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ABSTRACT 

Binder jetting is an additive manufacturing process that bonds powder through selectively 

depositing binder by inkjet printing. The part is then extracted and densified by sintering and/or 

infiltration. The process offers low costs and fast build rates, but properties can be poor due to 

residual porosity after sintering. The inkjet printing process may contribute to this residual 

porosity by creating large pores. The droplet kinetic energy ejects some powder particles from 

the bed and rearranges others. Particle ejection and rearrangement are theorized to create porous 

regions in binder-jetted parts. In this work, small amounts of moisture are added to the spread 

powder before printing and the impact on part formation, part properties, and printing parameters 

measured with varied droplet spacing, droplet velocity, and print frequency. Moisture is added 

by applying an atomized fluid mixture to the powder between layer spreading and binder 

printing. The fluid mixture partially evaporates but leaves a stable residue to increase cohesion 

and enhance imbibition. Moisture addition to the powder increases the range of droplet spacings 

for line formation while reducing particle ejection, powder rearrangement, and balling in layer 

and multilayer parts. Excessive moisture addition decreases the effective saturation of printed 

lines, but saturation in 3D parts is less impacted. Increased surface roughness in the first few 

layers of a print was also mitigated with prewetting. High-speed X-ray imaging verified 

prewetting reduction in particle ejection and rearrangement.  
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1 INTRODUCTION 

Binder Jetting (BJ) is a powder-based Additive Manufacturing (AM) process that uses a 

binder deposited through inkjet printing to selectively bond powder. After printing binder, a new 

powder layer is deposited on top of the previously printed layer. The process repeats until a 

complete green part is formed. [1] The powder is typically heated between layers to promote 

evaporation of the binder solvent which substantially reduces process sensitivity to the printing 

conditions [2]. To reach a fully bound state the green part must undergo a sintering or infiltration 

process—improving part strength and density [1, 3]. 

Compared to other powder-based AM processes, BJ has several benefits. Since BJ utilizes 

binder to hold powder together, the process can be accomplished with virtually any powdered 

material including metals [4], polymers [5], and ceramics [6]. Additionally, BJ does not require 

significant thermal cycling during printing making the machines faster and cheaper than other 

AM processes. Finally, the unbound powder surrounding the bound part acts as a support for any 

overhangs present on the part being printed. However, the green part may shrink and/or deform 
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during post-processing [7, 8]. While progress is being made in understanding sintering methods 

[9], printing parameters [3, 10], the powder/binder interaction [11, 12], and green part saturation 

[13, 14], there is still much to learn about the process. For example, Schlachter et al. showed that 

concentrated polymer solutions deviate from capillary infiltration models [15]. While 

simulations of droplets impacting powder are progressing [16, 17], the models are still unable to 

capture the full physics of wetting and particle rearrangement at relevant size and time scales that 

match experiments.  For example, Fuchs,  et al. have illustrated a promising simulation 

framework for binder jetting and other AM processes that includes powder motion, but the 

demonstrated model size is too small spatially to represent the full droplet depth interaction and 

much longer simulations would be required to account for the critical interactions between 

droplets in lines and prior layers [18].  

Thus most BJ printing research focuses on understanding the binder printing parameters and 

their impact on either the green parts or the final parts. Past research [10, 19-21] has shown how 

varying printing parameters including droplet velocity, size, spacing, and frequency effect green 

part quality and effective levels of binder saturation. Prints of single lines show balling when 

droplet spacing is too large, droplet frequency is low, or droplet sizes are too small [19]. 

Successful line printing in stainless steel showed a time dependence of balling formation of 

approximately √� suggesting that Washburn infiltration may dominate the imbibition process 

[19]. Tan also showed Washburn infiltration of inkjet droplets on polymer powder but nearly 

constant imbibition rates for millimeter-sized droplets.  Droplet spacing has also been shown to 

have large effects on green part saturation [19]. However, the results from individual lines do not 

predict successful conditions for layer printing [20]. Prewetting has shown promise in mitigating 

the varying effects of printing conditions on green part quality and saturation levels of single 

lines [22]. 

Although BJ shows promise, limits in final part strength and density for many materials has 

been a barrier to industrial use [1]. Parts made using BJ frequently show porous regions within 

the printed layers [23, 24] while porosity as low as 1-2% can significantly reduce part properties 

such as toughness, fatigue, and ductility [25-27]. BJ parts have been sintered to >99% density in 

multiple materials—often with the help of sintering aids [28, 29] and/or liquid phase sintering 

[30, 31], but large pores are always difficult to eliminate. These pores likely originate from the 

printing process given observations of pore structures within and between layers [32-35]. The 

spread powder layers are typically compacted effectively. However, powder particle 

rearrangement and ejection—caused during the powder-binder interaction—may generate the 

large pores that persist through sintering [32, 36] and result in residual porosity. Recent work 

printing binder in just the outer shell of the part showed that this increased the sintered density 

though it is unclear whether the benefits is due to less disruption from printing or less binder 

residue in the part [37].  

The limited experimental observations of droplet impact under BJ-type conditions have been 

done in very different materials (steel - [36, 38], polymer [39], and slurry-based ceramic [40]).  

The different pore sizes, wetting conditions, and bed cohesion have resulted in varying 

observations of imbibition rates. As noted, the results of line printing don’t necessarily predict 

printing of other geometries [20]. There is a significant body of data on millimeter-scale droplets 

impacting powders for granulation applications [41-46].  The map of different regimes 

(engulfing, tunneling, cratering, spreading) for granule formation developed by Emady et al. [42] 

would suggest that BJ printing conditions previously studied occurs near the proposed boundary 



between spreading and cratering [39], or the boundary between cratering and engulfing [19]. 

However, the regime map only considers a single droplet in dry media. The presence of prior 

moisture dramatically alters the absorption [45] and so the regime map applicability to binder 

jetting is unknown. Additionally, most studies utilize loosely packed powder beds which have 

much lower porosity than typical of BJ powder beds.  The loose packing can have a significant 

impact on the droplet absorption rate and may contribute to differences between BJ and other 

absorption studies [47]. Additionally, a comparison of millimeter-scale and micron-scale (inkjet-

printed) droplets showed a very different time dependence on imbibition rates at the different 

scales [39].  

