
DISCRETE-ELEMENT SIMULATION OF POWDER SPREADING PROCESS IN BINDER 
JETTING, AND THE EFFECTS OF POWDER SIZE 

ABSTRACT 
Binder Jetting has gained particular interest amongst 

Additive Manufacturing (AM) techniques because of its wide 
range of applications, broader feasible material systems, and 
absence of rapid melting-solidification issues present in other 
AM processes. Understanding and optimizing printing 
parameters during the powder spreading process is essential to 
improve the quality of the final part. In this study, a Discrete 
Element Method (DEM) simulation is employed to evaluate the 
powder packing density, flowability, and porosity during powder 
spreading process utilizing three different powder groups. Two 
groups are formed with monoidal size distributions (75-84 µm 
and 100-109  µm), and the third one consisting of a bimodal 
distribution (50 µm +100 µm). 

A thorough investigation into the effects of powder size 
distribution during the powder spreading step in a binder jetting 
process is conducted using ceramic foundry sand. It was 
observed that coarser particles result in higher flowability ( 62% 
decrease in repose angle) than finer ones due to the cohesion 
effect present in the latter. A bimodal size distribution yields the 
highest packing density (8% increase) and lowest porosity 
(~12% reduction) in the powder bed, as the finer particles fill in 
the voids created between the coarser ones. Findings from this 
study are directly applicable to binder-jetting AM process, and 
also offer new insights for AM powder manufacturers.  

Keywords: additive manufacturing, ceramics, binder 
jetting, powder size, porosity, layer density, flowability. 

NOMENCLATURE 
a  acceleration (m/s) 
D roller diameter (cm) 
d diameter (µm) 
f  packing fraction adjustment 
F total force between particles (N) 

Fc contact force (N) 
Fe elastic force (N) 
Fn force in normal direction (N) 
Ft force in tangential direction (N) 
H roller height (cm) 
k spring constant 
K bonding number 
m mass of particle (g) 
P particles required 
r radius (cm) 
u relative velocity (m/s) 
v particle velocity (m/s) 
Vd domain volume (cm3) 
Vtotal total cavities present (cm3) 
Vwp wall-particle cavity volume (cm3) 
x particle 
𝛾 surface energy (N/m) 
δ displacement (cm) 
η damping coefficient 
𝑔 gravity (cm/s2) 
𝑦 moving distance (cm) 
𝜌 density (g/cm3) 

1. INTRODUCTION
Additive manufacturing (AM) has gained significant

popularity due its ever-growing capabilities to join materials 
layer by layer based on three-dimensional (3D) model data [1], 
offering a wide array of applications [2], [3]. Among the several 
recent advancements in AM, powder bed-based processes have 
garnered significant attention due to their finer resolution, higher 
part quality, powder reusability [4], and functional parts [5]. This 
study focuses on binder jetting, a process in which a liquid 
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binding agent is selectively deposited to join powder materials 
[6]. 

Among the seven AM processing categories [7], binder 
jetting has gained a spotlight of its own, as the process is one of 
the most promising techniques to work with ceramic materials 
[6]. Because of their physical properties, ceramics cannot be 
easily cast or machined and hence, AM offers a viable 
technology for production of ceramic parts with higher 
geometrical complexity [8]. Ceramics offer unique 
characteristics, such as biocompatibility, hardness, and 
resistance to wear, heat, and corrosion [9], which are ideal for 
aerospace [10], [11], biomedical [12]–[14], and other 
applications [15], [16]. Although ceramic binder jetting is a 
relatively simpler AM process which does not require expensive 
lasers or electron beam, additional steps for post-printing such as 
de-powdering, curing, de-binding, and sintering are necessary to 
achieve a fully dense part. 

