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Abstract 

In binder jetting additive manufacturing, the final part density is closely related to powder bed 

density and green density. Though powder bed density is considered one of the most critical factors 

to control and predict green density, their difference has not been fully understood. In this work, 

experiments and simulations were employed to investigate their difference for a free-flowing 

powder in a counter-rotating roller powder spreading system. Using an alumina powder with 

excellent flowability, both experiments and simulations show that powder bed density is higher 

than green density. Furthermore, simulations provide an in-depth understanding of the density 

difference. Specifically, in the powder bed density scenario where particles are able to move across 

different powder layers, a slower powder flow with a smooth velocity transition is observed. In the 

green density scenario where powder is spread on a printed powder layer, the confined layer space 

generates a powder flow with higher velocity and more turbulence. As a result, the powder packing 

structure in the green density scenario has more void space near layer interface than that in the 

powder bed density scenario. This paper reports a reason for the difference between powder bed 

density and green density for the first time. 

Keywords: Binder jetting, powder bed density, green density 

1 Introduction 

In binder jetting additive manufacturing (BJAM), a powder-bed-based process, green parts are 

printed in a powder bed using a liquid binder and then go through post processing (such as 

sintering) for densification [1]. BJAM has many advantages over other additive manufacturing 

technologies, including extensive geometry freedom, minimal support structure requirements, 

great versatility in materials, high scalability, and low machine cost. In BJAM, the density of green 

parts (i.e., green density) affects the density and thereby other properties of the final parts. 
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According to a comprehensive literature review on density [2], a strong positive correlation lies 

between green density and sintered density. Furthermore, with higher green density, parts will have 

a lower shrinkage during sintering [3-5]. It has been reported that green density can be affected by 

the powder properties, the conditions of powder spreading and binder deposition, and the quality 

of powder bed [5-12]. 

Powder bed density is the packing density of the powder that has been spread under certain 

conditions to form a powder bed. Therefore, it has been considered an important factor for forming 

green parts. Extensive efforts have been made via both numerical simulations [13-25] and 

experiments [26-32] to investigate the effects of powder properties (e.g., particle size, particle size 

distribution, and particle shape) and spreading conditions (e.g., spreader geometry, layer thickness, 

and spreader speeds) on powder bed density. However, there is no reported study that aims to 

interrogate the difference between green density and powder bed density. The fundamental physics 

for forming a powder bed with and without printed parts are still unclear. Therefore, it is 

questionable whether the knowledge about the effects of powder properties and spreading 

conditions is transferable from powder bed density to green density. 

In this study, the difference between green density and powder bed density for a free-flowing 

powder is investigated by both experiments and simulations. An alumina powder with excellent 

flowability is used in the study. Green density and powder bed density are experimentally 

measured by printing cup and solid cube samples on a commercially available binder jetting 3D 

printer. Discrete element method (DEM) simulations are established for the green density scenario 

and the powder bed density scenario, respectively, to reveal their different powder spreading 

mechanisms. For the first time, this paper provides an explanation for how green density is 

different from powder bed density. 
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2 Experimental Methods 

2.1 Feedstock powder 

The alumina powder (#26R-8S70, Inframat, USA) with a nominal particle size of 70 µm was 

employed in the experiments. Figure 1a shows the micrograph of the powder observed via a 

scanning electron microscope (SEM, JSM-7500F, JEOL, Japan). The shape of powder particles is 

highly spherical. The particle size distribution was measured on multiple micrographs taken from 

different powder samples using ImageJ [33]. As shown in Figure 1b, the alumina powder has a 

particle size distribution from 15 to 120 µm. 

According to the powder properties measured in the previous work [32], the apparent density, 

tap density, and Hausner ratio of the powder are 52.6%, 60.3%, and 1.15, respectively. Since the 

alumina powder has such a low Hausner ratio, the flowability of the alumina powder is categorized 

at the free-flowing level [34]. To minimize the effect of moisture on powder spreading, the alumina 

powder was dried in an oven at 125 °C for 5 h before each printing process. 