Prior research has utilized surface roughness as a measure of BJ part quality [48, 49]. This 

research focuses on the surface roughness of printed layers as it impacts final part quality and 

may relate to low-density regions between layers. Colton et al. [50] showed that within the first 

five layers of a part, surface roughness changes significantly. From the unbound powder bed to 

the first printed layer, surface roughness can increase up to 60%. When a new powder layer is 

spread over this rougher surface, large pores may form if the powder does not fully fill the 

crevices. The increased surface roughness is likely caused by powder ejection during printing 

and/or balling [20]. Fan [51] used moisture within a powder bed to mitigate the surface 

roughness of lines. The results showed that moisture reduces particle ejection and in turn surface 

roughness, but the methods either created instability in line formation or left residuals within 

final parts. Colton’s [50] results also showed that the addition of moisture to the powder bed had 

a positive impact on surface roughness but results were mixed. Some tested moisture levels 

resulted in little to no effect while others improved roughness but drastically increased part 

dimensions (bleeding).  

The purpose of this paper is to report the impact of adding small amounts of moisture to the 

powder bed surface on BJ part formation, surface roughness, effective saturation, and part 

dimensions. Small amounts of non-binding fluids (prewetting moisture) can be added to the bed 

before binder printing to increase powder bed cohesion and speed binder absorption. However, if 

too much moisture is added, then it will likely increase droplet spreading resulting in lower 

saturation values, larger dimensions, and weaker green parts. To understand this tradeoff, the 

saturation and part dimensions for varying levels of non-binding liquid added before printing are 

reported for single lines, layers (groups of connected lines) and multilayer parts. The application 

of small moisture levels will be referred to as prewetting throughout the remainder of this paper. 

Previous work applying atomized water to the bed showed promise in single line printing [22], 

but the printing quality was highly dependent on the amount of moisture added and evaporation 

of the water after deposition made process control difficult. This work introduces alternative 

fluids that improve process control.  

The residual moisture in the powder bed may speed droplet imbibition, create a cohesive 

force that also reduces particle rearrangement, and potentially reduce binder impact forces. As 

the droplets impact the surface, they will begin to infiltrate under the pressure generated by the 

impacting droplet and capillary forces.  The speed of infiltration will be determined by the 

effective hydraulic conductivity of the powder bed.  In partially saturated porous media, 

increasing saturation of porous media has been shown to increase the hydraulic conductivity 3-5 

orders of magnitude [52, 53].  This will speed imbibition by reducing dependence on capillary 

flow.  Increased imbibition rates may reduce the peak pressure and thus the force of droplet 

impact on the powder bed. Powder bed moisture will also create cohesive forces in the bed [54, 



55] that may reduce powder rearrangement.  The interaction of these phenomena are complex 

and both hydraulic conductivity and powder bed cohesion are sensitive to the local saturation 

levels. 

 

2 METHODS AND MATERIALS 

2.1 Key Process Parameters 

2.1.1 Geometry 

In commercial printing, a printhead with multiple nozzles traverses the powder bed. 

Typically, the nozzles are spaced far enough apart that they form separate lines of bound powder. 

The regions between nozzles are bound by additional passes with the same printhead or another 

printhead that follows behind the first. This is repeated with new layers of powder to create 3D 

parts. Thus, 3D geometry is typically formed from droplets that merge into lines. Additional 

lines are added to form layers which are stacked to form 3D geometry. This work will utilize a 

single printhead to study the formation of lines, layers, and multi-layers (Figure 1) with varied 

prewetting levels to measure the impact on each geometry. For this work, multi-layer parts are 

limited to three layers.  

Line, layer, and multi-layer part formation can be altered by varying printing parameters such 

as droplet spacing, velocity, and frequency [19, 21]. Previous research [20] has shown that layers 

and multi-layers are printed most successfully at droplet spacings and line spacings close to 50 

µm when printed with 46 ± 2µm diameter (~40 pl) droplets. However, these same droplet 

spacings do not form continuous lines in dry powder [19, 20]. These prior works are based on the 

same powder as used in this study. 

2.1.2 Saturation 

In BJ, saturation is defined as the fraction of void space between powder particles that is 

filled with binder during printing. Saturation is closely related to green part strength [10, 56, 57]. 

Typically, a target saturation level is set, and the droplet printing pattern is controlled to deposit 

the targeted amount of binder into the printed region. The target saturation (��) can be calculated 

using: 
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Figure 1: BJ parts used in this research. Left: BJ line, Middle: BJ Layer, Right: BJ Multi-layer. 



where �� is the volume of deposited binder, �� is the packing fraction of the packed powder 

material, �  is the thickness of the layer, and � is the area where binder is deposited. Target 

saturation assumes that once deposited, binder will stay in place to define part geometry. 

However, binder often flows beyond these dimensions while volatile solvents in the binder 

evaporate. The actual saturation achieved in the part will vary spatially and over time. Methods 

have not been developed to measure the actual saturation levels in the parts. Instead, the effective 

saturation (S) is calculated from the measured part mass (mp) according to: 
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where ��  is binder mass, ��  is binder density, ��  is part mass, ��  is the true density of the 

powder bed density (�  = 7.98 g/cm3) , and �� is the powder bed packing fraction [2]. Effective 

saturation is measurable and will be referred to as saturation throughout this paper. 

If the effective saturation is below the target saturation, then binder has flowed beyond the 

part boundaries and the part is larger than intended. This is commonly referred to as bleeding 

[20, 58]. Because part saturation ties directly to green part strength [10, 59], the largest possible 

saturation without bleeding is typically preferred. Drying between layers keeps effective 

saturation levels close to the target saturation over a wide range of print saturation levels [2].  

Prior research has sought to understand the effects of saturation. The first physics-based 

predictive model for saturation relied on capillary pressure measurements and cylindrical pore 

assumptions [13]. Predictions did not consistently match the effective saturation of lines, layers, 

or multi-layers, but provided an estimate. The deviations may be due to neglecting process 

parameters (droplet velocity, spacing, volume, and frequency) which have been shown to be 

significant [19, 21].         

