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ABSTRACT

Binder Jetting (BJ) is a low-cost Additive Manufacturing (AM) process that uses inkjet technology
to selectively bind particles in a powder bed. BJ relies on the ability to control, not only the
placement of binder on the surface but also its imbibition into the powder bed. This is a complex
process in which picoliter-sized droplets impact powder beds at velocities of 1-10 m/s. However,
the effects of printing parameters such as droplet velocity, size, spacing, and inter-arrival time on
saturation level (fraction of pore space filled with binder) and line formation (merging of droplets
to form a line) are unknown. Prior attempts to predict saturation levels with simple measurements
of droplet primitives and capillary pressure assume that droplet/powder interactions are dominated
by static equilibrium and neglect the impact of printing parameters. This study analyzes the
influence of these parameters on the effective saturation level and conditions for line formation
when printing single lines into powder beds of varied materials (316 stainless steel, 420 stainless
steel, and alumina) and varied particle size (dso = 10-47 microns). Results show that increasing
droplet velocity or droplet spacing decreases effective saturation while droplet spacing, velocity,
and inter-arrival time affect line formation. At constant printing velocity, the conditions for
successful line printing are shown to be a function of droplet spacing and square root of the droplet
inter-arrival time analogous to the Washburn model for infiltration into a porous media. The results
have implications to maximizing build rates and improving quality of small features in BJ.
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INTRODUCTION

Binder Jetting (BJ) is a low-cost additive manufacturing (AM) process that combines a powder
bed with inkjet printing technology. In this process, powder is spread in thin layers and an inkjet
print head deposits droplets to bind powder in the region of the desired cross-section. A new layer
of powder is spread on top, and this process is repeated layer-by-layer [1]. A drying or heating
process is often included between layers. BJ uses powder from lower layers as a support for upper
layers. The lack of large thermal heating to cause a phase change and the use of inkjet technology
enables faster printing speeds than most competing technologies. The resulting “green” part can
be post-processed by sintering or infiltration to improve part properties such as strength and
density [1, 2]. A major advantage of BJ over other AM processes is its ability to utilize almost any
powdered material including polymers [3], ceramics [4] and metals [5]. Interest has grown as
techniques for sintering homogenous materials to full density have been refined [6-9].
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As early BJ patents expire and overall AM demand grows, interest in BJ has increased. However,
further BJ implementation in industry depends on improving dimensional accuracy, mechanical
properties, and cost effectiveness. Much of the current research in BJ focuses on developing
printing parameters for specific machines and specific materials [10-14]. However, an increased
understanding of the physics of the binder/powder interaction will help researchers identify
materials and corresponding print parameters independent of machine type and with reduced
testing. Current modeling practices disregard the influence of printing parameters such as droplet
velocity, droplet inter-arrival time, and heating/drying even though these parameters have shown
to affect printing in BJ or related fields [15-19]. Improved understanding of these print parameters
in BJ will allow for improved dimensional tolerances, enhanced material properties, and reduced
minimum feature size, as well as decreased cost to develop new machines and material systems.

While BJ performance is affected by many factors including powder selection, printing
parameters, and post processing, the key to BJ is the interaction of binder droplets with the powder
bed to form a new region of bound powder. This agglomeration of powder bound by a single
droplet (large or small) is referred to as a primitive. In BJ, many droplets are deposited in close
proximity to form lines, layers, and 3D parts. Droplets 20-60 um in diameter impact powder with
velocities ranging from 1-10 m/s. The forces involved in the droplet/powder interaction are
complex. Both capillary and inertial forces are significant and powder bed rearrangement is
common [20]. While experiments have shown the impact of print parameters on part-level
properties such as dimensional accuracy, porosity, and strength [21, 22], the impact of print
parameters (droplet velocity, droplet size, droplet inter-arrival time, and droplet spacing) on the
basic binder/powder interaction itself has not been reported.

During BJ, droplets impact the powder bed surface and begin to infiltrate into the pore space.
Inertial forces dominate at short times while capillary pressure is the primary force acting on the
fluid over longer time periods [27]. Capillary pressure varies with saturation and often has
significant hysteresis (Figure 1). Binder will migrate through voids in powder bed until the
pressure across the binder-air interface balances the wetting forces. Upon impact, droplets
temporarily create fully saturated region on the surface—where the void space between powder
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Figure 1: General trend of saturation for drainage and imbibition curves with capillary pressure (Pc). There is generally significant
hysteresis between the imbibition and drainage curves. Sy indicates the irreducible wetting saturation level. Adapted from [29].



particles is filled with binder. Surrounding unsaturated regions absorb binder as capillary pressure
drives flow from saturated regions until equilibrium is reached. Due to powder packing variation
and the hysteresis between the imbibition and drainage curves the saturation level can vary
throughout the wetted region.