Since binder jetting is a powder bed-based technology, it is 
essential to understand the underlying physics of powder 
particles during the spreading process which has a significant 
impact on the characteristics and quality of the final product [17], 
[18]. Binder jetting employs a relatively larger powder size 
distribution (when compared with other AM technologies [19], 
[20]) which requires post-processing to achieve non-porous fully 
dense parts [21].  Bai et al. [21] demonstrated an improvement 
in powder packing density and flowability (10.5% increase) 
through the use of bimodal powder size distribution in copper 
powders. Chen et al. [22] evaluated a counter-rolling powder 
spreading process and the effects of spreading speed. It was 
found that a higher spreading speed reduced the packing density 
because of increase in particle’s moving strength which lowered 
the mass flow rate. However, this phenomenon is further 
amplified in bimodal particle size distribution which is 
investigated in this paper for better understanding. 

Because of the significant time and cost implications of full 
factorial experimental investigations of the powder spreading 
process in AM, numerical simulations such as the discrete 
element method (DEM) have manifested as an effective way to 
replicate the spreading process at a particle scale [6], [23]–[26]. 
Many investigations based on DEM have focused on predicting 
layer density and resulting mechanical strength [26], [27]. Miao 
et al. [6] employed the DEM in ceramic binder jetting to simulate 
the powder spreading process to predict powder bed density and 
study the influence of layer thickness and roller diameter. This 
study highlighted the need to further research the effects of 
particle size distribution in binder-jetting. Similarly, Lee et al. 
[28] developed a DEM model to understand the powder packing 
dynamics in AM with varying size distributions. This study 
noted that a mix of powder diameters results in an improvement 
of packing density.  

Du et. al’s study [29] is based on analytical modeling and 
experimental methods to optimize powder ratios for the highest 
tap density in a silicon carbide ceramic part. The results 
highlighted the use of a modeling method to predict the tap 
density of bimodal powders with high accuracy. Similar 
outcomes were found by Bai et. al  [30], where bimodal mixtures 

led to improved apparent and tap densities across several 
material systems. The study observed improvements in powder 
bed density, and sintered density with the introduction of the 
bimodal distributions. Other works, however, such as in [31], 
found bimodal mixing to be potentially detrimental, as they may 
decrease the ultimate tensile strength based on the material 
system (e.g., copper). Chen et al. [23] did not observe any effects 
of  bimodal distributions in stainless-steel powders during 
powder spreading process as they hypothesize that percolation 
effect has stronger influence on the overall process. 
Nevertheless, the authors recommended investigating different 
materials and different combinations of bimodal mixtures to 
evaluate the impact of powder size distributions on packing 
density. In summary, reported findings are primarily focused 
only on metallic materials which are produced via atomization 
and have highly different physical and morphological properties 
when compared with ceramics. Since binder-jetting is 
extensively used in ceramics [32], there is a critical need for an 
investigation about the impact of multimodal distributions in 
ceramic feedstock during the powder spreading process. 

 This original research aims to quantitively investigate the 
fundamental impact of powder size distribution in ceramics on 
powder bed packing density, porosity, and flowability in a binder 
jetting process through DEM simulation techniques. Our 
empirical results validate that the use of bimodal sized 
distributions enhances the flowability and packing density of a 
powder spreading process. An increase in flowability between 
finer particles and bimodally distributed ones was reflected by a 
49% reduction in the angle of repose between the finer size 
distributions used and the bimodal ones. In addition, an 8% 
increase in packing density was observed in the bimodal ceramic 
powder size distribution.  

The rest of the paper is organized as follows. Section 2 
describes an overview of the binder jetting process with a focus 
on the powder spreading and deposition mechanisms. Section 3 
and 4 detail the material and selection of powder size 
distributions. In Section 5, the methodology and parameters used 
in the DEM simulations are presented. Sections 6 highlights the 
major results and analysis from this study, along with a summary 
of major conclusions, limitations and future direction for this 
research in Section 7. 