 

2.2 Printing Methods 

To understand the effects of prewetting on printed lines, layers, and multi-layers, tests were 

conducted using varied droplet velocity, frequency, and spacing. The quantity of prewetting 

moisture and printed geometry were also varied. All inkjet printing was performed using a 30-

micron orifice MJ-ABP-01 MicroFab piezo-electric inkjet nozzle. This is a single nozzle drop-

on-demand printhead that is well-adapted for research. Droplet velocity was varied between 5 

m/s and 7.5 m/s. Droplet velocity and volume were measured for each print condition as 

described below.  

Prior work has shown that line formation is impacted both by the time between droplets 

(droplet frequency) and the distance between adjacent droplets [19]. For these tests, two 

frequencies of droplet printing were used: 1000Hz and 500Hz. Droplet frequency and droplet 

spacing are linked by the traverse speed of the nozzle. If frequency is held constant and droplet 

spacing changed, traverse speed must also change and vice versa. Specific droplet spacings were 

printed under two droplet frequency conditions to observe how altering the nozzle traverse 

speed/printing frequency altered printing results.  



In prewetted powder beds, the spread powder layers were misted with a 4:1 volume mixture 

of water and tri-ethylene glycol before the binder was printed. Due to the high boiling point of 

tri-ethylene glycol (286.5 °C), a stable residue is left in the powder that is 34% of the initial 

deposited mass at room temperature as seen in Figure 2.  

The stable residual level of the mixture provides for better experimental repeatability, but to 

assure that the parts reached the stable residual content consistently, there was a five-minute 

delay between misting and printing to allow for the fluid to reach the stable equilibrium level. 

All reported moisture levels are based on the estimated residual weight gain after the evaporation 

plateaued. For production, a more volatile liquid or an elevated bed temperature could be used to 

speed the evaporation process if desired.  The prewetting would dilute the binder, but because it 

is not included in the effective saturation calculations, the saturation remains an effective 

comparison of binder content per unit volume of the printed geometries. 

Lines were printed at varying droplet spacings with various levels of added moisture (0 (dry), 

0.016, 0.039, 0.079, and 0.20 mg/cm2). The prewetting level was measured by measuring the 

weight gain of a thin layer of powder after exposure to the atomizer under the test conditions and 

normalizing by the area of the bed. The uniformity of the atomization process over was evaluated 

by comparing weight gain of smaller (25 mm x 25 mm)beds located in different regions of the 

bed and found to be within 10% [22]. The effective saturation and dimensions of the lines were 

measured to identify moisture levels that were most likely to improve printing without causing 

low resolution and low strength due to excessive bleeding.  

 

Figure 2: Evaporation of the 4:1 water/tri-ethylene glycol mixture. The percentage of tri-
ethylene glycol remaining after the evaporation period is 34% of the initial mixture. 



Prewetting partially pre-saturates the powder bed. Pre-saturation level of the powder after 

evaporation were estimated for the tri-ethylene mixture for each of the prewetting moisture 

conditions using a variation of Eqn (2). The prewetting penetration depth was estimated from the 

depth of lines printed into the pre-wetted powder. A sessile droplet would generally penetrate at 

least as deep as the interconnected fluid network created by prewetting. The kinetic energy of the 

droplets will generally push the binder beyond the sessile droplet limit. Thus, this approach 

probably overestimates the prewetting depth, and the resulting saturation estimate is a lower 

bound.  

2.2.1 BJ Test Platform 

A custom BJ printer (Figure 3) was used for testing in this research. Printer capabilities 

include powder deposition and spreading as well as single and multi-layer printing. The build-

box—held by the y-axis—was designed to hold powder for part fabrication. The x-axis was 

mounted to the bridge and moved the MicroFab piezo-electric printhead used for binder delivery. 

The z-axis was built into the build-box and moved the build plate up and down when printing 

multi-layer parts. The printer enabled automated droplet observation, powder deposition, 

moisture application (prewetting), and printing. Additional system details are available in [60].  

Powder is deposited from a hopper with an ultrasonic motor and then rolled with a counter 

rotating roller as the y-axis moves the build box under each section. Ten base layers are rolled 

before part fabrication. The packing fraction was calculated using the plug method, where a 

hollow cylinder with a known inner diameter is placed into a packed powder bed, then the plug 

of powder removed and weighed [24]. The packing fraction measured for these tests was 55%.  

The water/triethylene glycol mixture was applied to the spread powder by atomizing it with a 

piezo-electric atomizer (16 µm diameter holes at 150 µm pitch) run at 113KHz as described in 

[22].  The use of a duty cycle allowed for fine control over the quantity of the atomized fluid. 

Two atomizers were fitted into the conduit and tuned using a PWM signal to achieve uniform 

distribution across the bed [22]. Once the moisture delivery system was activated, the y-axis 

moved the build box at a constant velocity under the conduit. After printing, the moisture 

evaporates until it reaches equilibrium as seen in Figure 2.  

 

Figure 3: Custom binder jetting equipment used for this work. a) Isometric view of the printer. 
b) Side view of the printer. The y-axis moves the build area underneath the hopper which 
deposits powder. The y-axis then brings the build area forward where a roller packs and levels 
the powder. The x-axis and y-axis work in conjunction to move the nozzle to print binder in the 
desired areas. This process was repeated for multi-layer parts. 



Inkjet droplets were observed using LED strobe lighting to capture jetted droplets at varying 

positions during their descent. These captured observations were then used to calculate the 

droplet velocity. Droplet volume was measured by jetting into a container at a known frequency 

for three minutes. The container and binder were weighed using an OHAUS Adventurer 

Analytical scale with a ±0.1 mg resolution. Droplet volume was calculated from the density of 

the binder (1.04 g/cm3) and the number of droplets printed. The size of the droplet exiting the 

nozzle was held constant throughout testing and was 46 ± 2 µm across the range of droplet 

velocities tested. A small negative pressure was applied through a MicroFab pneumatic console. 

Pressure was adjusted to achieve stable operation at the target droplet velocity. 

2.3 Part Fabrication 

All parts were fabricated using ExOne’s 316L stainless steel powder with an average particle 

size of 10 µm [19, 20]. The material is gas atomized and generally spherical as seen in Figure 4. 

