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Abstract

Capabilities to combine multiple metal and/or ceramic materials in single components, and/or to
achieve desired gradients in composition, will advance the performance of future propulsion and
energy conversion systems. Multi-material and gradient capabilities have been demonstrated for
metals in both powder bed and directed deposition additive manufacturing (AM) techniques;
however, the dimensional fidelity and spatial precision of composition control is limited for
several reasons. Here the design, fabrication, and preliminary validation of a new hybrid AM
system combining inkjet printing with laser powder bed fusion (LPBF) for manufacturing
compositionally graded components is presented. In the hybrid inkjet-LPBF process, a pattern of
ink is deposited in a two-dimensional pattern to dictate compositionally modified regions prior
to, or following, the spreading of each powder layer. Solids (e.g., nanoparticles) in the ink
combine with the base powder to achieve locally controlled in situ alloying within the AM
process. Key design considerations for the system including thermal isolation of the inkjet
system, temperature control of the build volume (up to 500C), and atmosphere control are

discussed.
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1. Introduction

1.1. Current Metal Additive Manufacturing Technologies

In general, additive manufacturing (AM) processes create components through the
incremental adhesion of layers, slices, or shells of the desired final form. These layers may be
deposited and adhered in a number of ways, though for metal AM some of the most common
processes in use are centered around powder bed fusion (PBF), direct energy deposition (DED),
and/or binder jetting (BJAM).

In a PBF process the component is created layer by layer along a single direction. Metal
powder is spread evenly over a region forming a new layer, and a selected region of this bed of
powder is sintered or melted by a concentrated energy source such as a laser or electron beam.
After forming a layer of the component, another layer of powder is spread on top to provide
more material and the process is repeated until the component is finished [1], [2]. BJAM is
essentially a category of PBF where the component is still created in a layer by layer fashion
along a single direction, though selective regions of powder are adhered together by jetting a
polymeric adhesive/binding agent on them as opposed to fusing/melting the region with a laser
or electron beam. Typically after printing using BJAM, the “green” part may undergo debinding
and sintering to enhance its mechanical properties [3]—[5]. Post-sintering, BJAM parts will
normally undergo significant shrinkage and warping due to the material becoming denser/fusing
together. These deformations can usually be predicted/analyzed and partially accounted for in the
printing process to counteract spatial inaccuracy post sintering, as in the Live Sinter program
established by Desktop Metal [6]. In a DED process material is fed directly to the component in
the form of a powder stream or wire and is simultaneously melted to the build with a laser,
electron beam, or plasma arc. Slices of material may be added along nearly any direction given
that material is added locally and that the entire component doesn’t need to be submerged in a
bed of powder. The resulting parts may be made much more quickly than in PBF processes, but
typically with less spatial accuracy and resolution [7]—[9].

Selective laser melting (SLM) is a prominent PBF process as it tends to have greater
accessibility and a wider selection of proven feedstock materials than something like electron
beam melting (EBM) processes [10], [11]. EBM in particular is generally coarser, is limited in

total build volume by the need to have the parts under vacuum for the duration of the print, and
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has gained less general use than SLM. SLM also tends to produce parts with better dimensional
accuracy and finer microstructures than selective laser sintering (SLS), EBM, DED, and BJAM

processes [12], [13]. SLM systems mainly consist of a laser (or lasers) which is scanned across a
powder bed with a constant spot diameter. This is typically achieved with a set of galvanometers

which direct the laser through a scan lens (such as an f-theta lens).
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Figure 1. Overview of a typical SLM system and process. Note that the inert gas flowing
over the built part helps carry away spatter and plumes of material. Adapted from [14].

The component is built directly off a plate driven by a piston to achieve the incremental
layer heights. Powder is measured out from another piston or hopper and is spread across the
build using a recoater, which is usually a blade or roller. This all takes place in an inert
environment to ensure the material does not become oxidized during printing. Typically, more
inert gas is flowed over the build region in order to carry away spatter and plumes of vaporized

material from the build. These plumes would otherwise attenuate incoming laser radiation and

may cause porosities/defects in the part [14]-[16].
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1.2. Compositional Gradients and Functionally Graded Materials
Multi-material printing of functionally graded parts is a prime application of various AM
processes that would allow designers to custom tailor a part’s microstructure and/or material
composition to yield specific properties. Such parts are said to be examples of functionally
graded materials (FGMs) and are a very active area of manufacturing research [17]—[22]. Graded
materials/components are actively explored and utilized in a diverse array of industries and
products including biomedical devices, sensors and thermoelectric generators, and gas turbine

blades [23]-[25].

\

Conventional MMAM MM FGAM (2 materials)

Figure 2. A sharp conventional gradient versus a smoother transitional gradient.

Most traditional coating processes still face issues of instability from thermal expansion,
layer interdiffusion, and overall poor substrate adhesion resulting in delamination, cracking, and
residual/induced stresses of the coating [26]. Compositional gradients may be used to incorporate
a highly corrosion resistant alloy or ceramic directly into the skin of a part, which has the
potential to remedy the stability issues present in traditional coatings [19]. A corrosion resistant
skin also has the potential to be self-healing given that its depth, stability, and robustness may be
greater than a traditional coating. Alternatively, the material properties of components could be
varied spatially with the material composition and microstructure.

Compositional gradients have been created along multiple axes with DED processes by
varying the composition of the feedstock/powder being blown into the melt pool as demonstrated
by Oropeza et al. [27] and Kelly et al. [28]. However, the DED process is fairly limited in terms
of the dimensional precision and resolution achievable, given that the typical laser spot size (and
thus resolution/feature size) in such a process is on the order of millimeters, and layer heights are
usually in the range of 200-650um [29]. The desire for greater spatial resolution and precision
leads to SLM processes, where laser spot sizes of 60-90um and layer heights anywhere from 30-
100um are typical [29]. Perhaps the most elegant implementation of FGM creation in a SLM

14



process may be found in mixing powder feedstocks layer by layer to create a gradient along the
build direction as shown by Demir et al. [30]. This work provides a new level of precision in
producing parts with a compositional gradient, though is still limited in the sense that the
gradient’s direction is limited to the part’s build direction. Systems have also been created to
selectively deposit powders in certain regions on the build plate. The startup iro3d created a very
rough process where metal powders and support material is selectively deposited into a crucible
and then sintered [31]. Within PBF systems, the company Aerosint has created a set of hoppers
and separate rollers/recoaters to selectively deposit material across a powder bed [32]; and
Walker et al. [33] have demonstrated a hopper/vacuum setup to both deposit and then selectively
clean up different powders from the build surface. Both of these systems allow for a high level of
control of material deposition within a SLM platform along any axis, though can still only
produce sharp transitions between materials as opposed to smoother gradients. BJAM was also
considered as a solid candidate though would have necessitated further equipment/complexity
given that printed parts would need to be sintered, and that the accompanying warpage/shrinkage
would need to be accounted for (likely through some iterative process). There was also some
uncertainty as to how well alloys would form during sintering, as well as how to selectively

change the amount/location of deposited alloying material.

