deviation of about 1 slice, consistent with other AM methods [2].
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5.2. MEMS corona discharge ionizer arrays

A corona discharge is an ionized gas discharge that occurs between a sharp electrode (corona electrode),
typically a needle or a wire, and a blunt electrode (collector electrode) such as a plate or a cylinder with the
high curvature of the corona electrode intensifying the local electric field. Once the local electric field is
higher than a certain threshold start-up value, ionization is initiated and the tip(s) of the corona electrode
are surrounded by a faint glow; from this point, as the applied bias voltage increases, the corona discharge
becomes stronger with growing ionization zone, resulting in higher corona discharge current. If the applied
bias voltage reaches the breakdown threshold, arcing between the corona electrode and the collector
electrode takes place; this phenomenon is initiated by spark coronas across the electrodes at a very high
voltage, leading to huge corona discharge current, and the possibility of damaging the electrodes [165],
[166].

DC corona discharges can be operated in both positive and negative polarity, depending on whether the
bias voltage on the corona electrode is higher or lower than the bias voitage on the collector electrode. If
the bias voltage of the corona electrode is positive with respect to the collector electrode, a positive corona
will occur; similarly, if the bias voltage of the corona electrode is negative with respect to the collector
electrode, a negative corona will be generated. The work reported in this section was conducted on negative
DC corona discharges. Negative coronas generally propagate by impact ionization of the gas molecules,
caused by free electrons leaving the active zone; collision of the electrons transform neutral gas molecules
into negative ions that exhibit a substantially reduced mobility, which is continually lessened as the ions
travel to the collector electrode because the electric field decreases proportionately between the corona
electrode and the collector electrode. The corona electrode also attracts positive ions, generating secondary
emission from the electrode through ion bombardment, which help sustain the glow corona discharge. This
also leads to the generation of new secondary electrons that travel outward with relatively high mobility
(electrons are far more mobile than ions), causing an even, high space charge density across the gap between
the corona electrode and the collector electrode. Thus, negative coronas generate a high population of
negative ions with high charge density because an increasing proportion of the electrons escape attachment
under the increasing electric field in the active zone, resulting in great excitation and dissociation of neutral
molecules across the gap [165]. The mobility of ions in a negative corona is more vulnerable to the effect
of temperature, causing a larger decrease in current than in the positive corona [167]. Negative corona

discharge produces a higher ozone concentration due to the presence of a higher number of electrons.

Corona discharge ionizers have received interest as fast response, noiseless pumps without moving
parts that can transport liquid [168] or gaseous media for applications such as air propulsion [169] and

electronics cooling [168]. Given that electrical field enhancement is increased by scaling down the tip

69



Profile/ mm

Figure 40 A binder inkjet-printed SS 316L planar array of 32 high aspect-ratio tips (a) with near-front
view of the of the tips (b) close-up of the tips; (c) 3D profile of a typical tip characterized with Keyence

scanning confocal microscope.

Collecting electrode

Corona glow \

\._

/

- Corona electrode

Figure 41 Steady-glow corona generating a visible purple haze around the high-curvature tips of the

collector electrode. A close-up of one of the tips of the corona electrode is shown.

diameter and increasing its aspect-ratio, researchers have looked into developing MEMS corona discharge

ionizers [170], [171]; these devices could have start-up voltages as small as 1.25 kV and tip currents as high
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as 16 pA. However, the reported devices are unideal because the metallization is only ~20 pm thick and
made of electroplated metals that are soft and not sputtering resistant (e.g., Cu), which could lead to
reliability problems; also, the devices need to be assembled in a pick-and-place fashion to create from planar
microfabricated components the three-dimensional structures needed for fluid pumping. Here, we report
monolithic binder inkjet-printed SS 316L planar arrays of high-aspect-ratio conical tips and characterize
them as corona discharge ionizers. The devices have a 1.7-mm diameter at the base, and have 5, 9 and 32
emitters respectively that are 5 mm tall, with 300 pum tip diameter at the top, and the tip-to-tip separations
are 6mm, 4mm, 3mm, 2mm, respectively. A 32-tip emitter is shown in Figure 41, metrology done with
Tabletop SEM TM3030 shows that the average diameter of the tip is 283.37+6.49 nm, with Keyence
scanning confocal microscope VK-X250 we get the average areal surface roughness as 4.627 +1.829 um.