 

Figure 1. Characterization results of the alumina powder: (a) particle morphology and (b) 

particle size distribution 
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2.2 Measurements of powder bed density and green density 

Figure 2 shows the design of cup and solid cube samples for measuring powder bed density 

and green density, respectively. The inner dimensions of the cup are the same as the outer 

dimensions of the solid cube. To examine and mitigate the influence of surface roughness on 

volume measurements, all cups and solid cubes were printed with five levels of side length (𝑙𝑙), 

which were 8, 12, 16, 20, and 24 mm. Samples of each level were printed with four replications. 

The location of the cups and cubes on powder bed was randomized. Additionally, the cavities of 

the cups were at the same height as the cubes during the printing process. 

 

Figure 2. Cup and solid cube samples for measuring powder bed density and green density, 

respectively 

The printing experiments were conducted on a commercially available binder jetting 3D printer 

(ExOne Innovent+, USA). Table 1 lists the printing parameters. The value of each printing 

parameter was determined based on some preliminary tests to obtain adequate quality of the 
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powder bed (e.g., no apparent surface defects) and green samples (e.g., strength and dimensional 

accuracy). 

Table 1. Printing parameters and their values used in the experiments 

Parameter Value 
Layer thickness (μm) 160  
Roller traverse speed (mm/s) 100 
Roller rotational speed (rpm) 500 
Binder saturation (%) 35 
Bottom bleed reduction Medium 
Binder set time (s) 20 
Dry time (s) 13 
Ultrasonic mode A 
Ultrasonic intensity (%) 25 
Recoat speed (mm/s) 100 

 

After the samples were printed, the whole powder bed was cured at 200 °C for 5 h. The loose 

powder surrounding the printed samples was then removed by a soft brush. The mass of solid 

cubes and powder in the cups was measured by a balance with a resolution of 0.001 g. A caliper 

with a resolution of 0.01 mm was used to measure the outer dimensions of the cubes and the inner 

dimensions of the cups in order to calculate the corresponding volume. Green density is determined 

by the mass and volume of the cubes. Powder bed density is determined by the mass of powder 

contained in the cups and the inner volume of the cups. 

3 Numerical Simulation Methods 

3.1 Simulation software 

The numerical simulations of the powder spreading process were performed using an open-

source DEM software called LIGGGHTS  [35]. LIGGGHTS offers the capability of particle-scale 

DEM modeling and simulates the interparticle interactions with predefined contact laws and 
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physical parameters. The simulation work was conducted in the Texas A&M High Performance 

Research Computing (HPRC) facilities using one node and eight CPUs. 

3.2 Simulation setup and input parameters 

The particles in the simulation were modeled in a discrete manner and considered as soft 

spheres so that their deformation is accounted for in force models. Two types of forces (i.e., 

gravitational and contact forces) were applied to determine particle motion in the simulation. The 

contact force between two particles or between a particle and the spreading apparatus was 

governed by the Hertzian contact model, called “gran model hertz” in LIGGGHTS. Considering 

the excellent flowability of the alumina powder, it was assumed that the cohesive force between 

the particles was negligible compared with the gravitational and contact forces. The contact force 

was composed of a normal component (𝐹𝐹𝑛𝑛) and a tangential component (𝐹𝐹𝑡𝑡), as shown in Equations 

1 and 2, respectively: 

𝐹𝐹𝑛𝑛 = 𝑘𝑘𝑛𝑛𝜹𝜹𝒊𝒊𝒊𝒊 ∙ 𝒏𝒏 − 𝛾𝛾𝑛𝑛𝒗𝒗𝒊𝒊𝒊𝒊 ∙ 𝒏𝒏 (1) 

