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Abstract

While Binder Jet Additive Manufacturing (BJAM) has great potential, its implementation
is limited by defects in the finished parts. An improved understanding of how printing parameters
impact the quality of the printed parts is needed. Prior work on the droplet/powder interactions in
BJAM printing focused on individual lines, this work shows that successful layer formation favors
larger droplet spacing than is viable in individual lines. When printing layers, the first printed
layer was significantly rougher than the spread bed indicating significant powder ejection.
However, this difference was eliminated after printing 1-4 additional layers. These results show
that prior printed layers have a strong impact on droplet impact and imbibition and that simple
droplet or line geometries are not effective for testing printing parameters. The roughness of the
first layer may contribute to large pores observed between layers. This paper further examines the
impact of key printing parameters including layer thickness, droplet/line spacing, and droplet inter-
arrival time on the effective saturation and surface roughness of 2D and 3D parts. The droplet
inter-arrival time (print frequency) had negligible impact on surface roughness and saturation
under the conditions tested. Printed layers behaved similarly at droplet spacing values comparable
to the droplet diameter (44 um). In contrast, droplet spacing of 60 um, produced substantially
lower saturation. Effective saturation generally increases with increased number of layers.
Ambient humidity exposure during printing is shown to have a negligible impact on printing
outcomes though higher moisture levels from steam exposure dramatically alter saturation. Drying
powder before spreading reduced variation in the printed parts. All tests were based on gas
atomized -22 um 316 SS powder.

INTRODUCTION

Binder jetting (BJ) is an additive manufacturing (AM) process that uses inkjet technology
to deposit a binding agent on thin layers of powder. The binding agent binds the powder within
the cross section of each layer and between layers. As demand for AM has grown and early BJ
patents have expired, interest in BJ has increased in both academia and industry [1]. BJ offers
potential for lower costs and higher build rates compared to other AM methods due to use of inkjet
technology for rapid patterning. Unlike AM processes that require high energy input for fusion
(i.e., direct energy deposition, laser powder bed fusion), relatively little heat is applied in BJ. In
addition, no support structures are required. BJ can print any powdered material including ceramics
[2], metals [3], and polymers [4]. This flexibility has driven BJ use in biomedical, foundry,
automotive, and aerospace industries [5].

However, compared to other additive manufacturing processes, industrial adoption of BJ
for production has been slower due to reduced properties and post-processing challenges. The
properties are often limited by residual porosity after post-processing. While liquid phase sintering
has greatly improved densification of the green parts [6-8], large pores that are introduced during
the printing process are difficult to eliminate. The source of these large pores needs to be better
understood so that their formation can be prevented. Neither the mechanisms for formation of large
pores nor the relationships between printing parameters and surface roughness are understood.



Most studies of printed parts use commercial equipment that does not provide much control over
key parameters such as droplet velocity, droplet volume, droplet spacing, droplet inter-arrival time,
and line spacing [9-12]. Parameters such as droplet velocity are not readily measured on these
machines and the droplet placement patterns may be unknown.

There is also need for improved understanding of print saturation—the key user-selected
printing parameter on commercial equipment. Saturation is selected by printing test parts and
inspecting them to determine the quantity of binder to be deposited (target saturation level) to
avoid bleeding for each specific powder, binder, printhead, and machine [10, 13-16]. Acceptable
saturation levels can be impacted by drying parameters as well [17]. While general trends for the
impact of parameters such as printing speed [13], in-process drying [17, 18] and layer thickness
[19, 20] have been noted, significant testing is still required to select parameters for new printing
conditions and materials.

During printing, picoliter-scale droplets of binder impact the powder bed to form lines as
the printhead moves over the bed. Adjacent nozzles in commercial printheads are typically farther
apart than the diameter of the line formed by adjacent droplets so additional printheads or repeated
passes with a single printhead are required to fill in the gaps between lines. As printing proceeds,
adjacent lines merge to become part layers. Following binder deposition, the surface is often heated
to partially evaporate the solvent from the binder. A new layer is spread, and this process is
repeated layer-by-layer until the full part is built. The resultant “green” part consists of powder
particles held together with binder. Green parts are fragile and are usually post processed by
sintering and/or infiltration to improve mechanical properties [21, 22].

Relatively little is known about how inkjet droplets interact with powder. Primitives of
single mm-scale droplets in powder have been used to study granulation [23-25], but the droplet
volumes in these studies (microliters) are orders of magnitude larger than those typically used in
BJ (picoliters). In addition, these studies do not include interaction between new droplets and
previous droplets even though moisture in the powder significantly changes the wetting and
infiltration behavior [26].