1.3. Key System Design Parameters

In order to preserve the dimensional accuracy and process controls offered by SLM,
though still enable finely controlled compositional gradients within components, inkjet printing
was identified as a suitable material deposition method. Inks loaded with nanoparticles (NPs) of
some alloying element could be deposited in small enough increments to allow for very fine
control over the overall material composition by adjusting the number of layers deposited [34],
[35]. The system presented here is thus a custom built SLM machine with an inkjet nozzle/gantry

situated above the powder bed.
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Figure 3. (a) The overall operation of the hybrid system, including layer-by-layer inkjet
deposition; (b) layer-by-layer creation of the compositional gradient via inkjet; (c)
possible application of a built-in oxygen resistant coating for additively manufacture

The inks typically consist of a filler and/or solvent (such as water or ethanol), the NPs of
interest, and a dispersant to maintain the NPs in suspension [36]—[38]. The ratio of these
ingredients is carefully adjusted to ensure that the NPs have a stable suspension, and that the
ink’s overall viscosity and surface tension will render it printable [39]. These additives generally
vaporize either on contact with the bed (if it has been preheated) and/or upon laser scanning, and
have not been seen to significantly impact print quality.

Drop-on-demand jetting was selected for this study given its simplicity and low entry
cost as compared to continuous jetting systems. In some of these simpler and more robust inkjet
nozzles, actuation is typically either from a resistive heating element (which flashes some of the
ink into vapor) or a piezoelectric actuator [40], [41]. Even these simpler nozzles have still been
shown to achieve material deposition with resolution on the order of 50-200 um, spatial
precision on the order of 10-20um, and ink volume deposition on the order of 5-50pL [42], [43].
Research has been done by a number of groups investigating the use of metallic deposition via
inkjet to produce simple circuits and circuit elements [38], [44] and even small metal structures
[45]. There are also some studies focusing on laser curing of inks containing silver and gold
nanoparticles [45] . However, at the time of writing there does not appear to be any effort
towards creating a hybrid inkjet-LPBF process for in-situ production of metallic alloys.

Another important design consideration for the hybrid system presented here is
preheating of the build volume. In an SLM process residual stresses accumulate as a part is built
due to a combination of the highly localized energy input from the laser, rapid cooling rates, and

resulting repeated material shrinkage and expansion [46]. These residual stresses may cause
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failed prints, warped parts, and cracking throughout the part. Preheating the build volume
significantly (>300-400C) has been shown to reduce the thermal gradients present as well as
relax residual stresses as the part is built [47], [48]. Much of the future work conducted with this
system is principally centered around creating parts from Niobium (Nb) and Nb alloys. Nb based
alloys are a type of refractory alloy with an extremely high melting point (2477°C), lower
density compared to other refractory metals (8.4 g/cm?®), and great high temperature strength and
creep resistance [49], [50]. Because of this, they are of the most promising materials for energy
and aerospace applications as an alternative to Inconel alloys as high temperature materials [51].
Production of Nb-based alloys is challenging via traditional casting and forging techniques, and
so there is a growing interest in the production of Nb-based alloys via AM techniques [51]-[57].
However, one of the biggest challenges of refractory metals prepared through SLM or EBM is
microcrack formation during solidification [58]. The high cooling rates and subsequent thermal
gradients and residual stresses present in a typical SLM process is one of the principal factors in
microcracking, along with oxygen embrittlement [59], [60]. One of the main strategies employed
in previous studies for reducing microcracking in refractory allows is to preheat the build above
the alloy’s ductile to brittle transition temperature (DBTT). Previous work with Nb and other
refractory alloys point to substrate temperatures of anywhere between 200-1100C to be sufficient
to help eliminate DBTT type cracking [59], [61]-[64]. Based on previous work with refractory
and stainless steel alloys, a maximum preheating temperature of 500C was chosen for the system
presented here.

Instrumentation was also developed to investigate the feasibility of using a drop-on-
demand inkjet setup on high temperature substrates. Inkjet nozzles are typically very sensitive to
both environmental variables (i.e. humidity and ambient temperature) and fluid/process parameters
(namely surface tension and viscosity) [41]. The nozzle orifice/substrate distance is normally kept
relatively short (below 1mm for drop-on-demand systems) in order to ensure stable and accurate
material deposition. Larger throw distances than this may lead to inaccurate deposition partly from
the Couette flow resulting from the relative velocity of the printhead and substrate, other air/gas
flows near the printhead, and mechanical perturbations from the printhead/nozzle [41]. Given the
inkjet process sensitivity and orifice proximity to the substrate, printing on a high temperature
surface may pose issues to the nozzle operation. Increases in temperature at the nozzle orifice may

alter the viscosity and/or surface tension of the ink, forcing it out of its narrow operating regime.
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Rapid material vaporization upon impact with the surface may also disrupt accurate jetting by
providing unwanted thrust to droplets in flight.