𝐹𝐹𝑡𝑡 = 𝑘𝑘𝑡𝑡𝜹𝜹𝒊𝒊𝒊𝒊 ∙ 𝒕𝒕 − 𝛾𝛾𝑡𝑡𝒗𝒗𝒊𝒊𝒊𝒊 ∙ 𝒕𝒕 (2) 

where 𝑘𝑘𝑛𝑛 and 𝛾𝛾𝑛𝑛 (𝑘𝑘𝑡𝑡 and 𝛾𝛾𝑡𝑡) are the elastic constant and the viscoelastic damping constant in the 

normal (tangential) directions, respectively. 𝜹𝜹𝒊𝒊𝒊𝒊  and 𝒗𝒗𝒊𝒊𝒊𝒊  are the displacement and the relative 

velocity between two overlapping objects (𝑖𝑖 and 𝑗𝑗). 𝒏𝒏 and 𝒕𝒕 are the unit vectors in the normal and 

tangential directions, respectively. 

In the simulation model, the spreading apparatus was scaled down to achieve a reasonable 

computational time. As shown in Figure 3, the spreading apparatus consisted of a piston as the 

build platform with a length of 10 mm (x-axis) and a roller with a diameter of 16 mm. Both the 

build platform and roller were 1 mm (y-axis) in width. A clearance of 200 μm was set between the 

lowest point of the roller and the top surface of the build platform wall. 
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The input parameters about the spreading apparatus and feedstock powder are summarized in 

Table 2. It should be noted that the Young’s modulus in the simulations was reduced to match with 

the timestep as a common treatment in DEM [36]. The friction coefficient and Poisson’s ratio of 

the spreading apparatus and domain boundaries were set to those of stainless steel [37-39] and the 

properties of the powder in this simulation were set to those of the alumina powder [40, 41]. The 

powder was generated following the particle size distribution measurement in Figure 1b and 

discretized into seven particle sizes (i.e., 22.5, 37.5, 52.5, 67.5, 82.5, 97.5, and 119.1 μm). 

 

Figure 3. Illustration of the simulation setup 

Table 2. Input parameters in the DEM simulations 

Parameter Spreading apparatus Feedstock powder 
Density (kg/m3) 8050 3970 
Young’s modulus (Pa) 0.9×109  1.0×109 
Poisson’s ratio 0.28 0.23 
Friction coefficient 0.15 (particle-roller) 0.70 (particle-particle) 
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3.3 Powder spreading scenarios for powder bed density and green density 

The powder spreading process was simulated under two different scenarios: powder bed 

density (PBD) scenario and green density (GD) scenario. In the PBD scenario, powder was spread 

on a loose layer where particles were able to move freely. In the GD scenario, powder was spread 

on a printed layer where particles in the printed zone had no mobility. The printed zone was in the 

center of the powder bed along the x-axis with a length of 8 mm and was across the entire width 

(y-axis) and height (z-axis) of the previously spread layer(s). 

In order to avoid the wall effects from the bottom boundary or top boundary of the powder bed 

on the density calculation [13], three layers were simulated and the second (middle) layer was used 

to calculate density. The procedures of the powder spreading process are shown in Figure 4. Before 

spreading the first layer, in order to fill the clearance between the roller and the build platform 

surface, the build platform moved downward along the z-axis to create a pocket with a depth equal 

to the sum of the clearance (200 μm) and the layer thickness (160 μm). Before spreading the second 

or third layer, the build platform moved downward by a distance of layer thickness (160 μm) 

instead. The feedstock powder was generated above the build platform and was allowed to freely 

fall onto the build platform. The total volume of powder deposited on the build platform was 2.5 

times that needed to fill the space above the build platform, with both volumes calculated based 

on the apparent density of the powder. The roller started to spread powder from left to right (along 

the x-axis) at the same roller traverse speed and roller rotating speed as those used in the 

experiments (shown in Table 1). When the roller moved beyond the build platform, the powder 

spreading process was finished and the powder bed was formed. 
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Figure 4. Simulation procedures of the powder spreading process of the second layer as an 

example: (a) the initial stage (a printed zone in the first layer in the GD scenario is shown); (b) 

deposition of the new powder; (c) roller moving from left to right (along the x-axis) to spread the 

powder; and (d) the final stage of spreading the second layer. 