Miyanaji, et al. [28] proposed a physics-based model to predict the equilibrium saturation level
from the measured capillary pressure based on a single equivalent pore size. It excluded the impact
of in-process drying, droplet size, and droplet velocity. Unfortunately, the limited experimental
data did not show consistent correlation between model predictions and part-level measurements
[28]. Drying and droplet size have since been shown to have a significant impact on saturation
levels [15].

Bai, et al. [30] explored saturation levels in primitives formed by millimeter-scale sessile drops.
The study calculated the dynamic contact angle from measured imbibition times of sessile drops
and attempted to correlate these measurements to saturation level [30]. It was found that as the
dynamic contact angle increased the saturation level increased and binder penetration depth
decreased.

Another printing parameter is saturation, the percentage of pore space filled by binder. Saturation
is a function of the binder, powder (size, shape), packing fraction, and the distribution of pore sizes
in the powder bed [31]. While saturation in BJ is typically taken as a single parameter, there is
actually a range of equilibrium values due to hysteresis between the imbibition and drainage curves
[31] (Figure 1). This range of potential values make it path dependent rather than a state variable.
Thus, the effective saturation is likely to vary with the printing parameters. In this study, the
binder/powder interaction is characterized in terms of a part’s effective binder saturation (Sg55) by
measuring the mass of powder bound by a known quantity of binder deposited using the equation:

MpPpp
mypp * (1 — Pf) (1)

Seff =

where m,, is the mass of the deposited binder, ppis binder density, m,, is the mass of the bound
powder, p,, is powder bed density, and Pris the packing fraction.

As droplets are printed adjacent to prior droplets, the bound regions merge into lines. The
characteristics of line formation provide insight into the binder/powder interaction. Because nozzle
pitch is larger than droplet diameters, most areas are formed by printing individual lines that are
later joined. Line formation is particularly important to fine feature development. While minor
defects in larger features may not be critical to part function, these defects in small features are
critical to part structure. Understanding the formation of lines can help select printing parameters
for improved speed or feature resolution.

Successful line formation is the ability to print uniform width lines without defects such as balling.
Line formation as a measurement is used in 2D printing on solid surfaces [17, 18, 23, 24] but has
been limited in application in 3D powder bed surfaces. Binder droplets seek a minimum energy
state which can result in breakup into individual balls, bulges, or other defects in the line. While



[25] looked at the impact of printing frequency (droplet inter-arrival time) and spacing on line
formation, the parameter range was too small to provide insight into the nature of the relationship.

Effective printing also requires the printed binder is sufficient to fully bind the powder within the
part without spreading beyond it. A target print saturation is generally set by the user to determine
how much binder is deposited per volume of the part. However, environmental conditions and
interactions with previously printed regions can alter the quantity of bound powder per volume
binder so that the effective saturation of the part may differ from the target saturation [15]. To
continuously bind the powder together, the saturation must be sufficient to form a continuous
network of fluid. If it is continuous, pressure is equilibrated throughout the network. As successive
layers are deposited, hydrostatic pressure grows and may exceed capillary forces causing a defect
commonly called “bleeding” in which the binder migrates beyond the desired part boundaries,
decreasing dimensional and form accuracy [15, 26].

This paper focuses on the effects that varying key printing parameters in BJ (droplet velocity, size,
spacing, and inter-arrival time) on line formation and effective saturation. Line formation can be
a measurement of defects in BJ and assist in improving printing fine features. Effective saturation
may differ from the target print saturation specified by the user. The difference may be due to
inaccuracies in modeling by disregarding certain print parameters. Both line formation and
saturation impact the accuracy and quality of printed parts. The relationships were analyzed by
optical imaging and mass measurements of printed lines. These results are compared to single drop
primitives from millimeter-scale droplets. This study builds upon previous work [32], with
additional materials, a broader range of printing conditions, and an expanded analysis and
discussion. The following section provide an overview of the effects of printing parameters on BJ-
printed parts.

KEY PRINTING PARAMETERS

In BJ, individual droplets must coalesce within and between layers to form continuous features.
However, fluids minimize their energy by forming spheres. BJ features successfully form when
binder infiltrates into the powder before enough pools on the surface that surface energy
minimization drives it to form bulges or pinch off into separate spheres (balling). The total quantity
of binder deposited must also be controlled so that the effective saturation matches the printed
saturation. Too little saturation weakens the green part while too high of saturation causes bleeding
as binder moves beyond the printed regions. The line formation and saturation depend on print
parameters.

The basic study of saturation and formation of a printed lines in a porous powder medium has
received little attention. Most BJ studies focus on full parts while droplet studies utilize single
millimeter-scale droplets. Interactions with adjacent droplets are known to have a significant
impact but have not been evaluated [33]. Understanding the impact of printing parameters on
effective saturation will guide future modeling on saturation. Line formation can lead to improved
fine feature development. Understanding the impact of printing conditions on line formation and
effective saturation will improve accuracy and quality of printed parts and reduce the time and



resources needed to evaluate new powders, binders, and machines. The key printing parameters
are defined below.