2. METHODS
2.1 Binder Jetting Process 

This section details the binder jetting AM process shown in 
Figure 1. First, a desired quantity of the powder is fed to the 
spreading roller (feed to powder ratio varies from 1 to 3) which 
evenly distributes a layer of powder across the powder bed in the 
build chamber. Subsequently, radiation from heat lamps is 
applied to remove moisture prior to binder deposition.  Lastly, 
the array of nozzles in the printhead selectively deposits, i.e., jets 
droplets of binder onto the powder bed based on the three-
dimensional (3D) model of the printed part. This binder will act 
as an adhesive, joining the powder particles together due to 
surface tension created by the binder. This process is repeated 
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layer by layer by lowering the build platform after each powder 
spread, until the final part is printed.    

After the fabrication process is concluded, the part is 
carefully removed from the build platform acting as a “green 
part," which refers to the printed part's initial state without the 
final mechanical conditions achieved by post-AM processing 
[33].  Upon removal from the build platform, the "green part" 
undergoes de-powdering, curing, de-binding, sintering, 
consolidation, and infiltration [6], [33] depending on the build 
material, to achieve the final part properties. For instance, in the 
case of 3D sand-printing, the  sand molds and cores produced via 
binder-jetting can be used without any additional post-
processing [34]–[36].  

2.2 Spreading and Deposition Mechanisms 
In powder bed based AM processes, the powder deposition 

and spreading stage plays an essential part in the layer's packing 
density, determining the final part's quality [22]. Based on a prior 
study, three types of deposition mechanisms have been identified 
in the powder spreading process [23]: namely, the  wall effect, 
cohesion effect, and percolation effect which can be mitigated to 
achieve a better packing density.  

The wall effect influences the presence of cavities near the 
base plate during powder deposition in the initial several layers 
of the build process. As the powder is being spread, the roller 
acts as a wall restraining the free movement and deposition of 
particles [23], and is represented in Eq. (1) based on the volume 
ratio between the wall-particle cavities 𝑉𝑤𝑃  and total cavities
present 𝑉𝑇. Larger volume ratio indicates presence of stronger
wall effect. The particle’s diameter, roller diameter, and roller 
height are represented by 𝑑, 𝐷, and 𝐻, respectively: 

𝑉𝑤𝑝 =
1

6
𝛱2 𝑑𝐷

𝐷

4
+ 𝐻 (1) 

𝑉𝑇 =  0.4𝜋
𝐷2

4

𝐻+1

6𝛱2𝑑
𝐷 ⋅

𝐷

4+𝐻

 where 

𝑉𝑤𝑝

𝑉𝑇
=

𝑑(
1

𝐻
+

4

𝐷
)

0.8+𝑑(
1

𝐻
+

4

𝐷
)

This study suggested that higher powder layer thickness could 
reduce the wall effect [23].  

The cohesion effect due to van der Waals force causes 
agglomerations in the powder packing process before spreading. 
The simplified formula presented in Eq. (2), is used to evaluate 
the influence of van der Waals forces. The ratio of van der Waals 
forces between two spherical particles and gravity is represented 
by the bonding number, 𝐾. 

𝐾 =
3𝜋𝛾

8
𝑑 =

9𝛾

4𝜌𝑔
⋅

1

𝑑2  (2) 

γ , 𝑑, 𝜌, and 𝑔  represent the material’s surface energy, particle 
diameter, material’s density, and gravity employed in the study. 
Since the bonding number is inversely proportional to the 
particle diameter, a decrease in particle size will result in higher 
van der Waals forces, leading to particle agglomeration. It is 
recommended to identify an optimal “inflection point” of 
particle size diameter that will lower the 𝐾 number [23].  

Finally, the percolation effect causes the powder particles to 
collide with each other as they pass through the moving powder 
bed in monoidal powder size distributions. In bimodal 
distributions, this effect could lead to powder segregation, since 
cavities could result from finer particles traveling faster than 
coarser particles  in the powder bed.  

Several process parameters are currently being investigated 
to improve the performance of binder jetting parts and reduce 
defects such as particle jamming, porosity, and formation of 
cavities [25]. Another study has shown that applying a 
mechanical load such as normal stress on the powder, normal 
stress on the roller, and friction stress have an impact on the 
powder spreading process [6]. Chen et al. use DEM to evaluate 
the influence of particle contact stress and particle velocity 
mechanical properties [23]. Other studies have focused on the 
influence of particle size distributions and particle shape to 
understand their impact on the spreading process [24], [25], [37]. 