4 Results and discussion 

4.1 Experimental results 

Figure 5 shows powder bed density and green density measured on the printed cup and solid 

cube samples. The results show that powder bed density is higher than green density for all sample 

sizes. The mean powder bed density and the mean green density are 59.2% and 52.3%, 

respectively. 
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Figure 5. Powder bed density and green density measured on the cup and solid cube samples 

with different sizes 

Similar relationships between green density and powder bed density can be found in the 

literature. Miyanaji [12] reported that among three stainless steel 316L powders with different 

particle sizes, the powder with the largest particle size (44–106 µm) exhibited the most significant 

difference between green density and powder bed density while the difference decreased as the 

particle size decreased. It is possible that powders with good flowability, such as the alumina 

powder used in this study and the stainless steel 316L powder with the largest particle size in 

Miyanaji’s study, are prone to lead to a lower green density than powder bed density. 

4.2 Simulation results 

4.2.1 Powder packing density in different scenarios 

Figure 6 shows the powder packing density of the second layer considering the different 

sampling regions in the PBD and GD scenarios. The packing density was calculated by the ratio 

of the solid mass of particles contained in the sampling region (including the whole spheres and 

spherical segments) to the volume of the sampling region. The overall packing density of the entire 
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second layer obtained in the PBD scenario is higher than that obtained in the GD scenario, which 

is in consensus with the experimental results described in Section 4.1. In order to further compare 

the PBD and GD scenarios, the second layer was evenly divided into three sampling regions (i.e., 

bottom region, middle region, and top region). Figure 6 shows the regional packing densities in 

these different sampling regions. The regional packing densities obtained in the PBD scenario 

remain relatively constant across the entire layer (i.e., bottom region, middle region, and top 

region) while an obvious discrepancy is observed in the GD scenario. The regional packing 

densities obtained in the PBD scenario are larger than those in the GD scenario, except for the top 

region. Although the value of top region packing density obtained in the GD scenario is greater 

than that in the PBD scenario, the bottom region packing density obtained in the GD scenario is 

much lower. 

 

Figure 6. Simulated powder packing density of the second layer considering different 

sampling regions in the PBD and GD scenarios 

The local packing density was further examined by evenly dividing the second layer into 

sixteen segments with 10 µm in height (along the z-axis). The local packing density of each 
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segment was calculated by the ratio of the solid mass of particles contained in the sampling region 

to the volume of the sampling region. As shown in Figure 7, the PBD scenario has similar local 

packing densities among all segments, with a small standard deviation of 0.38%. However, the 

local pack densities in the GD scenario show a significant fluctuation, with a much larger standard 

deviation of 5.43%. The bottom region has the lowest density while the top region has the highest 

density. The density in the middle region is between those in the bottom and top regions. These 

results agree with those shown in Figure 6. The significant difference in packing density between 

the PBD and GD scenarios suggests their differently structured layers, which will be discussed in 

Section 4.2.2. 

 

Figure 7. Simulated local packing density in each small segment (10 µm in height) in the 

PBD and GD scenarios 

4.2.2 Powder packing structure in different scenarios 

The powder packing structures were captured after the roller exited the powder bed for 0.03 s 

to let all particles settle sufficiently. Figure 8 shows the horizontal cross sections (parallel to the x-

y plane) of exemplary segments in the top and bottom regions of the powder bed in the PBD and 
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GD scenarios. More specifically, the two segments that are 15 and 135 µm from the bottom of the 

second layer, respectively, are selected (i.e., thesecond and forthteenth segments from the left in 

Figure 7). The powder packing structures in the PBD scenario are very similar between the top 

and bottom regions in Figures 8a and 8b and those in the GD scenario are clearly different in 