ExOne’s BA005 Aqueous Binder was used in all printing. The binder manufacturer reports the 

binder properties as ( � = 1.11 #/%�& , ' = 5.8 %� , * = 35 ,-.//%� ). Lines were printed 

according to the parameters listed in Table 1. A range of droplet spacings was printed for each 

parameter set, resulting in a total of 60 data sets. Six lines of each droplet spacing were printed 

with a spacing of 6 mm between lines to ensure no interaction between them. When moisture 

was applied to powder beds, five minutes elapsed between moisture application and ink jet 

printing to ensure stable moisture levels during testing. 

 

Table 1: Printing parameters tested in line printing. 

Droplet Velocity 

(m/s) 

Frequency 

(Hz) 

Droplet Spacing 

(µm) 

Moisture conditions 

(mg/cm^2) 

5 1000 15, 20, 25, 35, 45, 

55 

Dry, 0.016, 0.039, 0.079, and 

0.20 

5 500 15, 20, 25, 35, 45, 

55 

Dry, 0.079 

7.5 1000 15, 20, 25, 35, 45, 

55 

Dry, 0.016, and 0.079 

 

 

Figure 4 SEM image of stainless steel 316L powder used in the experiments 



Single layer and multi-layer parts were printed by depositing 85 adjacent lines according to 

the parameters listed in Table 2. Droplet spacing of 50 µm and 60 µm were printed for each 

parameter set, resulting in a total of 30 data sets. Five parts of each set were printed. The spacing 

between lines was equal to the droplet spacing and a layer height of 35 µm was used in the multi-

layer parts. Two-layer parts were started on the second layer of the three-layer part build. Thus, 

the top surface of all parts was visible at the top of the build plate. Single layer parts were printed 

separately. 

 

Table 2: Parameter sets used in multi-layer printing. 

Droplet Velocity 

(m/s) 

Frequency 

(Hz) 

Droplet/L

ine Spacing 

(µm) 

Moisture 

conditions 

(mg/cm^2) 

Num

ber of 

Layers 

5 1000 50, 60 Dry, 0.016, 

0.079 

1, 2, 

3 

5 500 50, 60 Dry, 0.016, 

0.079 

1 

7.5 1000 50, 60 Dry, 0.016, 

0.079 

1 

 

After printing, the powder bed was placed in a Hotentogler Binder Series ED Avantgarde 

oven at 180 ̊C for at least 30 minutes to cure the binder. Once the samples had cooled, a two-

pronged fork was used to extract samples by putting the two prongs into the powder bed and 

lifting the samples out. Samples were imaged using a VHX-7000 Keyence digital microscope. 

Both 2-D and 3-D images were taken both before and after extraction from the powder bed. For 

lines, widths and depths were recorded. For layer and multi-layer parts, widths, lengths, and 

depths were recorded. Surface roughness measurements were taken on the top surface of layer 

and multilayer parts using an optical 3-D profilometer (Zeta instruments, Zeta 20). Surface 

topography was measured in optical profiling mode using focus variation at 20x magnification 

with a 0.1 µm z-resolution. 

After imaging, parts were weighed using an OHAUS Adventurer Analytical scale with 0.1 

mg resolution. The total weight of all the parts in a single data set was obtained and the average 

weight calculated. The effective saturation was then calculated using the average weight of all 

samples of a type, a binder mass calculated from the droplet volume, and the packing fraction of 

the powder bed.  



To estimate uncertainty in the measurements, the variation for saturation values was obtained 

for both dry and the 0.016 mg/cm2 moisture conditions for lines, layer, and multi-layer parts. For 

lines, standard deviation values were recorded by printing 20 lines at each droplet spacing and 

finding the average saturation value for each set of four lines. Layer and multi-layer standard 

deviations were recorded by printing three to five samples and comparing the saturation values 

of each sample. 

2.4 High-Speed X-ray Imaging 

The printer setup was also used to conduct experiments using a high-speed synchrotron x-ray 

imaging system at the Advanced Photon Source (APS) at Argonne National Laboratories Beam 

32-ID-B. Additional details about the setup and conditions are reported in [61]. The printer was 

positioned between the x-ray beam and image processing unit (Figure 5). High-speed x-ray 

images of the BJ process were captured. The same 316L powder, ExOne binder and printing 

procedures were used. To enable X-ray transmission through the sample, the hopper was 

removed, and an x-ray transparent build box of glassy carbon with a ~450 µm wide slot was 

mounted in place of the build box. The slot was filled with powder and leveled with a razor 

blade. Up to five adjacent lines were printed in the box to observe interactions between lines. 

Moisture was applied to a subset of the beds using the 0.016 mg/cm2 prewetting level and 

allowed to equilibrate before testing.  

Two printing directions were used. Parts were primarily printed by moving the printhead in 

the x-direction with the x-ray beam oriented along the y-axis. This setup captured line printing as 

it traverses across the point of view from left to right. Some parts were printed by moving the 

powder bed on the printer y-axis relative to a stationary printhead. In y-axis printing, the line is 

parallel to the X-ray beam so that the width and depth of the printed line are both observable. 

Because most of the build-boxes were not prepared using a roller, the results, may deviate from 

rolled powder beds typically used. A few tests were conducted using rolled powder for 

comparison. For rolled powder tests, the powder was rolled on a small elevated platform. After 

 
Figure 5: Setup for x-ray imaging at APS. The x-ray beam window was approximately 2 mm x 2 
mm. For testing at APS, the hopper was removed, and a hand prepared x-ray transparent build 
box of glassy carbon was mounted in place of the build area. For the x-ray to penetrate through 
stainless steel powder the build box was designed to reduce the material thickness to less than 



rolling, a razor blade was used to reduce the width of the powder bed size to allow x-ray 

transmission.  

3 RESULTS AND DISCUSSION  

Results are organized by the type of printed geometry: lines, layers and multi-layers. Lines 

were used to measure the results of prewetting on line formation, dimensions, and saturation 

levels. From these results, the most promising moisture levels were selected for evaluating single 

layer and multilayer parts. Single Layer and multi-layer parts are used to compare phenomena 

observed in line printing to single and multi-layer parts for both dry and prewetted powders. 

3.1 Lines 

Although line printing results do not predict the range of printing parameters that make 

successful parts in layers and multi-layers as has been shown previously [20], they are useful in 

quickly observing changes in powder/binder interaction and other phenomenon such as balling. 

For this research, individual lines were printed to narrow the range of prewetting conditions to 

study in layer and multilayer geometries. Saturation, part dimensions, and print failure modes 

were analyzed for each level of prewetting.  