Droplet Spacing and Size

BJ shares some principles in common with 2D inkjet printing on solid surfaces. For example,
coalescence of individual droplets into lines of uniform width without bulges or necking is
important to good 2D print quality. Line formation is known to depend on droplet size, droplet
spacing, droplet velocity, and contact angle [17, 18, 23]. When printing on glass, smaller droplet
spacing led to bulging while larger spacing did not coalesce to a single line [18]. While these 2D
observations are helpful, relatively little is known about the conditions required for line formation
in BJ. In BJ, droplet size, droplet spacing, and layer thickness determine the overlap between
successive droplet primitives. Primitive overlap will result in increased green strength [22] but too
much binder will decrease geometric accuracy [15]. Droplet overlap in powder also impacts build
time and formation of defects such as balling [34].

Droplet Inter-arrival Time

The interaction between droplets and line formation on solid surfaces depends on droplet inter-
arrival time [35]. Droplets deposited on a glass with a shorter inter-arrival period created a more
uniform line than those printed at longer intervals [23]. However, the dynamics in BJ are more
complex than 2D printing on solid surfaces as droplets can both spread over and penetrate into the
pores between powder particles. In BJ, a short inter-arrival time is often detrimental to line
formation [36]. Baker [25] using a continuous jet print head with large 90-100 pum droplets at
frequencies of 6.7 to 40 kHz reported line formation and balling being connected to droplet spacing
and inter-arrival time However, the reported frequencies were significantly higher and droplets
much larger than characteristic of current BJ systems.

Droplet Velocity

Primitive formation also depends on droplet velocity at impact. Emady et al. [37] developed a map
to identify conditions for granulation in millimeter scale droplets that delineates granule regimes
with different vertical aspect ratios based on bond number and bed porosity. The regimes were
correlated with impact velocity, powder size, powder shape, binder composition, and porosity [38,
39]. These studies, though insightful, use droplet sizes orders of magnitude larger than droplets in
BJ. The studies also did not include effects of interaction with adjacent wetted powder which has
been shown to significantly impact the wetting regimes [40]. In BJ, the interaction with adjacent
moist regions is critical to creating 3D geometry from individual primitives.

Studies using in-situ high-speed optical and x-ray imaging have observed deformation of the
powder bed during primitive formation [20, 36]. These studies visually show that the droplet
transfers kinetic energy to the particles upon impact by ejecting powder, creating pores in some
regions and compacting others. Droplet velocity in fine powders has also been shown to impact
the feasibility of printing. In fine (<15 pm) 17-4 PH steel powders, balling was observed at droplet
velocities of approximately 12 m/s, while parts were successfully printed at 14 m/s [34]. Droplet
velocity clearly impacts BJ outcomes, but limited experimental assessment has been performed,
and current models do not include its effect on printing outcomes.
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Figure 2: (Left) Particle size distribution of the test powders and (Right) SEM images of the powder morphology: 4) 420
stainless steel, B) 316 stainless steel, C) Alumina.

MATERIALS

Droplet primitives and lines were printed with ExOne solvent binder with properties provided by
the manufacturer (density 1.05 g/cc, viscosity 4.6 cps, surface tension 32 dynes/cm). Binder was
printed into three different powders: ExOne stainless steel 420 SS, ExOne stainless steel 316 SS,
and alumina abrasive 320 grit. The powders were chosen to evaluate the impact of printing
parameters with powder differences. Powder size distribution was measured by NSL Analytical
using laser diffraction (ISO 13320). Particle shapes were observed with images from scanning
electron microscopy (Apreo C SEM). Resultant distributions and powder images are shown in
Figure 2. As seen in Table 1 and Figure 2, the three powders have different particle size
distributions, shapes, contact angles, packing fractions, and powder bed densities.

Table 1: Properties of powder materials used in the experiments.

Sauter Mean  Contact Angle Powder Bed Density

Diameter, on polished (g/cm?) — Packing Tapped Density
D(3,2) (um) Block Fraction (g/cm?)
420
Stainless 45.5 33° 4.48 — 58% 4.95
Steel
316
Stainless 7.58 40° 4.24 —53% 4.64
Steel
Alumina 36.2 31° 2.01 -51% 2.29

Contact angles of solvent binder on polished, dense samples of each material were measured using
a goniometer. Rods of 420 SS and 316 SS were polished up to 1200F sand paper prior to angle
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measurements. A sapphire window was used as an ideal alumina sample. Images were analyzed
using ImageJ for contact angle measurements (Table 1).

METHODS

The binder/powder interactions were studied with three experimental methods (1) primitive
formation from millimeter-scale droplets released from varying heights, (2) Washburn capillary
rise measurement of binder/powder wetting, and (3) line printing with picoliter inkjet droplets with
varied droplet velocity, spacing, and inter-arrival time.