More studies have been done of t droplets deposited close together to form lines. High
speed optical and x-ray imaging of line printing showed that the binder/powder interaction causes
particle ejection and powder bed deformation which densify some powder regions while creating
pores in others [27, 28]. Seluga [29] and Colton [30] showed that increasing droplet velocity
improves line formation but also alters the effective saturation (discussed further below). The
magnitude of these effects depends on droplet size and the square root of the droplet inter-arrival
time. Line formation (the ability for droplets to coalesce into a continuous line) also depends on
droplet size/spacing and droplet inter-arrival time (frequency) [19, 30, 31]. Recent studies of
printed lines [32], show that at low droplet velocity (2.4 m/s), small droplet spacing (high droplet
overlap) or long droplet interarrival times is required for successful formation of uniform lines in
the powder [32]. However, these printing conditions are not desirable for BJ because they create
large line diameters. The line diameter limits the minimum feature size while the long inter-arrival
time limits the printing speed. This is perhaps the reason that small droplet spacing is not seen in
commercial systems. Instead droplet spacing is commonly comparable to the droplet size [19,
29]—a condition that did not successfully form lines in a prior study [32].

To improve the implementation of BJ in industry, the fundamental binder/powder
interaction must be understood further. To facilitate this understanding, this paper seeks to extend



studies based on droplets and lines to single and multiple layer parts since most part geometry is
composed of multiple layers of adjacent lines. Binder, powder, and printing conditions from prior
studies of line printing are used for comparison [32]. Little is known about the applicability of
studying primitives such as individual droplets or lines to understand the printing of 3D parts. The
results show that line and primitive tests should be replaced by layer testing because line results
do not accurately predict the feasible printing parameters, saturation, or surface roughness of
printed layers.

This paper also advances the understanding of the relationships between printing
parameters and printing outcomes of saturation and surface roughness. These are relevant because
print saturation is a key process parameter that must be selected by the user while the surface
roughness provides an indication of powder rearrangement during printing. Powder rearrangement
may contribute to large pore formation, reduced green part density, and poor appearance of the
part surfaces. The dependence of saturation and roughness on printing parameters (droplet/line
spacing, droplet frequency, and layer thickness) are measured for parts made of 1, 2, 3, and 5
layers. Additionally, the powder is exposed to environmental conditions (humidity, steam) and
powder conditioning (drying) to assess the sensitivity of the printing parameters to powder
conditioning and ambient printing conditions. These measurements provide insight into selection
of printing parameters and the need for powder conditioning and/or environmental control during
printing. This study focuses on commercially relevant combinations of droplet size, droplet
spacing, and layer thickness with a -22 um 316 SS powder.

SATURATION

One parameter that represents key aspects of the binder/powder interaction is binder
saturation. In BJ, saturation is defined as the percentage of void space in the powder bed filled
with binder and “print saturation” is a target value of saturation set by the user. If binder remains
in the intended region, the print saturation is given by
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where S, is print saturation, Dy is the diameter of the binder droplet, Ax is droplet spacing, Ay is
line spacing, Az is layer thickness, and P is packing fraction of the powder bed. Packing fraction
is the ratio of powder bed density to full material density. In commercial systems, the user typically
inputs the packing fraction (Pr) and specifies the target print saturation (S,) and layer thickness
(4z). The machine software then selects the droplet and line spacing based on proprietary
algorithms to deposit the targeted amount of binder/volume of part. However, the binder may fill
more or less space than targeted due to variables including powder/binder wetting properties,
printing parameters, and drying conditions [17]. This will cause the actual effective saturation (S,)
to differ from the target value. The value of S. can be calculated from the part weight as
s — MpPpb
¢ " Mmppy * (L= Pp)
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where m,, is the mass of the deposited binder, pjis binder density, m,, is the mass of the bound
powder, p,, is powder bed density, and Pris the packing fraction.



Single printed lines typically have much lower effective saturation (S, ) levels than the print
saturation [30]. When adjacent lines and subsequent layers are printed, binder must connect to
previously wetted regions to assure that the entire part is bound together. If saturation is too high
and exceeds the stable limits, binder will migrate outside the predetermined space producing a
defect commonly known as “bleeding.” Bleeding negatively impacts part dimensional accuracy.
Some extra binder beyond the line saturation limit can be accommodated because (1) hysteresis in
powder wetting (discussed below), and (2) binders typically contain volatile solvents. Some
solvent from the printed binder evaporates leaving space to absorb excess binder in a new layer.
Most commercial processes incorporate heating between layers to increase evaporation. Prior work
has shown that this drying is critical to increasing the saturation range that generates accurate parts
[17].

While a user selects a single target print saturation, the printing process usually creates a
range of saturation values in the part that vary both spatially and temporally due to hysteresis in
the imbibition and drainage curves [33]. As droplets impact the surface, the powder region near
the impact region saturates with binder. Capillary pressure drives fluid to the surrounding partially
saturated and unsaturated regions until the pressure is equilibrated across the fluid network. While
the capillary pressure equilibrates, the saturation can vary spatially due to hysteresis between
drainage and imbibition curves However, due to the measurement challenges, this spatial variation
has not been characterized. The target print saturation is typically reported and only an effective
saturation (Se) averaged over a part is typically measured [14, 16, 34].

Equilibrium saturation is the maximum print saturation where the binder will not flow past
the desired boundaries. Methods of predicting equilibrium saturation levels have been proposed.
Miyanaji, et.al [35] developed the first physics based equilibrium saturation model based on a
single equivalent pore size. Unfortunately, limited experimental data did not correlate with
predicted values. Dynamic contact angle [36], in-process drying [17], droplet velocity and size
[30] have all been shown to alter part saturation values suggesting that this quantity is a function
of the process parameters and not the powder and binder alone.