The droplet/substrate interaction itself also warranted some attention. At elevated surface
temperatures a vapor film begins to develop between the liquid-substrate interface, which may
disrupt the quality of ink deposition. This is referred to as the Leidenfrost effect, and the critical
temperature for its occurrence has not been effectively modelled at the time of writing. This
transition point is very sensitive to the incoming fluid’s properties, the droplet/stream properties
(size, velocity, angle, etc), and the impact surface’s thermal properties and physical features [65],
[66]. For instance, experiments done by Burnardin & Mudawar with water on an aluminum plate
show variations in this critical temperature from 170C to 280C while only varying the surface
preparation/roughness of the plate [67]. Given the current state of Leidenfrost temperature
modelling and the sensitivity of the inkjet process, a single-nozzle inkjet deposition apparatus
was set up to empirically observe the droplet-substrate interaction at various temperatures on

substrates relevant to SLM processes.
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2. HAMR3 Design & Commissioning

2.1. Overview
The system described here is a custom SLM printer with an inkjet nozzle and gantry

installed over the print bed to allow for higher flexibility in creating multidimensional
compositional gradients on a layer by layer basis. The ink fed into the printhead is loaded with
NPs of a desired alloying element up to 1-5 wt.%. The mechanical system (enclosure, powder
manipulation elements, and inkjet gantry) take up approximately 800 x 700 x 900mm. The

supporting electronics, gas controls, water chiller, and optical drive train take up the majority of

a4 x 1.5x2.5m space.
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Figure 4. Overall views of HAMR3’s solid model & actual construction without its

enclosure.
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Laser window

Top handholes

Side Handholes

Figure 5. Views of HAMR3’s outside enclosure including port holes and laser window.

The enclosure was made with numerous port/hand holes throughout the chamber so that
nearly any part of the printer is accessible. The laser window itself may be removed to access the
build platform/remove builds, and a port hole also lies over the supply piston to help simplify

loading powder into the machine.

Table 1. HAMR3 specifications and capabilities

Parameter Design Values
Spreader type Interchangeable blade
Spreader traverse speed 5-1000 mm/s

Powder dispensing mechanism | Piston & inkjet nozzle

Inkjet nozzle orifice diameter 80um (20-80um available)
Build Temperature 20-500C

Build Volume 100 x 100 x 100 mm

Laser Power 50-550 W

Laser Wavelength 1064nm

Laser Spot Size >30 um (4o diameter, adjustable)
Laser Scan Speed 0 - 100m/s

The laser used (SPI redPower QUBE) outputs a continuous wave gaussian beam centered
at 1064nm. A custom optical system is used to deliver the beam to the printer’s chamber and is
comprised of a collimator, turning mirror, galvanometers, and an f-theta scan lens. Further

details of the optical system and its characterization may be found in a paper by Griggs et al.
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[68]. To prepare the system’s internal atmosphere for printing, the enclosure is first brought
under vacuum until no further decrease in pressure is registered. Ultra high purity (UHP) argon is
then used to fill the chamber. After filling, an exhaust port on the enclosure is opened and argon
is allowed to flow/mix through the chamber at roughly 10-30 LPM until a downstream trace
oxygen sensor (MTI EQ-W1000-Sensor-LD) registers an oxygen content of <300ppm (after
about 60-90 minutes of flowing).

2.2. Build & Supply Pistons

The printer contains 2 pistons, one that controls the height of the built part with respect to
the top plane of the printer (the build piston) and one that incrementally supplies powder to
recoat the built part (the supply piston). The build and supply pistons both utilize servos
equipped with 24-bit absolute encoders (Yaskawa SGM7J-02A7D61) to drive ball screws
(custom from Misumi with a 1-3% preload) via a set of timing belts/pulleys The servos and
screws were chosen to gain a high level of precision from the movement of the pistons, such that
the layer height for the built part would be very consistent and accurate. The ball screws are
mounted in their respective base plates using a lightly preloaded back-to-back configuration of

sealed angular contact bearings, making the assembly fairly rigid.
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Linear Bearings

Bearing mount
flexure

(c)

Ball nut &

flexure
Bellows
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Belt tensioner
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Figure 6. (a) Overall view of the supply piston, which is nearly identical to the build
piston anatomically; (b) linear bearing mount flexure used on one of the guide rails; and
(c) serial flexure used to mount the ball nut to the movement stage.

In order to avoid overconstraint the ball nut of the screw is attached to the moving
stage/piston through a flexural element. The element in Figure 3(c) is a serial flexure designed to
yield four degrees of freedom and/or to only rigidly constrain the ball screw along the build
direction and about the rotational axis of the screw. Another flexure was employed in the second
linear bearing mount (shown in Figure 3(b)) to allow for small angular errors with the guide rail
that the piston’s stage rides on. These flexures were included to mitigate linear position errors
from overconstraint on each piston, once again to gain greater precision in the layer heights of

the built part.

Supply piston -

Build chamber
cooling jacket

Figure 7. Side view of the printer without enclosure, where the installed build and supply
pistons may be seen.

The stage of each piston is homed to a set of precision limit switches (Metrol CSJO55A-
L), and the starting position offset may be found by directly measuring the height difference
between the build/supply piston and the baseplate.
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Figure 8. (a) Piston movement measurement setup; (b) change in set position versus
measured change and overall error for the build & supply pistons.

A digital indicator was used to measure several incremental movements of each piston.
Uncertainty analysis was used on the nominal and measured changes in piston heights to then
determine the precision of the build and supply pistons, which turned out to be roughly 8 & 7um
respectively. The handful of higher magnitude errors seen in Figure 8 are primarily attributed to
hysteresis of the piston/its transmission, as they appeared to occur at direction reversal points.
This is less of a concern for this machine since the pistons will not be reversing direction

throughout the duration of the print.

2.3. Heated Build Volume

The system was made with fabrication of refractory metals and alloys in mind. These
metals tend to have much higher melting and working temperatures than some typical metal AM
materials, for instance the liquidus for Inconel 625 is roughly 1,350C [69] as opposed to pure
Nb’s melting point of 2,468C [49]. To reduce the thermal gradients in the part and energy input
required, the build chamber of the machine presented here was designed to heat the entire
powder bed and part up to between 500-600C while maintaining a maximum steady state thermal

gradient of 100C throughout the build.
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Figure 9. (a) Shows a cross section of the heated build volume and build piston along
with the position of some of the resistive heating cartridges. The voids between the build
volume and water-cooling channels as well as in the piston/screw insulation section a

The heated bed consists of a 405 series stainless steel liner and build piston. Build plates
are machined with a chamfer on the top surface of both ends, and a mating chamfered plate is
screwed into the piston to clamp down the build plate. Four 225W cartridge heaters and
thermocouples (McMaster-Carr 8440T136) are integrated into the walls of the liner and an
additional 175W cartridge and thermocouple (McMaster 8440T112) is in the build piston. A
simple proportional-integral (PI) loop is used for each individual heater to ensure they maintain
roughly the correct commanded temperature. Resistive heaters were chosen for their simplicity
and cost effectiveness, though induction heating was also investigated and may be seen artfully
integrated into Caprio et al.’s custom printer, Grisu [70].