For all tests, a uniform powder bed was created by filling shallow aluminum containers, tapping
them for improved density, and leveling with an aluminum straight edge. Average density was
calculated by measuring mass of the prepared powder beds and dividing by the container volume.
All powder beds prepared were within £1% packing fraction of the average reported in Table 1.
Powder beds were prepared in this manner for all experiments. Washburn capillary rise used a
glass tube packed to the same density as powder beds prepared with aluminum containers. Powder
size, packing fraction, and powder bed density are reported in Table 1.

Millimeter-scale Droplets

Effective saturation in millimeter-scale droplets was measured by dropping millimeter-scale
droplets (2-14.5 microliters) into a powder bed from varied heights (0, 10, and 20 cm;
approximately 0, 1.4, and 2 m/s impact velocity respectively) as illustrated in Figure 3. ExOne
solvent binder was dispensed form a micropipette at the desired heights. The powder bed was
placed on a scale (Ohaus AX224, 0.1 mg resolution) to measure the mass of each droplet similar
to [39]. Immediately following deposition, the powder bed was cured at 180°C for 2 hours. After
curing, the primitive formed by the droplet was extracted. The mass of each droplet primitive was
measured individually, and effective saturation calculated using Equation (1).

BINDER DISPENSER WITH
ADJUSTABLE HEIGHT

BINDER ()
DROPLET

/I;NT BED

Figure 3: lllustration of the experimental procedure for millimeter-scale droplet primitives.

Washburn Capillary Rise

Washburn capillary rise method describes the wetting between binder and powder and can be used
to estimate effective pore size of the powders [41-43]. In this method, a hydrophilic fabric is used
to close one end of a tube. The tube is then filled with powder and tapped to increase density to
the target level. The hydrophilic plug is placed on the surface of the liquid and the mass gained of
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Figure 4. Left, diagram of the Washburn rise method. Right, 420 SS powder in contact with solvent binder measuring the
Washburn rise.

the powder measured over time. The capillary rise has three regimes inertial, Washburn’s, and late

2
viscous. The ratio — Is constant in the Washburn regime, where m is binder mass gained and ¢ is

time in seconds. Each powder was tested three times using glass tubes 6 mm diameter and 150 mm
in length. The binder absorbed over time was quantified by measuring the mass lost from the
reservoir as illustrated in Figure 4.

Prior to the Washburn regime, infiltration velocity (Quéré velocity) is constant for a short period
[44-46]. Early inertial regime of the capillary rise lasts just milliseconds and was unobservable
with the setup. However, the Quéré velocity that characterizes this regime can be calculated. The
effective pore size was estimated using the Kozeny approach using laser particle diffraction
particle size measurements. The effective pore size (7,5) is

d €
Teff = %(1 s @
where € is powder bed porosity, S, is specific surface area of the powder, ps is the density of the
powder, ¢ is a shape correction factor and d5, is the Sauter mean diameter powder property
reported in Table 1 [47]. The Sauter mean diameter is measured from laser particle diffraction.
The shape correction factor is unity for spherical steel powders while the angular alumina is
assumed to have cubic particles with a shape factor of 1.91. The Quéré velocity (V) is given by

2
Vy=—"
Teff Pb (3)
where ¥ is the surface tension of the fluid and p,, is the binder density. Quéré velocity and effective

pore sizes are reported in Table 2. To analyze data in the printing experiments described below, a
dimensionless velocity ratio V' was used where
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and V, is the droplet velocity.

Table 2: Powder properties of Washburn Capillary rise, effective pore size from Laser Diffraction, and Quéré velocities.

Washburn Slope Effective Pore Size Quéré Velocity

(mg?/s) (um) (m/s)

420 Stainless Steel 24 10.98 5.55
316 Stainless Steel 0.80 2.24 27.21
Alumina 2.1 22.03 2.77

Line Printing

A custom BJ apparatus was utilized to print lines of binder into powder with controlled droplet
volume, velocity, spacing, and inter-arrival time. Each line was 20 mm in length. The apparatus
consisted of a MicroFab MJ-AB-01 (40 and 30-micron orifice) print setup triggered in unison with
three motorized linear stages as illustrated in Figure 5. The single nozzle print setup utilizes a
pressure control system, binder reservoir, drive electronics (MicroFab Jet Drive III), and a single
MicroFab print head. The pressure control maintained a vacuum on the print reservoir of -10 kPa
during testing. The reservoir was maintained at the same height as the print head. 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. The velocity was calculated by measuring the distance
between droplet images from successive strobe flashes.
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Line formation experiments were conducted with a range of printing parameters. From these
results, a parameter map identifying conditions under which lines could be extracted for mass
measurements was created for each powder for a range of droplet spacing and inter-arrival times (

Table 3) . A successful print constituted at least 50% of lines successfully extracted from the
powder bed. At least 8-12 lines were printed for each condition. The various values of droplet
spacing and frequency were all tested using the print head with a 30-pum orifice at a constant droplet
velocity (2.6 m/s). Lines printed in 316 SS powder were analyzed before extraction using a
microscope. Lines that exhibited balling were recorded and an aspect ratio of the length to width
(I/w) of the ball segments were measured.