METHODS

Materials

ExOne solvent binder was used in each of the experiments conducted. Binder properties as
provided by the manufacturer are density 1.05 g/cc, viscosity 4.6 cps, surface tension 32 dynes/cm.
All experiments used ExOne 316 stainless steel powder (Dso = 10 um). Particle size distribution
was measured using laser diffraction by NSL analytical (ISO 13320). Particle shapes were
observed using scanning electron microscope (Apreao C SEM). Particle distributions and SEM
images are shown in Figure 1.

Powder Conditioning Procedures

Moisture can impact the binder jetting process in two phases. First, moisture absorption
during storage from the ambient environment would tend to decrease the packing density by
increasing the cohesion of the powder bed [37, 38]. Secondly, moisture in the powder during
printing is expected to accelerate binder imbibition [26] and may reduce powder ejection by
increasing cohesive strength [39]. To separate the impact of ambient humidity levels on the
spreading and printing phases, the humidity exposure of the powder before and after the printing
process was varied. The surface roughness and effective saturation of the resulting parts was
measured under each condition. Four powder conditions were used: 1) powder treated with
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Figure 1: Particle size distribution and SEM images for the 316 SS powder used in experiments.

ambient humidity exposure printed at ambient conditions (Amb-Amb); 2) dried powder exposed
to 40% humidity before printing (Dry-40%); 3) dried powder exposed to 80% humidity before
printing (Dry-80%); and 4) dried powder exposed to steam for 10 s before printing (Dry-Steam).
This helps provide insight into the relative impact of powder conditioning before printing (dry or
ambient humidity exposure) to the impact of humidity exposure during the layer spreading and
printing process itself.

Dry powder was prepared by heating the powder for 8 hours at 180° C and then storing in
airtight containers until use. Powder with ambient moisture was obtained by first drying the
powder and then exposing it to ambient humidity (=30%) for 48 hours before printing. During
printing, a small amount was removed to be spread for each layer. Humidity exposure during
printing (40% and 80%) was achieved by enclosing the apparatus and controlling the humidity
levels in the chamber. To maximize the impact of elevated humidity exposure, each layer in the
experiments with high humidity conditions was exposed to the controlled environment for 10
minutes between spreading and printing. Steam exposure for 10 s from a household steamer was
used to imitate extremely moist environments. After dried powder was spread, the steam source
was held about 18 inches from the powder bed surface to not disturb the bed and steamed for 10
seconds at each layer prior to printing. During steam tests, the humidity chamber was maintained
at 80% saturation to reduce evaporation from the powder bed after steam application.

Droplet Characterization

Droplet volume remained constant between tests and was measured by printing at constant
frequency for two minutes while capturing the droplets in a small container. The droplets were
weighed to calculate the weight of a single droplet (45 pl, diameter ~44 pm). Images produced
from IDS UI-3370CP-M-GL camera at 2.5x magnification and a strobing LED behind the droplets
were used to measure droplet velocity. Each droplet velocity data point is the average of six
samples.

Powder Bed Density Measurements
The average of at least three measurements was used for each condition. Powder bed
density was measured by using the plug method in which a sample of powder is extracted by



inserting a cylindrical plug of a known size (2.8 cm diameter) into the powder bed and weighing
the powder [40]. Powder bed density was 4.35 g/cm?® (55% packing fraction). Repeated
measurements of density fell within 1% of the target packing fraction for all powder conditions.

Part Fabrication

All experiments were printed using a custom-built binder jetting apparatus. The apparatus
consisted of a single MicroFab MJ-AB printhead (30 um orifice), Techno DaVinci CNC router
modified with a Gecko G540 controller, and a custom powder spreader. All were controlled using
a LabVIEW VI and a NI cRio device. All tests were conducted at an ambient temperature of 21°C.
The apparatus was enclosed in a chamber with humidifiers controlled with an Inkbird IHC-200
humidity controller. Humidity levels were logged with an additional humidity sensor (Omega OM-
HL-SP-TH). To separate the impact of printing parameters from drying, the powder bed was not
heated during printing or between layers.

Two types of parts were printed: single 10 mm lines, and layers. Arrays of single lines of
10 mm length were printed on beds of spread powder with a spacing of at least *** between
adjacent lines. A minimum of *** lines were printed for each printing condition. Lines were
printed with a range of droplet velocities by varying the droplet waveform.

Layer parts were fabricated as 10 mm x 7.5 mm rectangles. Thicknesses varied based on
the number of layers printed (1, 2, 3, 5, 8). Layer thickness values of 35, 50, and 65 um were
utilized. Droplet velocity remained constant for all printed layers at 4.9 m/s. The layer tests
reported in this paper are based on droplet spacing values selected to be comparable to the droplet
diameter (44 um) as is commonly practiced in commercial instruments. Droplet spacing and
droplet frequency were varied in the experiments with values of 40, 50, 60 um and 500 and 1000
Hz respectively. Line spacing was equal to droplet spacing for all layer printing tests.