3.1.1 Line Formation 

Figure 6 summarizes the success of line formation as a function of the printing parameters. 

The lines printed into dry powder are compared to those prewetted with 0.0164 mg/cm2 and 

0.0788 mg/cm2 of the water/triethylene glycol mixture. Lines printed into dry powder could not 

be extracted at droplet spacings larger than 20 µm due to onset of balling as seen in Figure 7. In 

contrast, all lines treated with prewetting had lines successfully extract at droplet spacings of 35 

 

Figure 6: Line formation outcomes as a function of printing conditions (droplet spacing, print 
frequency, droplet velocity). Prewetting not only increases the parameter set resulting in 
successful line formation, but also eliminates balling typically seen in lines. All pictures 
correspond to the 5m/s | 1000Hz lines. 
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µm and in many cases 45 µm. Beyond this point, the lines appeared continuous but were too 

weak to be extracted. Negligible differences were observed between droplet velocity of 5 m/s 

and 7.5 m/s and printing frequency of 500 and 1000 Hz. 

Balling occurs when the droplets are too far apart and revert to the shape that minimizes 

surface energy–a sphere. In balling, the line breaks into a series of spherical primitives. Lines 

printed onto prewetted powder beds did not experience balling at any tested droplet spacing 

(Figure 6). The suppression of balling by prewetting could be due to formation of a liquid 

network between powder particles which is speeding infiltration of the droplet into the powder 

and/or increasing cohesion of the powder to reduce powder rearrangement required for ball 

formation.  

The prewetting is not only mitigating balling, but also eliminating particle rearrangement 

caused by binder impacting the powder. The images in Figure 7 show that the lines printed in dry 

powder have clearly visible boundaries. The boundaries are caused by powder motion during 

printing. However, it is difficult to visually differentiate the bound region of powder from the 

unbound region in the prewetted powder due to reduced rearrangement. If prewetting reduces 

particle rearrangement, it has the potential to reduce or eliminate defects created during printing.  

 

Figure 7: Optical images of the printed lines show that moisture addition mitigates particle 
rearrangement as printed lines become difficult to see in the prewetted cases. Pictures on the 
bottom correspond to lines on the graph, matching the colored shapes and the number 
indicating droplet spacing. All pictures correspond to the 5m/s | 1000Hz lines. Letters on the 
right correspond to labels in Figure 6 



X-ray imaging experiments conducted at APS confirm the elimination of balling with 

prewetting. The initial image before printing was subtracted from later frames to highlight 

changes in the X-ray absorption due to printing. Reduced absorption (lower density) appears 

brighter. Figure 8 shows a comparison of lines printed using a parameter set which is known to 

cause balling in dry powders (droplet size: ~45µm, droplet velocity: ~7.5 m/s, droplet spacing: 

50 µm). The entire video sequence is available in the supplementary information 

(LoosePowder.mp4) Balling is clearly visible in the dry powder as dark regions of increased 

density while the prewetted powder eliminates balling and reduces other particle rearrangement 

as seen by smaller variation in brightness. Both cases show ejected particles above the bed of 

loose powder, but prewetting reduced the number of ejected particles by 25%. 

The benefits of prewetting on reducing powder rearrangement and particle ejection were 

even larger in imaging of rolled powder beds. Figure 9 shows a comparison of high-speed X-ray 

imaging of lines printed into 316 SS powder. The video is available in the supplementary 

information (RolledPowder.mp4). In the image of dry powder printing, particle rearrangement 

can clearly be seen with dark regions that have densified during printing and brighter regions 

where powder has been removed. Additionally, particle ejection is observed above the powder 

bed. However, in the prewetted powder, the number of ejected particles was reduced by 65% by 

prewetting, and no bright spots are visible that would indicate pore formation. These tests in 

rolled powder should closely approximate realistic printing conditions. Prewetting strongly 

reduces balling and powder rearrangement in line printing.  

While recent stroboscopic imaging of larger droplets (95 µm) at slower speeds (4m/s) 

revealed distinct droplet spreading over a period of more than 300 µs in when printing on a 

polymer powder [39], there was no observable droplet spreading in the X-ray images.  The 

droplet completely disappeared beneath the surface of the powder in a single frame (20 µs).  The 

 

Figure 8: High-speed x-ray images of BJ process on loose powder leveled with a razor blade. 
The image before printing was subtracted so that increases in density show as brightness 
decreases and regions with decreased density are brighter. a) Line printed into dry powder. 
Balling can be seen starting at the left of the image. b) line printed into prewetted powder (0.016 
mg/cm2). Balling is eliminated due to moisture within the powder though some spatial variation 
in density was introduced. Both lines were printed using the same printing parameters (Droplet 
spacing: 50 µm, Droplet Velocity: 7.5 m/s). X-ray framerate was ~50000 frames per second with 
an exposure time of 19 µs. The full video is available as a supplementary document 
(LoosePowder.mp4) 



smaller droplets and higher velocity in the present study both would reduce the infiltration time, 

but do not fully explain the differences in infiltration characteristics. 

3.1.2 Line Saturation 

Saturation values in printed lines (Figure 10) generally decrease with increasing droplet 

spacing and increasing moisture content. The decrease in effective line saturation at high levels 

of pre-printing moisture is evidence of a percolating moisture network created by the prewetting. 

This percolating fluid network facilitates binder spreading in the powder bed due to both the 

kinetic energy of arriving droplets and capillary flows in the bed. Because the same binder 

spreads over a larger region, line dimensions increase while strength decreases. For lines printed 

in pre-moistened powder, saturation values generally decrease as droplet spacing increases. 

However, the lowest and greatest recorded saturation values for each prewetting level stay within 

10% of one another as the droplet spacing increases 3x. 

The difference between saturation in the 0.0388 and 0.0788 mg/cm2 moisture levels is 

negligible, whereas the extreme values (0.0164 mg/cm2 and 0.1997 mg/cm2) deviate 

significantly. These results suggest that there may be different dominant phenomena in the 

different prewetting levels. While prewetting has reduced saturation, there appears to be a broad 

range of prewetting values that achieve similar printing outcomes which is promising for 

development of a robust printing process with prewetting. Saturation changes due to velocity 

(7.5 m/s, 5 m/s) and droplet frequency (500 Hz, 1000 Hz) were generally varied by less than one 

standard deviation (Figure S1 and S2).  