In order to minimize the impact of the build volume’s heating on the rest of the assembly,
the inner liner is wrapped in a ceramic fiber blanket (Kaowool). The inner liner is also suspended
in the middle of the heater subassembly via a skirt (shown in Figure 8(a)) so as to minimize the
amount of conduction from the liner to the outer shell of the subassembly. The aluminum outer
shell has a network of holes drilled around its perimeter to allow for water cooling as well. The
pieces capping the top and bottom of the subassembly are made from calcium silicate, chosen for
its low thermal conductivity (0.3 W/mK) and high working temperature (up to
1000C). Additionally, a small diaphragm pump is used to pump argon in the chamber into the

build piston’s screw cavity to maintain a screw temperature of below 50C.
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2.4. Gas Knife

A stream of argon flows over the build surface while the laser is firing such that any
plumes and spatters are carried away. This helps keep the optical path from the laser to the bed
clear and allows consistent energy deposition to the bed, increasing build quality [15], [16]. To
accomplish this flow (which will hence be referred to as a gas knife), a set of nozzles are
positioned at either side of the bed. The nozzles themselves are simply a thin slit fed by a larger

reservoir into which argon is fed.

(@) (b)

Water cooling channel
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Slit height of | |
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Figure 10. (a) Shows one of the nozzles and the porting on the end for water cooling and
the argon supply. The second argon reservoir is open at the ends for ease of
manufacturing, though the mating channels help to seal this. (b) shows a cross section of
the nozzle.

Since the build surface is to be maintained at a bulk temperature of 500-600C, the argon
returning from the gas knife as well as the flow nozzle requires cooling. Thus, a water cooling
channel is run alongside the gas return channel for the length of the build platform. The nozzles
and side walls of the build surface are also in good proximity to the heated build volume, and so
the water cooling here also serves to regulate the temperature of the baseplate.

The flow rate through the nozzle should be maximized such that it swiftly carries away
the greatest amount of spatter, but hits a limit of powder disruption. This critical velocity is
dependent on numerous factors to include the powder size, shape, density, etc. Based on work
done by Kalman et al. [14], an initial estimate of 1-2 m/s was assumed for the critical velocity of
the system’s powder bed. From this estimate a set of flow controllers, valves, and filters were

assembled and used to control the gas knife.
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Figure 11. (a) Schematic of the gas knife control and filter setup; (b) solid model of the
controller/filter assembly, with a cross section showing the internals of the cyclonic
prefilter element (with the collection bin on bottom and the outlet shown at the top).

The exhaust fumes extracted by the gas knife also contain powder/material ejected from

the print bed. This material varies from larger clumps of material (likely 15-200pm) from

partially fused powder down to very fine powders (0.5-1um) from spatter and vaporized powder,

and may become unpassivated and/or highly reactive to oxygen/air during its formation in the

enclosure. A three-stage filter was devised to handle removal of these materials before they

could cause damage to the mass flow controller used on the gas knife or the facility’s fume

exhaust and vacuum system. The first stage consists of a custom cyclonic filter designed to

capture particles greater than 15um using design tools from PowderProcess [71]. Preliminary

tests on this filter with 15-45um powder showed greater than 90% efficiency at the flow

rates/pressures expected during printing use.
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The second and third stage filters are off the shelf vacuum rated air intake filters rated at
99% efficiency for particles down to 10um and 0.3um respectively. The overall system has
additional valving and disconnects to allow a user to isolate and remove each set of filters while
they are under argon, perform a wet passivation on the filter elements, and then vacuum/purge
the elements with argon before reinstalling them. Filter health is determined by whether the flow
rates from each set of mass flow controllers (one supplying argon and one controlling extraction)
are matching closely enough. Additional sensors and electronics are used to ensure that the gas
knife will only operate once the enclosure’s oxygen content is low enough such that oxygen/air
will not be pulled into the extraction line/filters.

The critical velocity of the powder was then found experimentally by varying the

controller’s set flow rates and observing whether a layer of powder was disturbed by the gas

knife.

2.5. Inkjet Gantry

The inkjet subassembly consists of a printhead/nozzle guided along an XY gantry. The
gantry is driven by a pair of servos equipped with 2,500PPR encoders (Kinco KNC-SRV-
SMH40S-0005-30AAK-4DK), one for Y positioning and one for X positioning. Initially the
gantry was designed such that two servos would synchronously drive X axis, though this was
altered since reliable synchronous position control of the axis proved difficult. The X axis is thus
only driven on one end and rests/glides on top of the opposing rail, utilizing a piece of PTFE to
minimize friction between the surfaces. Both axes utilize a pair of rails and linear bearings for
motion; the mounting for the Y-axis pair of rails includes one rigid clamp and one flexural clamp
s0 as to not overconstrain the gantry’s motion. Once again, the choice of servos and flexures here
is based on the spatial precision required of the inkjet and/or deposition of alloying elements.
The linear bearings chosen (Igus Drylin series) use a polymer lining and are meant to run dry,
yielding exceptional resistance to dust and dirt from their operational environment. This is

important since they will be in close proximity to metal powders.
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Figure 12. Top view of the printer without enclosure with the inkjet gantry/printhead
visible over the empty build chamber.