After printing each set of parts, the powder bed was heated at 180°C for 1 hour. After air
cooling, surface roughness was measured on the printed surface of two to three parts from each
parameter set using a 3D profilometer (Zeta 20). Parts were then extracted and cleaned using
pressurized air through an 18-gauge needle. The extracted parts were weighed, and their effective
saturation calculated using Eqn. (2).

Part Cross-sectioning

Selected parts printed in 316 SS were cross sectioned to look for large pores. To minimize
disruption of the green parts during sectioning, they were first infiltrated with cyanoacrylate
adhesive to increase strength and cured in air. Low viscosity clear epoxy was then infiltrated under
vacuum for 8 hours. This improved infiltration and decreased porosity in the epoxy. Parts were
mounted in polishing epoxy following infiltration. Surfaces were then sectioned, polished, and
imaged using an Olympus GX51 microscope.

RESULTS AND DISCUSSION

The experiments described above are considered in three main groups. First, the formation
of lines and layers under similar printing conditions are compared to elucidate the limitations of
using simplified geometries for studying printing parameters. Then the impact of printing
parameters on the surface roughness is examined. Increases in surface roughness from printing
indicate the level of powder rearrangement during printing. Next, the impact of printing parameters
on effective saturation in parts with varying number of layers is observed. These results provide
valuable insight into the selection of saturation for parts of varying thickness and the suitability of
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Figure 2: The saturation results of printed lines at different combinations of droplet velocity and spacing
with a constant droplet generation frequency of 1 kHz. Data stops when less than 60% of lines could be
extracted. Saturation is calculated from the combined weight of 5 printed lines.

using a single saturation value for all values of droplet spacing and layer thickness. Finally, the
impact of powder drying and ambient conditions during printing on both saturation and surface
roughness are considered.

Comparison of Line and Layer Printing Parameters

In previous work [32], successful line formation in the 316 stainless steel powder was
shown to be favored by spaces between droplets that were much smaller than the droplet diameter.
The largest droplet spacings were achieved with longer times between droplet arrivals (lower
printing frequency). This prior dataset was expanded to assess the impact of velocity on formation
of lines and saturation as summarized in Figure 2. From droplet velocity of 2.83 m/s to 7.61 m/s,
increasing droplet velocity allowed lines to successfully form at larger droplet spacings. The
highest velocity of 9.45 m/s did not follow this trend—possibly due to increased powder ejection
or splashing. However, all printing conditions generated broken segments and balling before the
droplet spacing was comparable to the droplet size (44 pum). No printing velocity formed lines
above 35 um droplet spacings.

To test the applicability of the line-printing conditions to layer printing, layers were printed
using a raster pattern at a droplet frequency of 1 kHz, droplet velocity of 4.9 m/s, and droplet
spacing values of 5, 7.5, 10 um with line spacing values from 110-440 pum for a total of 24 different
combinations. All tests were conducted using powder exposed to ambient moisture and printed
under ambient conditions (Amb-Amb). While these conditions successfully formed lines [30, 32],
layers printed under these conditions failed to merge at larger line spacings or experienced
significant bleeding with notably thicker parts on the region that was printed first. In addition to
the low quality of the resulting parts, these small droplet spacing printing conditions are also
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Figure 3:Comparison of lines and layers printed under the same conditions a) Balling seen in line printing.
b) Layers printed under the same conditions from continuous parts that can be extracted. Print parameters
were 1 kHz droplet frequency, 4.9 m/s droplet velocity, and 50 um droplet spacing.

undesirable as the closely spaced droplets create large features that reduce the process resolution.
In contrast, droplet spacings (40-60 um) comparable to the droplet diameters (44 um) broke up
into smaller balls or segments rather than form continuous lines as seen in Figure 2 and Figure 3a,
but did form layers consistently as seen in Figure 3b and detailed in subsequent sections.

This success in layer formation where lines do not form suggests that interactions of newly
arriving droplets with adjacent previously printed lines may play a crucial role in preventing
balling.  These results show that conditions for successful line and layer printing can be very
different and that it is preferable to study 2D and 3D geometries (layers and multilayers) rather
than 1D lines to understand the printing parameters. However, where maximum feature resolution
is desired, the formation of individual lines may be relevant.

Surface Roughness

Layers were printed with equal spacing between droplets and adjacent lines. Printing a
single part layer significantly increases the surface roughness (Sa) from an as-spread value of 8.6
to 10-13.5 um as seen in Figure 4. The increased roughness of the printed surface is caused by
powder motion during printing either due to ejection or balling. Powder motion is likely to reduce
the density of the green part below the initial powder bed density (often >60%). This increases
shrinkage and/or porosity in the final part. However, after printing additional layers, the surface
roughness of the succeeding layers decreases back to the as-spread level. Optical measurements of
surface roughness (Figure 5) confirm this visual observation across the wide range of printing

Figure 4: (Left) Bare powder bed imaged prior to printing. (Middle) First layer of 316 SS surface at 5x
magnification aspects similar to balling defects from line printing can be seen, a relatively rough surface.
(Right) Third layer of 316 SS at 5x magnification, a smoother surface is seen. Both were printed at 50 um
layer thickness, droplet spacing, and line spacing. Print saturation was approximately 90%.
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Figure 5: Surface roughness values of single- and multi-layer parts printed in ambient moisture powder.
Each condition was sampled two times. Legend depicts print parameters in order: droplet frequency-droplet
spacing (um)-layer thickness (um).

conditions tested. The printed surface is typically smoother than an un-printed powder bed after
printing three to five layers though it was achieved as quickly as the second layer in one test.