Figure 9: Comparison of powder bed density changes and powder ejection due to line printing 
in rolled powder. Original x-ray images were post processed by subtracting off a non-changing 
frame to highlight changes in brightness. Increases in density show as brightness decreases and 
regions with decreased density are brighter. a) Line being printed into a dry powder bed; 
significant particle ejection can be seen. Bright and dark regions under the printing surface 
reveal particle rearrangement within the bed. b) Line being printed into prewetted powder; only 
a few ejected particles can be seen. Much less particle rearrangement is present. Lines were 
printed using the same printing parameters (Droplet spacing: 50 µm, Droplet Velocity: 7.5 
m/s). X-ray framerate was ~50000 frames per second with an exposure time of 19 µs. The full 
video is available as a supplementary document (RolledPowder.mp4) 



3.1.3 Line Aspect Ratio 

The aspect ratio of printed lines is indicative of the relative rates of binder migration in the 

horizontal and vertical direction. As seen in Figure 11, droplets printed in dry powder, had an 

aspect ratio (width/depth) of 1-1.5 indicating relatively similar rates of spreading in both 

directions. However, the pre-moistened lines have significantly higher aspect ratios. The three 

lowest prewetting values have an aspect ratio of approximately two while the largest prewetting 

level generates lines with an aspect ratio over three. This increased aspect ratio indicates that the 

droplets spread horizontally more easily than vertically.   

Partial saturation of a porous media is known to increase hydraulic conductivity by orders of 

magnitude relative to dry powders [53, 62, 63]. If the added moisture is non-uniform through the 

depth, this would create a high conductivity layer at the top that could promote horizontal 

spreading. As the binders penetrate deeper (as for closer droplet spacings) the droplets will reach 

progressively drier powder and the difference between the horizontal spreading rates and in-

depth absorption will increase further. Note that the 15 µm droplet spacing produces the largest 

aspect ratio under all wetting conditions. With increased droplet spacing, the aspect ratio 

generally decreases though the different prewetting levels produced different effects. The highest 

prewetting produces aspect ratio > 3 under all droplet spacings while the intermediate prewetting 

levels had aspect ratio near 2 across most test regions.   

Aspect ratios significantly greater than one are expected to reduce the planar resolution of the 

printing process because a positive feature cannot be smaller than a single line width.  However, 

an aspect ratio of two may not significantly impact the printing capabilities when printing multi-

layer parts as the previously printed layers will likely absorb binder and reduce the horizontal 

spreading of the new line beyond the part dimensions. Additionally, the repeated misting of 

multi-layer parts after each spread layer may also create a more uniform moisture profile through 

the part thickness than observed in lines and single layers to reduce the aspect ratio of individual 

lines. 

 

Figure 10: Saturation values for lines under different prewetting conditions. Values not 
represented indicate a line that did not successfully form. Representative standard deviations in 
measured saturation for dry and 0.0164 mg/cm2 were 1-2% and 0-4%, depending on droplet 
spacing, respectively. There was a single 55 µm droplet spacing line that was successful for the 
0.1997 mg/cm2 moisture condition that was not included in this graph due to its singularity. 
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All printed lines penetrated more than one layer deep into the powder (Figures S3 and S4). 

Penetration through an entire layer is critical to bind multiple layers together. The depth 

penetration may also be reduced when printing adjacent lines to form layers.  

3.1.4 Insights from Prewetting Impact on Line Printing 

In ideal prewetting, a small amount of moisture would be deposited uniformly through the 

layer below the percolation threshold. If prewetting saturation exceeds the percolation threshold, 

the binder will spread readily through the bed through both capillary flow and diffusion resulting 

in lower saturation, weaker parts, and decreased print resolution. Unfortunately, the percolation 

threshold for these rolled powder beds is unknown and no methods are available for measuring 

the local saturation achieved by the prewetting process.  

It is also unlikely that the moisture in the powder bed is distributed uniformly. The atomized 

droplets generating by vibrating the plate with 16 µm holes are likely too large to penetrate far 

into the powder bed as discrete droplets given that the pore path in a packed powder bed would 

be tortuous and the pores small. Thus, they are likely deposited on the surface and then wick into 

the powder bed under capillary action—creating a percolating pore network through the wetted 

regions. Thus, misting alone may be unable to create anything but a percolating threshold. 

However, the subsequent evaporation of >60% of the fluid may be sufficient to create a non-

percolating moisture network when depositing low levels of moisture.  

While measuring the saturation in the surface layer is infeasible, saturation can be estimated 

by assuming that the saturation is uniform through the surface to a depth of the lines printed at 

that moisture level. Table 3 summarizes the estimated average saturation values after the initial 

evaporation. These saturation levels are low enough that they are likely to be below the 

percolation threshold. While the percolation threshold varies widely in some reports [64, 65],  

careful experimentation concluded that in packed beds of spheres, it is generally in the range of 

6-10% saturation for a wide range of fluids and particles [66].  

 

 

Figure 11: Aspect Ratio of printed lines (width/depth). Values not represented indicate a line 
that did not successfully form. In dry lines the aspect ratio of width to depth stays close to one, 
but moisture increases the ratio dramatically. Adding moisture increases the width more than 
the depth, which is evident in the rise in aspect ratio. Prewetting facilitates a horizontal spread 
of the binder throughout the powder bed and tends to limit binder spreading below a certain 



 

 

 

Table 3: Estimated Average Saturation Levels Due to Prewetting 

Prewetting Level 

(mg/cm2) 

Average 

Line Depth 

(µm) 

Estimated 

Avg Saturation 

(%) 

0.016 111 0.34 

0.038 118 0.71 

0.078 131 1.3 

0.199 120 3.6 

 

3.2 Layers and Multi-Layers 

The data from the line tests were used to select two moisture levels for layer and multi-layer 

part printing. The 0.1997 mg/cm2 prewetting condition shows saturation levels which would 

result in weaker/undeveloped parts, indicate a poor candidate for further testing. The three lower 

prewetting moisture conditions had similar aspect ratios (Figure 11) indicating that none was 

clearly superior in printing better geometry. However, the 0.0164 mg/cm2 moisture condition is 

promising because saturation values are consistently higher than the other moisture conditions. 