An image of the corona discharge in steady glow state of one of these devices is shown in Figure 42.

Devices with different number of emitters were tested using as collector electrodes perforated metal
grids 100 pm thick with 5.5 mm, 3.5 mm and 1.5 mm diameter apertures, centered relative to the tip of the
emitters; the spacing between the edges of adjacent holes were equal among different collecting electrodes
(0.5 mm). The collector electrode was grounded, and the tip array was biased at a negative voltage supplied
by a20 W, | mA high-voltage power supply (Gamma, Ormond Beach, FL, USA); the current was measured
via the RS232C interface of the power supply and with a Keithley 485 picoammeter (Keithley Instruments,

‘

Figure 42 Evidence that support the fact that no corona discharge generation took place at the central

tips due to electric field shielding: left hand-side pictures show arrays in operation, right hand-side

pictures show the collector electrode after the experiments.
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Table 16 Onset voltage of negative corona discharge generated by 5-emitter, 9-emitter, and 32-emitter

devices at different electrodes separations

Device Parameters Values
S-emitter | Gap spacing/mm 17.47 14.30 11.12 7.95
Onset voltage/kV | Experimental 10.08 9.56 7.80 6.92
1/V =V curve 9.740 8.996 7.507 6.587
9-emitter | Gap spacing/mm 17.47 14.30 11.12 7.95
Onset voltage/kV | Experimental 11.2 10.48 8.48 7.24
1/V =V curve 10.599 9.735 7.947 6.947
32-emitter | Gap spacing/mm 17.47 14.30 11.12 7.95
Onset voltage/kV | Experimental 15 13.68 11.56 9.4
1/V =V curve 14.573 12.783 10.930.8 8.887

Cleveland, OH, USA) through a high-voltage 5 MW resistor. The separation between the corona electrode
and the collecting electrode was controlled by stand-offs. The onset voltage (the minimum bias voltage
required to generate a current larger than 1pA) vs. separation is summarized in Table 16 —these values are
for the array, not for each of the tips that make up the array. From images taken during the experiment and
the collector electrode after the experiment (Figure 43), we concluded that the internal tips of the corona
electrodes didn’t generate any corona discharge as their onset voltage is larger than the bias voltages used
in the experiments. This can be explained by the shielding effect in which the electrostatic field along the
emitter’s axis near the outer needles is higher than that for the central needles; the shielding effect is more

pronounced with smaller tip separation (i.e., for devices with larger number of needles).

Corona current-vs.-bias voltage characteristics were collected for devices with 5, 9, and 32 needles at
varying gap spacing (tip-to-collector electrode separation), shown in Figure 44. It is clear that the corona
current decreases with the increase of gap spacing, which is caused by the decrease of the electric field on
the tips. In addition, a smaller gap spacing can easily lead to arcing. Results of current-voltage
measurements of devices with different number of emitters at same gap distance are shown in Figure 45.
For needles with smaller tip-to-tip separation, the total corona current is significantly smaller at the same
gap spacing; this is because the decrease of the tip-to-tip spacing leads to a decrease of the local electric

field on the tips, which also increases the onset voltage. This reason can also explain the steeper slope of
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Figure 43 Current-voltage characteristics at different tip-to-collector separations for devices with 5
emitters (a), 9 emitters (b), and 32 emitters (c). A downward monotonic trend of current over gap spacing

is present.

the current-voltage curve with increasing number of needles (for these devices, larger emitter array size is
equivalent to smaller tip-to-tip separation). It was observed during the experiments that the corona appears
first on the outermost electrodes and as the bias voltage gradually increases, corona discharge starts to

appear on the inner needles.

Further, the voltage-current (V — ) characteristic of a steady state corona discharge can be

approximated by Townsend’s discharge relation [172]

1=kV(V =V, (5-2)

where /is the current, Vis the applied voltage, V% is the onset voltage, and k is a constant which is a function
of the geometric parameters such as radius of the corona source and the gap distance; & also depends on the

properties of the interstitial gas which determines the mobility of ions. According to Eq.(5 2), I/V is linearly
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Figure 44 Current-voltage characteristics of devices with different number of emitters at gap distance
of 17.47 mm (a), 14.30 mm (b), 11.12 mm (c), and 7.95 mm (d).

related to the applied voltage V, which is plotted in Figure 46 to show its validity in the scenario of multi-
tip corona discharge. As observed from the plots, the relationship holds true for multi-emitter discharge
even with shielding effects, while for smaller gaps, there are more fluctuations, but the curves still follow

the linear fits.