A single nozzle (MicroFab MJ-AT-01 series) with an 80um orifice was used within the
printhead, though nozzles with orifices down to 20pm are commonly available and relatively
simple to swap in. In order to function reliably the ink within the nozzle and at its orifice needs
to be kept within a certain temperature range so that its surface tension and viscosity remain
within a very narrow operating regime [41]. The pressure applied to the ink reservoir also needs
to be kept roughly constant to ensure steady jetting, and is typically less than 0.20 PSI greater
than the environment’s pressure. Deposition is further complicated by the desire to preheat the
build substrate to 500-600C; to achieve any level of spatial precision or accuracy with the inkjet
deposition, the nozzle orifice needs to be kept roughly Imm from the jetting surface. In order to
get the nozzle close enough to the build surface while maintaining its orifice/body temperature, a
thin plate of polished stainless steel (with another orifice) and an air gap was used to provide a
layer of thermal insulation. The printhead also has a thermoelectric cooler on top and an RTD

near the nozzle tip to allow for some degree of control over the bulk temperature of the nozzle.
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Figure 13. (a) Shows a solid model of the inkjet gantry assembly (aside from the motors,
belts, and pulleys that move the y-axis), and (b) shows a cross section of the printhead.

The primary ink reservoir is a 30mL vial stored on the printhead. The pressure
differential required of the reservoir/nozzle is small enough that jetting may be interrupted by the
rate of change of the tubing’s bend radii and/or by certain motions of the line itself. Keeping the
feedline from the reservoir as short as possible and within the same inertial frame as the nozzle
was done in the hopes of mitigating these sources of line pressure variation. A differential
pressure controller (Alicat PC-1PSID-D/5P) was used to control the upstream pressure applied to
the inkjet reservoir.

Ink development and characterization was done in large part by Emre Tekoglu. The ink is
a mixture of a polymeric deflocculant/dispersant (BYK DISPERBYK-2018), water, ethanol, and
typically 1-5 wt.% of a NP of choice. The NP weight fraction simply depends on how much
alloying element is desired per drop and/or the requirements on the generated gradient, though
beyond 5 wt.% the nozzle tends to clog much more readily and the stability of the suspension of
NPs degrades. The exact weight fractions of the components of the ink are presented in greater
depth in Section 3.1 of this paper. Chapter 3 as a whole also takes a closer look at the interaction

of the formulated inks with a heated substrate.
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Figure 14. Printhead movement precision and error charts

Figure 15. Example grid of dots jetted on a stainless steel plate.
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2.6. Recoater

In order to take powder dispensed from the supply piston and uniformly coat the built
part, a stainless steel blade with a 30 degree tip angle is swept back and forth along the top plane
of the printer. The sub-assembly comprising this blade and providing for its movement across the
supply and build pistons is referred to as the recoater. The recoater was designed such that the
blade is easy to access and exchange for other profiles. The blade is mounted such that its height
from the build surface can be gauged and adjusted with the top set of mount screws. The body of
the recoater is translated over the build plate via two synchronously driven servo motors
(Yaskawa SGM7J-02A7D6). The precision of the servos is less critical here though helps assure
that the recoater is sweeping powder across the build piston at the correct speed (which may

influence the quality of the powder layer that is deposited).

o i Blade Mount
Polymeric linear bearings

Flexural clamp mounts

Figure 16. Solid model of the recoater subassembly (pulleys, belts, and drive motors not
included).

A pair of rails and dry running polymeric linear bearings (Igus Drylin series) were used
for guiding the motion of the recoater. To avoid overconstraint one pair of rod mounts are double
blade flexures. Only one mount of each pair actually clamps down on the linear rod, while the
other is a close slip fit to allow for differences in length that may evolve while the machine’s

temperature varies.
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2.7. Control Electronics & Software

The entire system is controlled and coordinated by a LabVIEW program custom
developed by Eagle Lake Systems. The servos that drive the build piston, supply piston, and the
inkjet X axis are ran in position control mode. That is, these servos simply move to a
commanded position and stop once they are there. The recoater and inkjet Y axis servos are ran
in velocity control mode. This allows the inkjet to move to a desired X coordinate and then
sweep a line in the Y axis at a given velocity, which along with the jetting frequency determines
the droplet spacing. A desired inkjet pattern is created by positioning the gantry in X, running it
along a constant velocity in Y, and then triggering the nozzle (via the Microfab JetDrive) when it
is in the correct location(s). The desired jetting frequency, voltage, and ink pressure is set only

once at the start of the print to the JetDrive and pressure controller.
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Figure 17. Schematic of system wide electrical controls. The heart of the system is based
on a custom LabVIEW code base ran on a National Instruments cRIO FPGA with an
array of DACs, ADCs, DI/Os, and other modules attached.

The laser scan is done by simultaneously sending the galvanometer controller and laser
source a stream of position/power commands discretized into 10us segments. Several
temperature sensors are positioned around different optical components to help monitor for

failure and subsequent thermal runaway of the lenses and mirrors.
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Figure 18. Sequence of events for a typical multilayer print in the system. The machine
user may need to assess the nozzle function and make adjustments to its supply pressure
and/or wipe the nozzle between layers.
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3. High Temperature Inkjet Testbed

As mentioned in the discussion of the key design parameters for the overall system, inkjet
deposition onto a high temperature surfaces poses a number of challenges owning to the
complicated physics behind the inkjet process. The possible instability in the droplet’s trajectory
upon coming near/impacting a heated substrate (namely due to the Leidenfrost effect) also
challenges accurate material deposition. In order to further characterize the drop-substrate
interaction and deposition stability in such an environment, an apparatus was built to study the

effect of substrate temperature on the inkjet process.

3.1. Apparatus & Experiment Overview

A custom testbed was assembled to allow for consistent jetting onto a high temperature
surface. The testbed was built around a MicroFab inkjet nozzle and consists of an inkjet driver
(MicroFab JetDrive V, CT-M5-01) and a precision pressure regulator (MicroFab CT-PT-21).
Future work on this apparatus may require an environment with low levels of oxygen, and so the
printhead and substrate platform was placed inside of an enclosure. An argon flowmeter was
installed into the enclosure, and the sides of the enclosure may be sealed with additional panels
so that argon may fully flood the space. The enclosure has the added benefit of limiting stray

currents/flows in the room’s air from affecting the inkjet process.
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Figure 19. (a) Overall inkjet system with MicroFab pressure regulator and nozzle driver,
enclosure gas controls, and substrate/printhead temperature controllers. (b) Printhead,
substrate heater, substrate servos, and process camera assembly; (c) cross-section of
printhead; (d) individual droplet getting dispensed.