Figures 8c and 8d. Comparing the powder packing structures in the bottom region between the two 

different scenarios, Figures 8a and 8c show the GD scenario has more void space than the PBD 

scenario. On the contrary, the GD scenario shows a more densely packed structure than the PBD 

scenario in the top region, as shown in Figures 8b and 8d. These powder packing structures agree 

with the quantitative results in Figure 7. 
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Figure 8. Horizontal cross sections (parallel to the x-y plane) of simulated powder packing 

structure in the PBD scenario (a) in the bottom region and (b) in the top region of the second 

layer, and in the GD scenario (c) in the bottom region and (d) in the top region of the second 

layer 

The vertical cross sections (parallel to the x-z plane) of the powder bed in both PBD and GD 

scenarios are shown in Figure 9, where layer interfaces are marked by the orange dashed lines. To 

better illustrate the difference in the powder packing structures, magnified powder bed cross 

sections are also shown. In the PBD scenario, a relatively uniform powder bed is observed across 

the three layers. In the GD scenario, particles near the layer boundaries tend to align with the layer 

interfaces. In addition, there is more void space present within the second layer in the GD scenario, 

especially in the areas close to the bottom of the layer as discussed in Figures 7 and 8. One of the 

reasons could be that the previous layer restricts the free movement of particles and impedes 
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particles to pack effectively. Therefore the volume of void space is higher right above the layer 

interface. 

 

Figure 9. Vertical cross sections (parallel to the x-z plane) of simulated powder packing 

structure in the PBD and GD scenarios (note: orange dashed lines represent the interfaces 

between layers) 

4.2.3 Powder flowing behaviors in different scenarios 

For a deeper understanding of the difference between the PBD and GD scenarios, powder 

flowing behaviors were studied. As shown in Figure 10, the particle velocity fields in both PBD 

and GD scenarios were captured at the same timestep during spreading the third layer. Both the 

magnitude and direction of particle velocity were plotted. Noticeably, distinct flowing behaviors 
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are present in the PBD and GD scenarios. The PBD scenario has a smooth velocity transition 

between the new layer and the previously spread layers. The layer interface in the GD scenario 

hinders the powder flow from further transferring to deeper (the negative direction along the z-

axis) and further (the positive direction along the x-axis) regions in the powder bed, and therefore 

increases particle velocity and generates more turbulence. 

 

Figure 10. Simulated particle velocity field (a) in the PBD scenario and (b) in the GD 

scenario 

The difference in the powder packing structures between the PBD and GD scenarios is a 

consequence of how particles from the newly spread layer interact with those from the layers 

underneath. The particle rearrangement space determines the extent of powder mixing during 

spreading. In the PBD scenario, the high packing density can be achieved because of the sufficient 

powder mixing among a large number of particles across different layers. In the GD scenario, 

powder mixing is less effective owing to the limited layer space for free movement of particles. 

Impacted by the layer interface, particles in the newly spread layer are difficult to be distributed 

as uniformly and packed as densely as those in the PBD scenario.  
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5 Conclusions 

Using both experimental and numerical approaches, this study provides insights into the 

difference between powder bed density and green density for a free-flowing powder in binder 

jetting additive manufacturing. Their difference was studied as a result of how the new layer is 

spread, namely, spreading on a loose layer in the powder bed density (PBD) scenario or spreading 

on a printed layer in the green density (GD) scenario. Powder packing structures and powder 

flowing behaviors were investigated to reveal the underlying mechanisms. The following findings 

are obtained in this study: 

1) In the experiments, the measured powder bed density is higher than the measured green 

density. 

2) The simulated density results agree well with the experimental measurements. 

3) The packing density obtained in the PBD scenario remains relatively consistent across 

a layer while an obvious density variation is observed in the GD scenario. 

4) The simulations reveal that the PBD scenario obtains a relatively uniform structure. 

The GD scenario has more void space near the powder bed surface and near the layer 

interface area than the PBD scenario. 

5) The simulations also reveal that the powder flow during spreading in the PBD scenario 

tends to transfer deeper and further in the powder bed than that in the GD scenario. The 

powder movements in the GD scenario are confined by the previously printed layer and 

thus more turbulence is generated in its powder flow. As a result, the GD scenario 

obtains a less densely packed powder structure and a lower packing density than PBD 

scenario. 
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