Table 3: A summary of the line experiments and parameter ranges tested for each test type.

Droplet Droolet Spacin Inter-arrival

Powders Velocities p ( mr)) & Time

(m/s) : (ms)

_ _ 420 SS 2.6 5-15 0.4-2

L;ge Form_?lon 316 SS 2.6 2.5-40 04-2

(30 um orifice) Alumina 2.6 5-35 04-2
Saturation 420 SS 2.6-11.1 5-125 1
(30 and 40 pm 316 SS 26-11.1 5-12.5 1
orifice) Alumina 2.6-11.1 5-12.5 1
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Figure 6: As droplet velocity increases the droplet size increases. The trend is linear and in both 30 and 40 pm orifice
sizes.
In the line saturation studies. droplet printing frequency was maintained constant while the impact
of varying saturation, droplet velocity and spacing was measured. Droplet velocity was altered by
changing peak voltages sent to the print head. This also causes droplet size to change as indicated
in Figure 6.

After printing, powder beds were heated in a convection oven at 180°C for 30 minutes to cure the
binder. The printed lines were removed, and the mass of each line measured individually. Effective
saturation of the lines was calculated using Equation (1). The mass of binder was measured by
printing the equivalent of 20 lines into a container to be weighed. This method of capture included
the mass of satellite droplets where present. Satellite droplets increased in volume with higher
droplet velocity, but were estimated to be less than 10% of the total printed volume.

The printing parameters were summarized using dimensionless parameters. Droplet spacing was
nondimensionalized as the droplet overlap ratio:

l (%)

where Dy is the droplet diameter and [ is the spacing between droplets. A mass ratio M, was
defined as:

m, = 2o

TOM, (6)
where M), is the mass of a single binder droplet, and M), is the mass of an average particle size in
the powder bed, assuming spherical shape at bulk density. Bond (Bo), Reynolds (Re), and Weber
(We) numbers are included in Table 4, calculated as follows:

pgl?

Bo = ” 7
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where u is the dynamic viscosity of the binder, and L is the diameter of the droplet (Table 1).

Re = DaVaPy
U (8)

. = Dy V§ pp
% )

Table 4 summarizes the wide range of parameters tested for both the line printing and the mm-
scale droplet tests.

Table 4: Parameter and property ranges in line printing experiments.

Dimensionless Parameter Value Range
Translational Velocity 5-12.5 mm/s
Droplet Velocity 2.6-11.1 m/s
Droplet Frequency (constant) 1000 HZ
Droplet Size 38 —74 um
V. (Eqn. (4) 67.4—558
O, (Eqn. (5) 3.28-14.8
M, (Eqn. (6) 0.089 —53.86
Bond Number (Bo Eqn. (7) — Line Printing 0.0004 - 0.0018
Bond Number (Bo Eqn. (7) — mm Droplet 1.85-3.09
Reynolds Number (Re Eqn. (8) — Line Printing 22.6 - 187
Reynolds Number (Re Eqn. (8) — mm Droplet 0-—1415
Weber Number (We Eqn. (9) — Line Printing 8.4-299
Weber Number (We Eqn. (9) -mm Droplet 0—406

RESULTS AND DISCUSSION

The experiments provided insight into the impact of printing parameters on both effective
saturation levels in lines and conditions for successful line formation. These results are
summarized below.

Saturation

In BJ, a target saturation value is generally selected based solely on the combination of printed
binder and powder. However, a range of saturation values are possible depending on the imbibition
and drainage curves because the actual effective saturation is process-dependent. In this work, the
effective saturation is calculated to provide insight into the appropriate target saturation values and
how they differ with printing parameters.

The average effective saturation from millimeter-scaled droplets is shown in Figure 7 as a function
of droplet velocity. Over the range studied, the droplet velocity had no significant impact on the
effective saturation of the droplet primitives. Alumina and 420 SS powders had similar sessile
drop saturation levels, while the finer 316 SS powder had a significantly lower saturation level.
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Figure 7: Millimeter-scaled droplets at various heights for equilibrium saturation calculation and comparison to line

printing.

The average effective saturation of the sessile droplet (0 cm drop height, 0 m/s droplet velocity) is
used as a comparison to the effective saturation of the inkjet-printed lines.

As seen in Figure 8, the lines had lower effective saturation than the sessile droplets for all powders
and printing conditions. It is possible that the sessile drop saturation will provide an upper-bound
for the printed saturation, but the sessile drop saturation is not an effective predictor of effective
saturation in single lines. With the larger droplets from the 40 um orifice, the effective saturation
approached (but never exceeded) the sessile droplet saturation as droplet velocity decreased and
overlap ratio increased.