Two pre-moisture conditions were desired for further testing and the 0.0788 mg/cm2 moisture 

condition resulted in slightly superior saturation results over that of 0.0388 mg/cm2 so it was also 

chosen as the second prewetting condition for layer printing.  

 

Figure 12: Part Saturation variation with number of layers, droplet spacing and prewetting 
moisture level. Standard deviation of saturation for both layers and multilayers printed at 50 
µm droplet spacings into dry powder were 0.57% and 2.03% respectively. Standard deviation 
values for both layers and multilayers printed at 50 µm droplet spacings with 0.0164 mg/cm2 
prewetting fluid were 0.88% and 3.74% respectively.  



Single layer and multi-layer prints were conducted to represent actual printing conditions 

during formation of 3D geometry. Although all the parameters laid out in Table 2 were tested, 

the droplet frequency or droplet spacing didn’t provide significant variation in the layer data. 

Therefore, data on frequency and droplet velocity is reported in supplementary information.  

3.2.1 Saturation 

While both prewetting levels have similar saturation, prewetting of 0.0164 mg/cm2 typically 

shows higher saturation results than 0.0788 mg/cm2. Saturation values increase with increasing 

layer number as shown by Colton [20], but surprisingly, saturation values also increase with 

prewetting. This is opposite the trend observed when printing lines into prewetted powder. The 

difference in saturation between dry and prewetted powders increases with layer number at both 

moisture levels. This increase in saturation through prewetting is a potential benefit as it 

typically correlates with greater green part strength [10, 59]. While the saturation levels vary 

with the number of layers (one, two, or three) and the droplet/line spacing (50 µm, 60 µm), the 

prewetting levels did not substantially change the saturation in the two and three-layer samples. 

The low sensitivity of saturation to print parameters would be helpful in creating a robust 

process.  

The increases in saturation with prewetting in multilayer parts is unexpected and may be 

related to evaporation of binder solvent. The delay between misting and printing was added to 

allow for stable evaporation of the prewetting fluid, but it also may be allowing for binder 

evaporation from the prior layer as well as prewetting. This evaporation of binder solvent during 

the delay would have similar impact as powder bed heating which has been shown to increase 

the effective saturation levels [2].  Thus, the increased saturation observed in prewetted parts 

may be at least partially due to the delay between layers rather than the prewetting itself.  

 

Figure 13: Normalized Width vs. Droplet Spacing for different numbers of printed layers. The 
widths were normalized by the distance between the center of the first and last lines to normalize 
for the different line spacings (line spacing = droplet spacing). Normalized width increases with 
larger pre-moisture conditions but decreases with droplet spacing. Part width increases with 
layers for dry powder, but interestingly in prewetted parts, the width decreases after the 3rd 



However, in a production process, the benefit of increased saturation could also be obtained by 

adjusting the heating between layers.    

The increase may also be due to defect mitigation in the prewetted powder observed in 

Figure 8 and Figure 9. The formula for effective saturation (Eqn 2) shows a connection between 

saturation and powder bed density can be made. For constant part mass and binder volume,  

� ∝
��

	
��
    

(3) 

Thus, as the packing fraction (��) increases, so does saturation. A lower saturation in the dry 

parts could be caused by defects generated during printing that reduce the packing saturation. 

However, the saturation values are calculated based on the assumption of constant packing 

fraction, so conclusions cannot be drawn regarding the part level saturations from this data.  

Droplet velocity and frequency had some effects on the resulting saturation of the first 

printed layer as discussed in the supplemental information seen in Figure S5 and S6. However, 

these impacts are much smaller than the difference between the first layer and second layer of a 

print. While they may be important in forming very fine features and in roughness of the bottom 

surface, drop velocity and frequency effects in the tested range studies will not be significant to 

the printing of most 3D parts. 

3.2.2 Dimensions 

The variation in part dimensions with saturation gives insight into whether binder bled 

beyond the desired geometry. In-process heating is typically used to reduce the impact of 

saturation levels on part accuracy [2]. Because this work did not use any in-process heating to 

promote binder evaporation, the effective saturation values are more sensitive to the printing 

conditions. The width (perpendicular to line printing direction) of the printed layers can indicate 

bleeding levels. Figure 13 shows that prewetting increases the width of single layer parts. Width 

increases further with the addition of a 2nd layer in all combinations of droplet spacing and 

prewetting states. However, the magnitude of the increase varies. At 0.0164 mg/mm2, the width 

difference between the wet and dry powder is generally negligible (<0.5%).  

These dimensional measurements show that the assumption of constant geometry with 

different prewetting levels does not fully hold. While changes in geometry due to moisture 

addition are undesirable, this effect could be mitigated through process parameter adjustments or 

in-process heating to evaporate binder solvent. After the first layer, the differences in dimensions 

between the prewetted and dry powder decreases and is even eliminated under some conditions. 

Thus, dimensional errors are not expected to be a significant issue under tested prewetting 

conditions.  



The dimensional changes do not explain the saturation differences in prewetted parts because 

the larger dimensions of the prewetted parts would tend to decrease the saturation, but these may 

be offset by smaller printed depth. Parts in prewetted powder have reduced width of the three-

layer parts compared to the two-layer parts while the width of the parts printed in dry powder 

continues to increase with additional layers. This may be due to a decrease in imbibition rates in 

the vertical and horizontal directions. In the multi-layer parts, each layer is misted so that the 

through thickness uniformity of the imbibition rates may increase with additional layers. 

Additionally, the prior layers are wetted with binder which can also reduce spreading. This may 

explain the improved accuracy of the multi-layer parts. Even high levels of moisture addition 

may approach the target dimensions when printing multilayer parts. Future testing of more layers 

may provide further insights into these observations. In future work, multi-layer parts could be 

either partly sintered or infiltrated, sectioned, and analyzed to obtain a better understanding of 

whether prewetting is influencing void formation within the first few layers of a print.  