The printing conditions (a-c) in Figure 5 produce the same approximate target saturation
level of 88-90%. Since the droplet size was fixed, the layer thickness was varied to compensate
for changes in droplet and line spacing. However, the layer thickness does not play a role in the
first printed layer as seen by comparing the first layer outcomes for printing condition ‘c’ and ‘d’
in Figure 5. The roughness of the first printed layer was smallest at the largest droplet spacing of
60 um. At this larger spacing, the 44 um droplets are unlikely to interact before penetrating the
powder bed. Despite the larger droplet spacing, all the printed surfaces had sufficient strength to
be removed from the powder bed for saturation measurement (discussed below). This indicates
that the binder formed a continuous network within the powder after imbibition. The surface
roughness after printing seems to be due, at least partially, to some balling effects (Figure 4) of
printing at droplet spacing comparable to droplet diameters though powder ejection may also be
significant as seen in [27].

The declining roughness of subsequent printed layers seen in Figure 5 may be explained
by a change in the droplet imbibition or powder mechanics when printing over a layer of moist
powder. The reduced roughness may be explained by a significant decrease in powder ejection
when printing over previously printed layers. This observation suggests that measurements of
single line [27] or even single layer printing provide limited insight into the formation of the bulk
part geometry. Since the number of layers impacts surface roughness across all printing
conditions, the interaction between layers must play a substantial role in affecting BJ parts at least
comparable to the interaction between droplets of the same layer. Surprisingly, among the samples
with ~90% print saturation, the samples with larger layer thicknesses returned to the initial surface
roughness levels more rapidly. Condition ‘c’ with 60 um droplet/line spacing and the smallest
layer spacing (35 pm) had higher roughness in the second layer than the first. When the layer
thickness was increased to 65 pwm the same droplet line spacing showed similar rate of smoothing



Figure 6 Cross section of a 5-layer part. Large porosity seen between first and second layer

as conditions ‘a’ and ‘b’. While both droplet/line spacing and layer thickness impact the initial
roughness and the change with subsequent layers, these observations demonstrate that layers can
be formed successfully over a wide range of printing conditions (layer thickness, saturation,
droplet spacing) and that some problems in printing an initial layer can be overcome when printing
subsequent layers

However, that does not mean that all printing conditions will provide equal part quality. If
powder from the newly spread layer does not completely fill the crevices in the rough surfaces of
the first layer or if balls of binder remain on the surface while spreading the next powder layer, the
surface roughness seen on the first layers could be a source of defects as layers are stacked and
bonded together to form a part. To evaluate for large pores, parts were infiltrated with epoxy and
sectioned. Of the samples sectioned, many had large pores just above the first layer as seen in
Figure 6. Furthermore, no such defects were found near the last layers of the parts that were
sectioned. These defects are reminiscent of large pores parallel to the layers documented in prior
studies [41]. It is possible that surface roughness after printing could be one mechanism for
forming these pores. This is important as the largest pores are most difficult to eliminate by
sintering. The increase in large pores in those locations with larger surface roughness could provide
a motivation for surface roughness measurements as an online process monitoring tool if further
testing confirms a relationship.

These observations show that neither the study of individual lines nor individual layers is
sufficient to capture the behavior of a printed part. The differences in printing behavior between
lines, single layers, and multi-layers, could be explained by a combination of two factors: (1)
previously moistened powder alters the flow of binder into the powder and (2) binder in the powder
creates cohesive capillary forces that alter the mechanical response of powder to the force of
droplets as they impact and infiltrate. High speed X-ray observations during printing of a single
lines into loose powder showed significant powder ejection [27], but similar studies have not been
done of multi-line or multi-layer printing. This present work suggests that the printing response
may be altered significantly when printing next to prior lines or over a previously printed layer.

Effective Saturation

The measured effective saturation of parts as a function of the number of layers is presented
in Figure 8. Saturation is consistently lowest in the first layer when the droplets are interacting
with dry powder. The increase in effective saturation with subsequent layers indicates that binder
is flowing from the printed layer into previously printed layers. It should be noted that in most BJ
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Figure 7: Variation in effective saturation with printing conditions and number of printed layers. Legend
depicts print parameters in order: droplet frequency, droplet spacing (um), layer thickness (um), and print
saturation.

systems print saturation is between 60-80% and sometimes much higher [17]. However, heat is
applied to the beds between layers to promote evaporation so that the excess binder beyond the
effective saturation measured here can flow into previously printed works. Without drying (as was
the case in this work), the mass increases with binder content (Figure 7) creating a natural
saturation limit [16]. This phenomenon is reflected in the observation that samples printed with
different layer thickness, but similar droplet/line spacing values had similar levels of effective
saturation. This implies that binder flowed beyond the target layer thicknesses for at least some
print conditions. When effective saturation is smaller than the target print saturation (as observed
here), the binder flows beyond the target geometry making the parts thicker and/or wider than
expected. Commercial systems often reduce binder saturation in the initial layer(s) to
reduce/prevent binder flow beyond the part boundaries.