The inkjet testbed, shown in Figure 1(c), has an inkjet nozzle with an 80pm orifice diameter

(MicroFab MJ-AT-01-080). This orifice size was the largest easily available, which helped to

reduce the risk and rate of clogs. Jetting was performed using a custom LabView program to

control the jetting locations, nozzle traverse speed, and the waveform sent to the inkjet nozzle. The

substrate position and velocity were controlled with the use of two precision servo stages

(ThorLabs DDSM50). Si NP inks were deposited across 316 Stainless Steel substrates. Figure 1(d)

shows a formed droplet after stabilization of the process captured by a process camera and strobe

(CM-VSU-03-90 and a pulsed LED).

Jetting was performed at several different substrate temperatures to understand how much

preheating the inkjet process could endure. In an attempt to ensure consistent jetting regardless

of substrate/environmental temperature, a thermoelectric cooler was employed within a custom
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print head to precisely maintain the inkjet nozzle and ink at 20C (Figure 1(c)). A thermocouple
was potted with high temperature/high thermal conductivity epoxy in a groove machined in the
side of the printhead such that it was very close to the tip of the printhead, allowing for closed
loop control of the printhead temperature. Originally a stainless steel outer shell (shown in green
in Figure 1(c)) was machined to provide further thermal insulation to the nozzle’s tip, though this
made it difficult to monitor the jetting process. This shell was ultimately deemed unnecessary
given that reliable jetting was achieved at substrate temperatures over 300C without it. The
substrate was heated and held at certain temperatures with the use of a resistive heating element
with an integrated thermocouple. Both the printhead and substrate temperature control were
accomplished with simple PI control loops.

Table 2 shows the ink formulation utilized in this study. Work by Abbott [72] mentions
inks used in an inkjet being confined to viscosities of 8-20cP and surface tensions of 25-50
dyne/cm. A polymeric wetting/dispersing additive (DISPERBYK-2018, BYK Company) was
used to both bring the ink viscosity within printing range as well as help maintain Si NPs
(SkySpring NanoMaterials, 99.7% purity, particle size < 500 nm) in suspension. Deionized (DI)
water and ethanol were used in a 4:1 ratio as demonstrated in Oropeza et al. [42] in order to
obtain a surface tension within the mentioned range as well as provide a solvent for an added
polymer. Inks were prepared in a glove box under 99.999% purity argon (Linde, Marlborough,
MA, USA) to prevent oxidation of the nanoparticles before mixing them with the liquid
media. Strip ink patterns were jetted with 1 mm width and 12 mm length. The volume of a single
layer of ink with the spatial dimensions 1 mm x 12 mm printed on an individual well surface is
approximately 0.001mL. Jetting was also performed on a bed of Nb powder (American Elements,

99.9% purity, 15-45um diameter particles) at different temperatures.

Table 2. Nanoparticle ink formulation utilized in this study (by wt%)
Deionized water | Ethanol | DISPERBYK-2018 Si NPs

77.6 19.4 1.0 2.0

To help better visualize the interaction between the substrate and inks, a high-speed camera
(Phantom Vision Research) equipped with a microscope objective was aimed to capture the nozzle

tip and substrate during jetting. The distributions of the powders and jetted patterns were observed
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by Emre Tekoglu using a Zeiss Merlin high-resolution SEM (Carl Zeiss AG, Oberkochen,

Germany), which is equipped with an energy dispersive spectrometer (EDX).

Table 3. Utilized inkjet parameters.

Jetting frequency (Hz) 100
Jetting speed (mm/s) 10
Droplet spacing (um) 100

Jetting voltage (V) 60

Nozzle diameter (um) 80

Number of printed layers per strip 40

3.2. Experimental Results

The ink formulation in Table 1 was used to test how variations in substrate temperature
affect the inkjet process. Ink with Si nanoparticles was jetted onto a lightly polished stainless steel
316L substrate at different substrate temperatures. The strip ink pattern was clearly visible until
200C (Figure 4(a-c)). Once the substrate reached 250C, the strip ink pattern became much fainter
(Figure 4(d)). Pushing the substrate to 300C resulted in the complete loss of the ink pattern (Figure

4(e)).

300 °C

Figure 20. Jetting at various temperatures and the resulting SEM images showing the

stability of the process. The line from (a) is roughly 47.5um, (b) is roughly 52.5um, and

(c) is roughly 50pm.

Emre Tekoglu performed SEM and EDX mapping which yields a rough measure of the
quality of the ink deposition at various substrate temperatures. Jetting on a 200C substrate shows
a relatively homogeneous distribution of Si and C compared to the ones jetted 250C and 300C
substrates. The observed carbon comes from the residual DISPERBYK-2018, which is not

expected to completely degrade at the studied substrate temperatures (Figure 5(a-c)). When the
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substrate reached 250C the distribution of Si and C is not as stable as when it was 200C, though
once again there is still a faint line (Figure 5(d-f)). When the substrate reached 300C and above
the Si and C signals were scattered over the substrate with a complete loss of the intended line

pattern (Figure 5(g-1)).
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Figure 21. SEM images and EDX mappings of lines jetted under different temperatures.
The line pattern once again becomes faint at roughly 250C and disappears at 300C.

A high-speed camera was used to observe the droplet-substrate interactions at various
temperatures. Ink containing Si NPs was once again used, though this time the nozzle was
stationary during the high-speed camera screening process in order to capture individual droplet
movements. Figure 6 shows the trajectory of a droplet onto a 316SS plate held at 20C, 220C, and
250C. At 20C the drop (though faint in the images) appears to strike the plate directly where
intended without bouncing or moving thereafter. At 200C incoming droplets appeared to often
bounce and scatter after hitting the substrate. When the substrate temperature was 250C-300C the
droplets tended to erratically bounce and/or scatter all over the substrate. It is apparent that the
abrupt evaporation of water and ethanol forms a vapor film around the droplets and this introduces

a thrust force when they approach the substrate.
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This setup (ink with Si NPs, a high speed camera, and a stationary substrate) was also
employed to observe the interaction between the ink and a Nb powder bed that was spread by hand
using a razor blade into a well that was roughly 150pum deep. The powder bed temperature was
varied between 20-320C. With substrate temperatures under roughly 250C the ink appeared to
mostly wet and/or penetrate into powder bed. Above 250C the ink would at times appear to scatter
across the bed upon impact. Additionally, above 250C droplets that appeared to wet/penetrate the

bed would often rapidly vaporize after penetration, spraying small clumps of powder across the
bed.