3.2.3 Surface Roughness 

Colton et al. [20] showed that surface roughness (Sa) increases above that of the undisturbed 

powder bed over the first 2-3 layers, but then decreases down to levels comparable to the 

undisturbed powder bed by layer 5. Colton speculated that the increased Sa was caused by 

balling during the formation of a layer. The increased surface roughness within these first few 

layers could be the cause of some BJ defects due to difficulty of filling the crevices with powder 

during subsequent layer spreading operations. Surface roughness itself is also an important 

quality metric in many components. 

 

Figure 14: The change in Sa as layers increase. Data points are an average of three 
measurements. Data points located at a layer number of ‘0’ indicate the surface roughness of the 
powder bed before part printing. Prewetting of the powder not only reduces drastic changes in 
Sa with increasing layers seen in the dry powder, but also keeps Sa values close to or below Sa 
values of the pre-printed powder.  Error bars represent one standard deviation. 



Figure 14 shows that the dry powder increased in roughness during printing similar to prior 

work [20]. Prewetting the powder bed virtually eliminates increase in Sa values due to printing, 

and in some cases, prewetting even reduces Sa values below that of the undisturbed powder bed. 

If part defects are caused by these increased Sa values, prewetting would likely eliminate them. 

The images of the printed layers in Figure 15 visually illustrate the difference in Sa between dry 

and prewetted layers. The layer printed in dry powder shows signs of a balling like phenomena 

which is largely mitigated in the layer printed into prewetted powder. 

 

Figure 15: Images of the first printed layer on (a) dry powdered and (b) powder that was 
prewetted with 0.016 mg/cm2 of prewetting moisture. Both lines were printed with 50 µm droplet 
and line spacing, 5 m/s droplet velocity, and 1000 Hz frequency.  



X-ray imaging conducted at APS also provided a visual representation of possible void 

formation during the printing process. These conditions do not fully reproduce printing 

parameters, but they provide evidence of the defect persistence after spreading a new layer of 

powder. Figure 16 shows a layer (5 lines) printed into dry powder along the axis of the X-ray 

beam so that the line cross section is clearly visible. A region of much lower density can be seen 

just under the surface of the powder where printing reduced the powder bed density. A layer of 

new powder was spread over the build box and the entire printed region. After spreading, the 

low-density region still persists below the spread layer (Figure 16d). Although the initial powder 

layer was spread with a blade rather than a roller, this shows that a low-density region can persist 

after layer spreading. Such low-density regions could persist in the final part and may be a 

source of the pores seen in BJ parts after sintering.  

 

Figure 16: a) Experimental setup for corresponding X-ray images (c) viewed looking down the 
axis of the line. A defect (bright region) is created. These tests were conducted in non-rolled 
powder. Images on the left show the printing conditions for the x-ray images on the right where 
a clear area of lower density can be seen just under the surface of the powder bed. c) a line 
printed forming a defect. d) the same line from (a) with a fresh layer rolled on top. The dark 
region is the wider layer on top of the build box that the x-ray cannot penetrate. After rolling a 
layer of powder over the top, the defect persists. (Outlined in red). X-ray framerate was ~50000 
frames per second with an exposure time of 19 µs.  



In Figure 17a, the density decreases from printing a line into dry powder is clearly visible. 

However, when printed into prewetted (0.0164 mg/cm2) powder (Figure 17b), no density change 

is observed from printing. The prewetting process not only mitigates balling, particle 

rearrangement, and particle ejection, but also eliminates low density regions that may be forming 

during the printing process.  

4 CONCLUSIONS 

This paper assesses the effects of prewetting a powder bed on the formation of 1D (lines), 2D 

(single layers), and 3D (multi-layers) printed geometry. This provides insights into the potential 

impact of prewetting the powder on part accuracy, strength, and quality. This work showed that 

tri-ethylene glycol can be successfully used to prewet a powder bed prior to printing in BJ AM. 

Once applied, a repeatable fraction of the tri-ethylene remains within the powder bed for the 

duration of the printing sequence. Prewetting and subsequent partially drying may create a non-

percolating prewetted condition that aids binder infiltration and increases powder cohesion 

without causing excessive spreading of the binder. 

Prewetting with this mixture significantly expands the ranges of droplet spacing that creates 

continuous lines and eliminates the roughness increase in the first printed layers observed in dry 

powders. These changes may also help reduce the formation of pores between part layers. 

Inspection of parts and X-ray high speed imaging of the printing process show that the 

prewetting reduces balling, particle ejection and powder rearrangement. Persistent defects in 

sintered BJ parts have been attributed to particle ejection and powder rearrangement. The ability 

to reduce ejection and rearrangement is likely to improve properties of sintered BJ components. 

The benefits of prewetting can be maximized, and drawbacks lessened by adding small 

amounts of moisture. Increased prewetting moisture levels increase part dimensions. When 

prewetting, the binder spreads more horizontally than vertically, creating a larger aspect ratio of 

width/depth. This may reduce printing saturation but the effect is reduced when printing multiple 

layers. While prewetting reduced saturation in the lines, prewetting increases saturation levels in 

 
Figure 17: X-ray images comparing line formation in dry and prewetted powder. Lines were 
printed parallel to the x-ray beam as illustrated in Figure 16. Left: This layer was printed into a 
dry powder bed. A clear area of less density can be seen just under the surface of the powder 
bed. The lower-density area could be the creation of a void within the powder bed. Right: This 
layer was printed into a prewetted powder bed. The less-dense area seen in the dry powder is 
absent from the prewetted bed. These tests were conducted in non-rolled powder. X-ray 
framerate was ~50000 frames per second with an exposure time of 19 µs.



layers up to 20% compared to printing into dry powder. This can increase the strength of green 

parts to allow finer features and reduce damage in handling. This may be related to differences in 

drying time between the layers for dry and prewetted powder, but it demonstrates that with 

drying, high levels of saturation can be achieved in multi-layer parts printed in prewetted 

powder. In production, this could be accomplished quickly with powder bed heating. The results 

were not significantly impacted by changes in droplet velocity or printing frequency over the 

range studied.   

These results suggest that prewetting the powder may be very effective in improving the 

quality of printed BJ parts. Additional work is needed to test these impacts over a broader range 

of print parameters and larger geometries and to see whether predictive tools from other areas 

such as granulation [42, 43] provide insight into BJ printing. Additionally, it will be helpful to 

quantify the impacts of prewetting on sintered parts and to assess the impact of drying between 

layers [2] (as is typically practiced in industry).  
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