Like the surface roughness, the effective saturation data falls into two groups that are
separated primarily due to droplet spacing. Data groups ‘a’, ‘b’, and ‘e’ (Figure 7) have comparable
effective saturation levels for all parts. All have a droplet spacing of 40 or 50 um. Increasing
droplet spacing to 60 um (data group ‘c’, Figure 7) reduced effective saturation even though the
target print saturation was the same (=<90%) as groups ‘a’, ‘b’, and ‘e’. The effective saturation of
data group ‘c’, instead, followed closely with that of data group ‘d’ with the same droplet spacing
even though the print saturations of these two groups differs by a factor of nearly two due to
different layer thickness values. Droplet spacing has an impact on the effective saturation of the
layers just as it had with line printing [19, 30]. The effective saturation of the layers with droplet
spacing values of 40 or 50 um was comparable to the lines printed at comparable velocity with
close droplet spacing as seen in Figure 2.

While effective saturation for 40 and 50 um droplet spacings were comparable, it decreased
significantly when printing with 60 um droplet spacing. Since droplets were 44 pm in diameter, it
is probable that the droplets interact with each other during imbibition at droplet spacing values of
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50 pm or less. Transitioning from 50 pm to 60 um droplet spacing, the droplet interaction is
expected to decrease significantly. These same parameters also reduced roughness on the first
printed layer. Print settings could be optimized to capitalize on this connection. This could be
particularly helpful in printing the first layer of a part. These observations could also be used to
increase machine productivity. A large value of droplet spacing, and lower saturation would allow
for increased printing speeds if part green strength can be maintained. Alternatively, droplet
spacing values could be reduced, and layer thickness increased to reduce the total number of layer
spreading operations.

While these results show a stable saturation around 20-40% depending on the printing
conditions, a standard printing saturation of 70% is used on the ExOne Innovent+ using the same
powder. The higher saturation level on the Innovent+ is likely due to the use of drying between
layers as seen in prior work [17]. However, the measured layer saturation levels are also
significantly below milliliter-scale sessile droplets in the same powder (55-60%) [32]. However,
single line saturations for close droplet spacing at the same droplet velocity are comparable to the
layer printing results (~35%) (Figure 2), but line printing cannot predict the variation with number
of layers and droplet spacing seen in Figure 7. These results show the limitations of using results
from simple primitives such as milliliter-scale droplets to predict behavior of 3D parts.

The variation in effective saturation levels with number of layers and droplet/line spacing
values makes it challenging to select an ideal saturation value in an unheated powder bed as tested
in this work. Under these printing conditions, an ideal saturation would be required that varied
with print parameters and layers would be required to achieve accurate geometry. However, drying
between layers has been shown to reduce the sensitivity of the part mass to the print saturation in
multilayer parts [17].

Impact of Environmental Conditions

Fine powders are becoming more common in printing as they offer improved feature
resolution, surface finish, and sintered density. However, the increased surface area of the finer
particles also makes them more sensitive to changes in environmental conditions such as ambient
humidity [29]. This has largely been viewed as a hindrance in spreading of the powder as high
humidity levels decrease flowability [30]. However, ambient humidity may also impact the
binder/powder interaction in BJ. The separate impact of powder conditioning and environmental
conditions during printing was evaluated through comparison of surface roughness and saturation
at four printing conditions which are ambient powder/ambient moisture printing (Amb-Amb), dry
powder/80% humidity printing (Dry-80%), dry powder/40% humidity printing (Dry-40%), and
dry powder/steamed prior to printing (Dry-Steam).
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Figure 8: (a, b, ¢) Saturation values for various printing conditions. (d, e, f) surface roughness values for
printing conditions tested. Titles represent droplet frequency (Hz) — droplet spacing (um) — layer thickness
(um). Ambient moisture (Amb-Amb), dry powder 80% humidity printing (Dry-80%,), dry powder 40%
humidity printing (Dry-40%), and dry powder steamed printing (Dry-Steam) environments. Each effective
saturation data point is an average of six parts. Plots a, b, d, and e had a print saturation at approximately
90%, the plots ¢ and f had a print saturation of 48%.