220C

250C

Figure 22. Inkjet droplet onto 316SS substrate at 20C, (top), 220C (middle), and 250C
(bottom). The green dotted line shows the path of the droplet, and the ellipse/circles
indicates the droplet itself. Note that the drop bounces around after impacting the
substrate.
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220C

320C

Figure 23. Ink droplet onto Nb powder at 220C (top) and post deposition interaction of
ink and Nb powder held at 320C (bottom). Most droplets did not appear to bounce as on
the 316SS plate but rather seemed to penetrate the bed and, upon vaporizing, sent powder
flying

Emre Tekoglu also performed differential scanning calorimetry (DSC) and
thermogravimetric (TG) analyses on inks with 10 wt% DISPERBYK-2018 and no Si NP to
understand the behavior of the constituents in the ink as a function of temperature. Almost 90%
of weight lost was seen between 0-100C, indicating the removal of DI water and ethanol. The
rest of the weight loss occurred roughly between 350-450C, indicating endothermic

decomposition of DISPERBYK-2018.
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Figure 24. DSC (dashed curve) and TG (solid curve) results obtained using the Si-NP
containing ink.
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4. Parameter Optimization of 316L. in HAMR?2

In addition to the hybrid inkjet-SLM system, work was done to characterize and qualify
another custom made SLM machine dubbed HAMR2. The bulk of the characterization work was
centered around performing parameter sweeps in an attempt to figure out what settings resulted

in fully dense parts as well as what might cause lack of fusion or keyholing defects in parts.

4.1. Background & Normalized Enthalpy

The bulk of metal AM processes (SLS, DED, SLM, etc) are just complicated
thermal/energy management problems. SLM printing consists of a large number of different
parameters that either directly or indirectly affect how energy is delivered and moves throughout

a print, and thus the resulting quality of the print [46].

Laser Scan Parameters . Powde.r . Print Environment
Characteristics
Powder size &
Power Scan Speed distribution Bed Temperature
— Spot Size — Hatch Spacing —  Morphology — Supply Temperature
— Wavelength — Scan Strate — Bed densit || Temperature
g &y Y Uniformity
Type L Layer Thickness || Atmosphere Purity /
— (CW, Pulsed, shape, Oxygen Level
etc)
Material Properties
(thermal diffusivity,
absorptivity,
conductivity, etc)

Figure 25. Main process parameters affecting print quality in an SLM system. Adapted
from [73].

In the realm of metal AM “optimal” parameters and part quality are typically tied to the
printed part’s final density. Other aspects of the part such as its residual stress level,
microstructure, and print time and energy are also important but porosities within the part are

often the biggest determinant of their overall mechanical strength and fatigue properties [73].

42



Printed parts may undergo processes like hot isostatic pressing (HIP) in order to mitigate
porosities, though even after significant added expenses the prints are likely to still contain pores
and generally exhibit poor mechanical properties relative to cast or forged parts in the same
material [74], [75].

Scores of papers, simulations, and experiments have been conducted in an attempt to
study optimal parameter sets in metal AM. This paper will not dive into the finer details of defect
formation and how each parameter within an SLM process influences these mechanisms, though
references [76]—[82] offer a general background in the subject. Instead only two main defects
will receive focus: lack of fusion and keyholing porosities. The former is typically due to
depositing too little energy/heat to the powder bed such that the powder does not completely
melt and adhere to itself or the previous layer. Keyholing is typically where too much energy is
deposited, forming a deeper than necessary melt pool and vaporizing some of the powder/melt
pool in the process. Some of the bubbles formed from the vaporized material then become
trapped in the melt pool as it quickly solidifies, forming a pore.

In order to streamline finding the optimal print parameters for new and different materials
in different SLM setups, a number of rules and experiments have been performed in the past
decade. One method of prominence is appropriately dubbed Volumetric Energy Density (VED)
and shown in Eq (1). VED involves the laser power P, scan speed V, layer thickness ¢, and hatch
spacing A.

P

VED = ——
Vth

(1)

VED is meant to be used as a measure of the total energy input into a print (in J/mm?).
Though it tends to depend on the material and setup used, a VED of around 100 has been shown
to be near optimal (neither resulting in lack of fusion nor too much keyholing) in several
scenarios [83], [84]. VED does not consider the various material properties of the powder used
or some of the laser parameters though and has thus been generally limited as an effective rule
for generating and transferring optimal parameters. Another recently developed method, and the

one that this work will focus on, is normalized enthalpy (NE). The equation is presented in Eq

).
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AH =

oP

p(CAT + L, )Vrw?VD

Where a, p, C, Ly, D, are the absorptivity (at the laser’s wavelength), density, specific

value for them [85].

The system to be characterized was another custom SLM printer dubbed HAMR?2, which

heat, latent heat of melting, and thermal diffusivity of the powder. P, V, AT, and » are the laser
power, laser scan speed, the difference between the initial and melting temperature, and the laser
spot radius. Several of the material parameters will vary with powder morphology and
temperature (namely absorptivity and diffusivity), and so a more rigorous usage of NE would

involve finding these values either empirically or experimentally and calculating an effective

4.2. Setup & Experimental Overview

utilizes the same optics as described in Section 2.1 as well as work done by Griggs et al in [68].

Table 4. HAMR?2 Capabilities & Parameters

Parameter Design Values

Spreader type Compliant blade

Spreader traverse speed 100mm/s

Powder dispensing mechanism Piston

Build Temperature 20C

Build Volume 75 x 75 x 50 mm

Laser Power 50-550 W

Laser Wavelength 1064nm

Laser Spot Size >30 um (4o diameter, adjustable)
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Figure 26. (a) Front view of the HAMR?2 SLM machine with the optical head in position
over the laser window in the top of the enclosure. (b) Top view of an example print with
36 samples/prisms for parameter optimization. The rastered trapezoid was from a
previous test raster.