The onset voltage V,, as explained above, is determined experimentally observing the voltage at which
currents jump from noise levels in nA to pA range. Townsend’s discharge relationship expressed in Eq.(5-2)
can also be used to obtain V;, from the intercept of the linear fit in Figure 46, and the results are compiled

in Table 16, which match well with those from experimental observations.
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6. Conclusion

This study compares three metal additive manufacturing methods with associated feedstock, i.e., lost-
wax casting of sterling silver using stereolithography-printed wax masters, binder inkjet printing of SS
316L, and DMSL printing of SS 316L, for the microfabrication of freeform, finely featured, mesoscaled
metal structures part of compact systems. The data show that binder inkjet printing of SS 316L creates
printed parts with high fidelity to the CAD file, having associated the smallest in-plane offset, out-of-plane
offset, and eccentricity of nominally symmetric features, with minimum feature sizes around 300 pum; in
addition, the data show that binder inkjet-printed SS 316L structures are UHV compatible, and have
electrical resistance, thermal conductivity and elastic properties close to those of the bulk metal. 3D printed
MEMS cantilevers were characterized to understand the surface morphology and defects of the imprints,
and to estimate the mechanical properties of the material produced by different technologies. Two examples
of 3-D printed, freeform, fine-featured metal mesoscaled structures were presented, i.e., MEMS corona

discharge ionizer arrays, and compact, advanced Kingdon ion traps.

The results of this study suggest that is feasible to implement a wide range of binder inkjet-printed SS
316L devices including high-temperature microfluidics, vacuum devices, mass filters, ionizers, actuators,
pumps, and vibration energy harvesters. Binder inkjet printing decouples the printing process (at room
temperature) and the consolidation process (in inert atmosphere at high temperature), enabling independent
optimization of the two processes to manufacture final parts with high dimensional accuracy. Binder inkjet
printing of SS 316L is also capable of fabricating mesoscaled overhanging structures with well-defined
geometries, which is highly beneficial for surface post-processing; polished smooth surfaces could be

functionally relevant, e.g. increasing the fatigue life of cantilevers and other printed actuators.
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7. Future Outlook

In terms of the characterization of the printed materials, an open question that remains is what causes
the high density of the binder inkjet-printed parts. DMLS involves liquid phase sintering, which in general
enhances densification. In liquid phase sintering, the powder constituent with lower melting temperature
forms the liquid phase, which coexists with the solid phase of the high melting temperature constituents at
the sintering temperature; the liquid will then flow along the interparticle channels to wet the particles due
to capillarity. The capillary pull the solid particles together and induce particle rearrangement [173]; with
continued heating, the solid phase dissolves into the liquid and the amount of liquid grows until it is
saturated with the solid component. In addition, the liquid gives rapid mass transport at the sintering
temperature and enhances densification. However, counter-intuitively, this study shows that binder inkjet
printing outperforms DMLS in terms of porosity, i.e., a lower fraction of porosity and smaller pore size are
obtained. A possible explanation is that the laser used to print in DMLS only heats up a small volume of
powder at a time, which generated a short-lived small area of liquid phase, which hindered the densification
of the DMLS material, resulting in high porosity. In addition, microstructure characterization of binder
inkjet-printed and DMLS samples needs to be conducted, and comparison between printed bulk and printed

fine feature could be an interesting direction to explore.

In terms of the applications presented, the advanced Kingdon trap needs to be experimentally validated;
we are currently working with external collaborators to collect mass spectra data. Also, more research is
needed to improve the performance of the MEMS corona discharge devices. The morphology of the array
(spatial tip distribution) should be modified to counteract electric field shielding; in addition, the
morphology of the tips needs to be studied to maximize per-emitter current emission for a given bias
voltage; moreover, it should be explored ways to uniformly sharpen the tips to achieve dimensions smaller
than the minimum feature size obtain with the printing method. Other directions of interest include studying
the emission in the positive polarity and experimenting with varying the nature of the bias voltage (DC,
pulse, or AC). Cross-validation between the finite element analysis and experimental results should be
pursued. Finally, applications of the developed 3D printed MEMS corona discharge technology, such as

electronic cooling and ionic wind pumping, should be explored.
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