EFFECTIVE SATURATION

In Figure 9(a, b, ¢) effective saturation is plotted against number of printed layers for the
different environment conditions. Generally, the effective saturation of the dried powders and
ambient powders were comparable except at large (60 um) droplet spacing values (Figure 9c). The

humidity exposure during printing was insufficient to impact effective saturation even when
exposed for 10 minutes before printing the next layer. This is confirmed by a test in which single
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Figure 9: Single layer part effective saturation printed plotted against time exposed for a single layer to
80% humidity prior to printing. Error bars depict the standard deviation of the parts. Layers of powder
exposed to humidity <60 minutes exhibited no real change in mass, however prolonged exposure to the

ambient humidity significantly changes the imbibition. Error bars depict the standard deviation in the
samples.

layers were printed on dry powder exposed to 80% humidity for varying times before printing.
Figure 11 shows that for humidity exposures under 60 minutes, there was no significant impact on
the effective saturation. It is important to note that most BJ systems will not have powder exposed
for prolonged periods of time. Thus, exposure to ambient humidity during printing should have a
negligible impact on the effective saturation. Pre-drying powder and dry storage may increase
repeatability and predictability of effective saturation. These results show that while humidity
control of the powder storage is helpful, humidity control of the printing apparatus itself is
probably not necessary for the 316 SS powder studied.

However, this does not mean that moisture does not impact the printing process. The
response of the steam-treated powder is very different from the other conditions. In each of the
plots in Figure 9(a, b, c) there is a separation between the Dry-Steam and the rest of the conditions.
Moisture absorbed into the powder during the steaming treatment significantly increases the flow
of the binder in the powder bed—reducing the effective saturation. Due to the lower effective
saturation, these parts were significantly larger than the others (Figure 10). It appears that the steam
condensed in the powder to create a continuous liquid network in the powder before the binder
was printed. During printing, the binder spread quickly along these networks without the
constraints of wetting boundaries. These steam-treated parts bled significantly past the intended
print volume and resultant parts were fragile due to the low saturation (=15%).

The low saturation level of the steamed powder could be advantageous to improved
printing speed if the green strength were increased and bleeding were controlled. Treating the
powder with steam or another liquid source, offers potential advantages such as reduced binder
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Figure 10: Multilayer parts printed under various conditions. From the left: (1) 3-layHzer part Dry-Steam,
50 um droplet/line spacing, 1 kHz; (2) 3-layer part Amb-Amb 50 um droplet/line spacing, 1 k; (3) 1-layer
part, Amb-Amb, 50 um droplet/line 500 Hz; (4) 3-layer part, Amb-Amb 40 um droplet spacing, line (5) 3-
layer part, Amb-Amb 60 um droplet spacing (6) 5-layer part, Amb-Amb 50 um droplet spacing (7) 8-layer
part, Amb-Amb 50 um droplet spacing Both parts shown printed at 50 um droplet/line spacing and 50 um
layer thickness with a droplet velocity of 1000 Hz.

required to fill a desired area and the ability to print thicker layers. This capability can be applied
in large area printing and could decrease the number of printing passes or increase the spacing
between nozzles on a printhead leading to a significant increase in the printing speed. Pretreatment
with moisture could also be used to enhance printing in certain powder/binder combinations that
show poor wetting. However, if moisture is added to the powder bed via steam or other methods,
steps would be needed to reduce/eliminate bleeding so that accurate part geometry is achieved.

While prior work has shown that droplet frequency has a significant impact on line printing
[32], the effective saturation only changed a modest amount from 1000 Hz to 500 Hz in all of the
powder environmental conditions. As before, droplet spacing significantly larger than the droplet
diameter (60 um) substantially reduced the effective saturation for all tested conditions as seen in
Figure 9(c). At 60 um droplet spacing, adding additional layers increased the effective saturation
of the steamed powder until it was comparable to the other environmental conditions. Reduced
sensitivity to moisture in the powder bed could be a helpful characteristic of larger droplet
spacings.

SURFACE ROUGHNESS

Figure 9(d, e, ) presents the data for surface roughness values plotted against the number
of printed layers. The surface roughness of the as-spread powder at each powder conditioning were
approximately equal. The surface roughness decreases with increasing number of layers for all
conditions. Additionally, all printing conditions had comparable surface roughness after three
printed layers. These measurements show that the interaction between layers becomes the primary
driver in determining surface roughness rather than interaction between other droplets in the same
layer. Even though the steam treatment dramatically altered the effective saturation levels, the
surface roughness of the steamed layers was comparable to Amb-Amb powder conditioning.
However, steam treatment does appear to lower the surface roughness compared to Dry-80% at
the larger droplet spacing values (60 pum). The combination of Dry-80% powder with large droplet
spacing produced the highest surface roughness on the first layer (Figure 9(d, e, f), Figure 6) of
any tested condition, but surface roughness was comparable to spread powder layers after printing
the second layer.

Linear Regression

Linear regression models were used to analyze the influence of the number of layers,
droplet frequency, droplet spacing, and layer thickness on surface roughness and effective
saturation for each of the powder conditions. Table 1 summarizes the p-values for effective
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saturation. Number of layers was found significant in Amb-Amb and Dry-80%, 40% but not in
Dry-Steam. Droplet frequency was insignificant in all cases. Droplet spacing was significant in
Amb-Amb and Dry-80%, 40% but insignificant with Dry-Steam. Layer thickness was only
significant with Dry-80% and Dry-40% conditioning. Dry-Steam was not influenced by any of the
printing parameters. This reduction of sensitivity to printing parameters may help improve printing
speed and efficiency if the binder spreading can be controlled to maintain dimensional accuracy.