Overlap ratio is a measure of the relative spacing of the droplets. The nondimensionalization
compensates for the changing of droplet size with droplet velocity and nozzle size. Overlap ratio
increases as droplet spacing decreases. Increasing overlap ratio generally causes a small increase
in the effective line saturation for each orifice/material combination (Figure 8). Effective saturation
is most sensitive to overlap ratio with the larger droplets (40-um orifice) and the coarser 420 SS
and alumina powders. For each droplet velocity, increasing overlap ratio increased saturation in
the 420 SS and alumina powders. This suggests that the moistened powder acts to reduce the spread
of the new droplets. Hapgood et. al. [48] observed that in millimeter-scale droplets, increased
overlap decreased penetration time and increased saturation as well.

Both the overlap ratio and droplet velocity had a much smaller effect with the smaller droplets
from the 30 um orifice. These results suggest that the trend of BJ towards smaller droplet sizes
will decrease the sensitivity of effective saturation to the printing parameters. Thus, smaller droplet
sizes will allow for greater decoupling of saturation from other printing parameters.

The finer 316 SS powder has a significantly lower effective saturation for mm-scale sessile
droplets than the coarser 420 SS and alumina powders. The smaller pores likely promote capillary
binder infiltration compared to the larger powders—decreasing saturation. Using finer powders
may also reduce the sensitivity to other printing parameters. The effective saturation of the 316 SS
lines was much less sensitive to the droplet size, velocity, and overlap ratio than the coarser
powders. While there is some evidence of the same trends observed in the other powders, the
variation largely lies within a single standard deviation. The reduced sensitivity is a positive for
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the finer 316 SS powder, but the parameter space that successfully formed a line is more limited
for the 316 SS powder as shown in the line formation study.

A statistical linear regression analysis was conducted with four nondimensional numbers to
evaluate the significance of four parameters (overlap ratio (0, ), velocity ratio (V;.), mass ratio (M,.),
and contact angle) on the effective saturation of the lines across all printed powders and conditions.
The velocity ratio, mass ratio, and contact angle each incorporate powder-specific properties
(Quéré velocity, powder size/density, surface tension respectively). A p-value below 0.05
indicates that the parameter is statistically significant across all the powder data. Linear regression
was done on the 40-um orifice and 30-um orifice separately and then on the combined dataset as
reported in Table 5.

All of the printing parameters have a significant impact on effective saturation in at least one
dataset as seen in Table 5. Droplet overlap ratio was statistically significant in all of the models.
Significance of the overlap ratio confirms that droplets infiltrate powder differently when adjusting
the amount of overlap with pre-moistened powder and/or pools of binder remaining on the surface.
The velocity ratio was found significant for the combined and 40-um datasets. The remaining
parameters had variation between the different models. These results confirm that droplet spacing
(overlap ratio), droplet velocity (velocity ratio) and size (mass ratio) are critical to determining the
effective saturation. An understanding of how the effective saturation varies with printing
parameters is particularly critical to creating fine features with high accuracy.

Table 5: Results from the nonlinear analysis. Each parameter had a coefficient and an exponent. The p-values are reported.

Orifice Size Nondimensional
r? P-Value
(um) Number
Overlap Ratio <0.001
Velocity Ratio <0.001
40 0.78 Mass Ratio 0.752
Contact Angle 0.010
Overlap Ratio <0.001
Velocity Ratio 0.429
30 047 Mass Ratio 0.019
Contact Angle 0.003
Overlap Ratio <0.001
. Velocity Ratio <0.001
Combined 0.52 Mass Ratio <0.001
Contact Angle 0.143

The regression analysis reported a significantly higher r* value for the 40-um orifice, 0.78, than
the 30-um orifice and combined datasets, 0.47 and 0.52 respectively. Thus, the variation in the 40-
um orifice data can be largely explained by these changing printing parameters. The lower
correlation coefficients for the 30-um orifice is partially due to the increased variation in the
measurements due to the uncertainty introduced by the smaller sample masses from the smaller
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Figure 8: Plot of equilibrium saturation measured for each material (316 SS, 420 SS, Alumina) and orifice combination (40
um orifice (left), 30 um orifice (right)). A general trend of higher velocities and smaller overlap (larger droplet spacing)
corresponds to a lower saturation levels in each of the materials with 40 um orifice. The effective saturation of lines printed
with 30 pm orifice is less sensitive to the printing parameters.

droplets produced from the 30-um orifice. However, the smaller droplets also appear to decrease
the sensitivity of the saturation to the printing parameters.
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Line Formation

The success of line formation is also sensitive to printing parameters such as droplet velocity,
droplet spacing, and droplet inter-arrival time. For example, at 9.1 m/s, all powders formed
successful lines with both the 40- and 30-pum orifices. However, in the 316 SS, droplets from the
40-um orifices did not coalesce to from a line when velocity was reduced to 5.4 m/s as seen in
Figure 9. The inability of droplets to coalesce as a line in 316 powder with larger droplets at lower
droplet velocities is evidence both of different wetting characteristics in the finer powder and for
the influence of kinetic energy on line formation.