A spot size of 70um was used for all of the prints. Prior to printing, the enclosure was
pumped down and filled with argon until the concentration of oxygen was below 500ppm. For
each parameter set a small rectangular prism (roughly 4mm wide, 5Smm long, and 2-3mm tall)
was printed, and between 4-6 trials of each parameter set were taken (4-6 prisms with the same
parameters). A typical print consisted of 36 prisms spaced at least 2.5mm apart. For each print,
only the speed, power, and layer heights were varied. All other parameters were kept constant,
the speed and power were varied such that certain NEs were achieved spanning from 10-50. It
has been shown that an optimal NE typically falls around 25-30 though a sweep of values from
10-50 was used here to both find an optimal point as well as figure out where the bounds for both
lack of fusion and keyholing lie for the system [85]. For all prints 316L stainless steel powder
from Carpenter (Cartech Micromelt 316L) with a size distribution of 15-45 pm was used. The
scan pattern employed for every layer is a simple raster with each line lased consecutively from
one side of the prism to the other. Each layer’s lines/raster was offset from the previous by 67

degrees.

Table 5. Parameters used and varied during the optimization process

Print Parameter Value(s)
Spot Size 70 um
Hatch Spacing 50 um
Layer Height 30 or 50 pm
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Speed 250, 500, or 1000 mm/s
Power (Set based on desired NE)
Normalized Enthalphy (NE) 10, 20, 30, 35, 40, 45, or 50
Powder Used 15-45um 316L Stainless Steel

In order to minimize any effect that a sample’s position on the build plate may have on its
end quality (i.e. due to spatter from neighboring samples, variations in the recoater, or any
aberrations/directionality in the optical system), each parameter set was assigned a random
number that determined its index on the build plate. After printing, Reimar Weiflbach
painstakingly cross sectioned, mounted, polished, and etched each sample such that each

sample’s porosity and microstructure could be assessed.

4.3. Optimization Process & Results

In order to quickly obtain porosity data, images were taken of each sample’s cross section
using an optical microscope and processed to gain a proxy measurement. The processing for
each image consisted of cropping the image so that only the center of the printed material was
included (and none of the baseplate, sides, or top), increasing the contrast, applying a gaussian
blur, and then thresholding. The contrast adjustment and gaussian blur both made the pores a
little more distinct from the bulk substrate and smoothed over the grain boundaries present after
etching so that they would not be picked up in the thresholding. The thresholding limit was set

just by taking the minimum pixel intensity and adding a margin to it.

s

Figure 27. Overview of ima
cropped area highlighted by the pink rectangle. (b) is the portion cropped from the
original image after converting it to greyscale, increasing the brightness and contrast, and
applying a gaussian blur. (¢) is the processed image after thresholding.
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Figure 28. Porosity proxy measurement across different normalized enthalpies, scan
speeds, and layer heights.

Further work should be done to continue characterizing prints past NEs of 30 such that
there’s confidence in an optimal operating parameter set and/or so the keyholing regime for this

material and setup may be found.
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5. Conclusion

The design and preliminary validation of a hybrid inkjet-LPBF printer was presented
throughout this work, along with a brief investigation of inkjet deposition onto a high
temperature substrate and a portion of the print parameter sweep and selection for a baseline
LPBF machine. Some movement precision data and sample inkjet depositions are shown for the

hybrid system.
Some future work on the system may include:

1. Fully verifying and optimizing its precision and functionality. L.e. its bed heater is not
fully validated and its control paradigm could likely use tuning.

2. Investigating ink formulations that would survive deposition on substrates over 250C

3. Reworking the printhead to include a multitude of nozzles. This would potentially
increase the printer’s build speed, enable multiple alloying elements to be deposited,
and lower the risk of a single nozzle clogging.

4. The entire system could also be scrapped, and instead a semi-custom/commercial
inkjet system could be jammed into a commercial LPBF system. This would likely be

far better in terms of part quality and usability.
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A. Laser Focusing & Alignment

Al. Laser Focusing

The spot size is variable and is highly sensitive to the height between the f-theta lens and
the build surface. The f-theta lens focuses the incoming laser from a ~19.5mm diameter beam
(where diameter here refers to the 46 diameter since it is a gaussian beam) down to a
minimum/waist diameter of ~30um. The beam decreases in diameter in a nearly linear/conic
fashion until it nears its waist, where the spot size shares a very nonlinear/hyperboloid relation
with the distance from the lens [86]. In order to accurately set the spot size, an image sensor
(DMM 37UX226-ML with 1.85 pm x 1.85 um pixels) was placed level with the build surface
and exposed to short bursts (2-4 seconds) from the laser/optical head. The laser energy was
attenuated by diverting ~95% of it to a beam dump and adding additional neutral density filters
inline. This attenuation was performed upstream of the galvanometers and f-theta lens to mitigate

any effect they might have on the spot size.

Fiber Beam Splitter
Optic

Laser source Collimator ----p Beam Dump

A 4
Neutral
Density Filter

f-theta Lens [-»Laser Window} -»Image Sensor

Galvanometers

Figure 29. Optical pathway setup for laser focusing & spot size characterization.

The resulting images were then analyzed such that a few gaussian distributions could be
fit to the resulting intensity profile and averaged to get a 40 spot diameter.
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Figure 30. (a) Image sensor in HAMR2 chamber; (b) analyzed image with gaussian fit
on the spot; (c) resulting spot size data for HAMR3 with a line of best fit attached.



A2. Laser Alignment

The beam entering the optical head should hit the galvanometer mirrors at the right angle
such that when it enters/exits the f-theta lens it doesn’t become defocused. The collimator in
Figure 29 is attached to an XY stage, and normally directs the laser to a turning mirror whose
mount includes two angular adjustments. This yields 4 adjustment points for adjusting the beam
angle and point of impact on the galvanometers. In order to align the beam, a set of cameras and
a beam splitter was put in place of the f-theta lens. A calibration beam is recorded on the image
sensors to provide a “straight” beam for comparison. The cameras were placed different
distances from the beam splitter (I;& [,) and a translational/angular error of the incoming beam
yields two distinct errors (g, & €,) that may be used to both find a rough maximum angular error

present in the beam as well as guide optimization of the 4 adjustment points.

Fiber Tumni
Obtic urning
P Mirror

Y

Laser source Collimator

Beam Splitter

Image Sensor

Galvanometers A

Image sensor

Figure 31. Optical pathway for alignming the incoming beam to the galvanometers.
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Figure 32. Optical head alignment tool with calibration laser attached.
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