Table 2 summarizes the linear regression model for surface roughness. As discussed
earlier, the number of layers is significant in this regression and is a driving factor in determining
surface roughness. Using Amb-Amb powder conditioning, each parameter was found to be
significant in determining roughness. This sensitivity to so many parameters is undesirable for
process control. However, only droplet spacing influenced the surface roughness of the Dry-80%

Table 2: Effective saturation p-values from linear regression model.

Number of Droplet
Layers Frequency Droplet Spacing Layer Thickness
Amb-Amb 0.017 0.050 0.002 0.518
Dry-80%, 40% <0.001 0.851 <0.001 <0.001
Dry-Steam 0.510 NA 0.999 0.480

Table 1: Surface roughness p-values from linear regression model.

Number of Droplet
Layers Frequency Droplet Spacing Layer Thickness
Amb-Amb <0.001 0.013 0.016 0.012
Dry-80% <0.001 0.965 0.014 0.171
Dry-Steam 0.002 NA 0.999 0.100

powder while Dry-Steam treatment is only sensitive to the number of layers. This implies that the
connected network of moisture in the powder changes the imbibition of the binder significantly.
There are potential benefits as discussed earlier but the overall outcome may be better controlled
if the moisture level were reduced. A controlled partial pre-wetting of the powder in future studies
could explore whether there is a regime in which roughness is insensitive to printing parameter
variations without loss of dimensional accuracy in the printed parts due to bleeding.

CONCLUSION

While inkjet printing into powder is key to the formation of BJ parts, there is relatively
limited understanding of how the droplets and powder interact to form the eventual 3D geometry.
Some prior studies have focused on simple primitives such as sessile droplets or individual lines.
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This work studied the impact of printing parameters on single- and multi-layer printing by
measuring surface roughness and effective saturation as a function of the number of printed layers
for the case of no powder-bed heating between layers. Droplet spacing, droplet frequency, and
number of printed layers were significant in affecting surface roughness and effective saturation
levels under normal printing conditions. Layer thickness was also found to be significant in
affecting surface roughness. This work shows that significantly different responses are observed
when printing single or multiple layers than single lines or sessile droplets. In many cases, the
interaction between previously printed layers and subsequent layers are very significant as seen in
the change in roughness and saturation between the first and subsequent printed layers.

Surface roughness was particularly impacted by the number of printed layers. The first
printed layer is much rougher than the spread bed and had larger sensitivity to printing parameters,
but after 2-4 printed layers, the surface roughness returns to the level of the spread bed. The
increased roughness is believed to be caused by powder rearrangement during printing. Powder
rearrangement is expected to reduce the density of the green parts and thus, alter shrinkage and
sintering results. Cross sections of printed parts show a prevalence of large voids between the first
and second layers. This could be caused by the roughness of the printed part, but more data is
needed to verify this connection. Surface roughness of all printing conditions eventually converged
with increasing layers to approximately the same roughness as the bare powder bed suggesting a
less dynamic binder/powder interaction when printing over moist powder. These trends imply that
the interaction with the previously printed layer is more significant than the interaction between
droplets on the layer being printed. Longer droplet interarrival times (lower printing frequencies)
tend to produce less roughness in layers (Figure 8e¢).Altering process parameters on the first layers
for reduced particle rearrangement may be helpful to improve part quality. Parameters such as
print speed/droplet frequency and saturation may be altered in subsequent layers to decreasing the
overall print time while maintaining part quality.

Effective saturation increased with the number of layers printed for most cases. Droplet
spacing and number of layers are significant parameters in determining effective saturation. As
droplet spacing increased and layer thickness decreased, effective saturation levels dropped.
Ambient humidity levels had no effect on the print quality if the powder was properly conditioned
and stored before printing. Parts built with ambient humidity at 40% and 80% show effective
saturation was equivalent. However, under long exposure (>60 minutes) the moisture absorbed in
the powder from humid air begins to effect saturation levels. Steamed powder had significantly
different wetting dynamics as effective saturation levels dropped significantly compared to other
powder conditioning and binder spread farther outside the printed volume.

The droplet spacing values (40-60 pum) used in this study to form layers are much larger
than could create successful lines in prior work (5-12 um) [32]. This demonstrates that studies of
single lines may not be an effective method for determining print parameters for 3D parts or
understanding powder motion during printing. As successive layers are printed, the effects of print
parameters become less significant in surface roughness and effective saturation. However,
features formed during printing of the first layers may still contribute to porosity and other defects
in the final parts near the surface where failure often originates. These results show that special
printing parameters should be developed for printing downfacing surfaces to optimize surface
quality and minimize porosity. Adjusted print parameters in the powder bulk may be desirable for
increased printing speed. Further studies connecting surface roughness to possible defects and
identifying methods of controlling binder spread in moist powder will provide greater insight into
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strategies for parameter selection and print time reduction. These results show that studies on
simple geometries (lines, layers) should be supported by experiments with larger 3D parts.
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