Figure 9: Lines printed in 316 SS powder (40-um orifice). Top) 9.1 m/s droplet velocity, recoverable. Bottom) 5.4 m/s

droplet velocity, unrecoverable.
Lines printed at lower velocities (5.4-2.6 m/s) with larger droplets were not included in saturation
analysis in Figure 8 because they were often unrecoverable—primarily due to balling. Similar
observations were found in [34], where higher droplet velocities were needed to successfully print
in fine powder. Though droplet velocity did not significantly impact line saturation with smaller
droplets (30-um orifice), droplet velocity did still affect the parameter space for successful line
formation. The ability to alter the droplet velocity during printing could lead to less defects in parts
without altering other printing parameters such as layer thickness or saturation.

These observations led to a study of the impact of droplet spacing and droplet inter-arrival time
(droplet frequency) on line formation at low droplet velocity (2.6 m/s) and small droplets (30 um
orifice) using all three powders. Sixteen lines were printed at each droplet spacing/inter-arrival
time combination and then cured. For the 316 SS powder, optical imaging of the powder bed
allowed clear observation of the printed features that formed from the line of droplets that were
deposited. These varied in aspect ratio from 1:1 (balls) to full lines. Note that the balls are
comprised of powder and binder from multiple droplets as they are over 100 um in diameter. This
provides a rich dataset that illustrates the transition from immediate balling to successful line
formation.

Lines printed in 420 SS and Alumina powders could not be visually distinguished in the powder
bed. To evaluate results for these materials, lines were removed from the powder bed after curing.
They were lifted from below on the points of tweezers to avoid damage. Generally, nearly 100%
or 0% of the lines were recovered intact, but some cases were less extreme. A minimum of 50%
recovery of the printed lines was deemed successful line formation.

Figure 11 shows that the aspect ratio of the features formed when printing lines in 316 SS increases
as it approaches the success/fail boundary below which lines are successfully created. Similar
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Figure 10: Success/failure regions for alumina (a) and 420 SS (b) powders. A power law fit to the data points on the success/fail
boundary of the alumina produced a relationship, to the 0.4712 power, of droplet spacing and inter-arrival time. All lines printed
at 2.6 m/s droplet velocity. The scale bars on the line images represents 500 um.

transitions in from balls to lines are seen when decreasing droplet spacing and increasing droplet
inter-arrival time. The formation of the lines depends on the relationship between the droplet
spacing and inter-arrival time. Figure 10 plots the outcome of each line printing condition for the
alumina and 420 SS as a function of droplet spacing and droplet inter-arrival time. Alumina shows
a success/fail boundary similar to the 316 SS powder that depends on both droplet spacing and
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inter-arrival time. However, for the same droplet spacing, the alumina can form stable lines with
much shorter inter-arrival times than the 316 SS. For example, at 10 um droplet spacing, alumina
forms successful lines with 0.5 ms inter-arrival time while the minimum inter-arrival time in 316
SS was 5 ms.

Line formation success for the 420 SS (Figure 10b) appears to depend only on droplet spacing
over the parameter range tested. Since droplet spacing determines the binder/length of line, this
correlates with the average line diameter. Thus, these failures are likely related to line strength
alone in this regime.

The line formation behavior of the 316 SS and alumina may be best explained by the imbibition
characteristics. The imbibition characteristics are difficult to observe directly, but the range of
droplet spacing and droplet inter-arrival times that form successful lines provides insight into the
binder imbibition process. When printing a line, droplets arrive in quick succession—often faster
than they absorb into the power bed. This creates an elongated pool of liquid on the surface.
Observations have shown that under some circumstances, this pool will break-up into individual
segments or spherical balls [31, 36, 49]. Similar challenges are observed in melt pools of powder-
bed fusion processes [50]. Break-up is energetically favorable when the aspect ratio of the pool
increases above a threshold level. The length of the fluid pool is related the ratio of the time for a
droplet to imbibe into the powder to the printing velocity (droplet spacing/inter-arrival time) and
the extent of droplet spreading. Prior work has suggested that an aspect ratio of 3.13 will cause
breakup of free streams [51], but in BJ, the trailing edge of the pool is wetted into the powder bed
and so the critical aspect ratio of powder is expected to deviate from the free stream value.

While the exact aspect ratio at which lines would breakup into droplets is unknown, the aspect
ratio (I/w) of the pool should be related to the ratio of the line printing speed to the infiltration
velocity as long as saturation is independent of the printing conditions. The saturation study
showed that for the 30 um nozzle, the variation in saturation with droplet spacing is small relative
to the range of droplet spacing values and inter-arrival times studied and thus is assumed constant.
Thus, the aspect ratio should be proportional to:

l Ax

w " v, (10)

where Ax is the droplet spacing, At is the droplet inter-arrival time, and v; is the fluid infiltration
velocity. Assuming that the maximum stable aspect ratio of the pool is a constant, the maximum
droplet spacing for stable line formation (Ax,,,,) would be proportional to

AX g < At"v; (11)

where the value of n depends on the variation of infiltration rate with time. It is expected to be 0.5
for Washburn and 1.0 for Quéré infiltration. The relationship between droplet spacing and inter-
arrival time thus provides insight into the fluid infiltration velocity, how it varies with time, and
the infiltration mode. To estimate this boundary, a power law curve was fit to the nearest data
points on both side of the boundary of successful line formation.
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Both alumina and 316 SS have exponents (n) near 0.5 with 0.4712 for alumina and 0.414 for 316
SS. The data suggest the droplets are largely absorbed in the Washburn regime. The higher
Washburn slopes for the alumina compared to 316 SS (Table 2: alumina: 2.1 , 316 SS: 0.8),
correlates with the ability to form lines when printing at higher droplet frequencies (shorter inter-
arrival time). The smaller Washburn slopes in 316 SS may also contribute to the decreased
sensitivity of the 316 SS line saturation to the printing parameters. Baker [25] previously showed
an interaction between inter-arrival time and droplet spacing on the successful formation of a line
with a kilohertz print head at kilohertz frequencies, but that study did not have sufficient data
points to characterize the relationship.

The 420 SS has the highest Washburn infiltration rate and seemed to be insensitive to the droplet
inter-arrival time. This may be because the droplets fully infiltrate faster than they can be
deposited using the testing equipment. This may also relate to the larger mass of the individual
powder particles of 420 SS relative to the alumina and the finer 316 SS powder. During balling,
the surface tension forces may lift up powder particles that have already been wet by the binder.
As the powder mass increases, this would become more difficult. Further studies with additional
powder types are necessary to separate the role of particle size and density from the binder
infiltration rates.

In BJ, printing speeds can be optimized by trading between droplet spacing and inter-arrival time
to improve overall print quality and build rate. However, the results show that the finer 316 SS
powder requires longer droplet inter-arrival time at the same droplet spacing—potentially slowing
printing in the finer powders. Further study is needed to see how much this can be addressed by
increasing the droplet velocity at impact or by altering the printing pattern.

This study of single lines does not represent printing of a full part, but these results are applicable
to layer printing in BJ. While layer formation introduces additional factors, the layers start as a
series of lines because nozzle spacing in commercial systems is significantly wider than the droplet
size. Therefore, in the first phase of printing, individual lines are typically printed by each nozzle
in the print head. Subsequent passes (or staggered print heads) fill in the spaces between the lines
to create continuous layers. Defects such as balling could lead to large pores in the green bodies
within or between layers. They may also contribute to other defects that are commonly observed
in BJ parts. Line printing could also be used as a simple test to determine appropriate droplet
spacing and droplet inter-arrival time.

CONCLUSION

This work studied the impact of droplet velocity, spacing, and inter-arrival time on the effective
saturation of printed lines and the success of line formation. Current models disregard the kinetic
energy from droplets and assume quasi-static conditions. These assumptions predict a single
saturation value for all printing parameters. However, this work shows that effective saturation
depends on droplet size, velocity, and spacing. As improved saturation models develop, the
influence of droplet velocity and spacing should be included. The results show that lines will
have less variation in saturation when using smaller droplets and smaller powder particles.
Additional work is needed to study how these variables impact the formation of printed layers.
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Line formation is well-studied in 2D inkjet printing on solid surfaces but has yet to be
understood in BJ. This work shows that the boundary for stable line formation is influenced by
the powder properties, droplet spacing, and droplet inter-arrival time. For a given powder and
droplet velocity, larger droplet spacing and/or shorter inter-arrival time leads to instability in line
formation. The maximum droplet spacing for successful line formation has been shown to vary
with approximately the square root of the droplet inter-arrival time in the 316 SS and alumina
powders which is consistent with the Washburn infiltration mode. Line formation is likely
influenced by droplet velocity and droplet volume as well though these variables were not
studied in this work. Line formation in the 420 SS (which had the highest Washburn infiltration
slope) appeared to be independent of the droplet inter-arrival time. The reason for the difference
is unknown, but this regime would be desirable to enable shorter droplet inter-arrival times
which could improve printing speed.

This work demonstrates that the binder/powder interaction is complex and depends on many
printing parameters that are often overlooked. Many BJ studies do not even report key printing
parameters such as droplet volume, droplet velocity, printing frequency, and droplet spacing.
Improved documentation of these parameters in the literature will advance understanding of the
process. Increased understanding of the underlying physics will speed development of new
materials and improve allocation of development resources, print quality, and process utilization
in industry. However, the extension of effects seen in lines to layers and full parts is unknown
and needs further study. Such studies will provide valuable insight into the impact of part
geometry on the range of feasible print parameters. This understanding is critical to maximizing
printing speeds, improving part accuracy, and reducing internal defects.
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