However, there is a major knowledge gap in the literature 
on the critical impact of the type of spreader, coupled with a 
rotational and translational speed on the quality of powder 
deposition. Different powder-spreading methods are used to 
deposit the powder onto the baseplate, but the most common 
spreader systems are based on scrapes and rollers. A recent study 
illustrated the benefits of concurrently using both 
counterclockwise roller and a spreader [37]. In the study, the rake 
yielded better packing results and fewer part-shifting defects 
than a counter roller in finer particle size distributions.  

Although a uniform powder layer might not always be 
achievable in a spreading process, results using a rake with a 
spreader speed of 100 mm/s, have shown that the inconsistent 
powder pile size does not directly affect the packing density of 
the bed [23].   

Other studies based on particle spread simulations have used 
a counterclockwise rotating roller to analyze the effect of 
spreading speed on powder bed. It was found that an increase in 
the roller's velocity will increase the surface roughness of the 

Figure 1:a)Binder jetting additive manufacturing (AM ) set-up. b)Forces in 
the powder spreading process. 
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layers as well [26]. Finally, counter-rolling powder spreading 
resulted in a decrease in packing density and poor surface quality 
of the powder layers with increase in spreading speed [22].  

3. MATERIALS
The feedstock material used in this research was powdered

ceramic foundry sand, Cerabeads® consisting of Al2O3 61% and 
SiO2 36% [38]. The material was chosen for its excellent 
manufacturing, mechanical, and chemical properties and 
relevance for 3D Sand-Printing for sand-castings [35], [39]. The 
ceramic sand’s spherical morphology offers an increase in 
flowability which directly impacts the quality of the powder bed 
[9].  

This material has been growing in its applications across 
different industries such as automotive, oil and gas, mining, and 
construction because of its higher strength, higher heat 
resistance, improved part resolution, improved surface finish, 
reduced waste, stable grain size distribution, and high 
refractoriness [38]. Additional benefits that make this material 
ideal for binder-jetting is its lower thermal expansion, high 
durability, and low thermal conductivity.   

Although limited reported studies have focused on 
processing ceramic sand via AM technologies, few studies 
demonstrate the benefits of using binder jetting for rapid printing 
of sand-casting molds [40], [41] and other applications.    

4. POWDER SIZE
Based on specifications required for binder-jetting of 

ceramic foundry sand, powder size distributions are selected to 
evaluate their performance on porosity, powder packing density, 
and flowability in the DEM simulation.  

A prior study demonstrated that particle size distribution 
highly impacts on achieving a high maximum packing density 
and uniform layer in a powder spreading process [24]. A ceramic 
sand's size distribution ranging from 50-109 μm and a powder 
bulk density of 1.69 g/cm3 is chosen, and grouped into different 
categories to analyze its effect on the spreading process, as 
shown in Table 1. Ceramic foundry spherical particles are 
considered in this study because of their desired flowability 
properties and filling efficiencies [9], [38]. 

Three different groups corresponding to a range of powder 
sizes were selected for the analysis of results. Group 1 has a 
uniform distribution of powders ranging from 75-84 μm with a 
mean particle size of 79.5 μm. This group was selected because 
of the advantage of finer particles during sintering [9]. In group 
2, the coarse to fine mass ratio of 1:3 in the bimodal size 

distributions is considered in the design of experiments based on 
calculation from combining particles of 50 μm and100 μm [21], 
[23]. 

In recent years, there is a growing interest in quantifying the 
effect of monoidal or multimodal powder size distributions [9], 
[21], [24] in powder spreading processes in AM. The motivation 
for multimodal distributions lies in the postulation that it could 
increase powder packing density such that finer particles fill the 
created voids by coarser particles. This filling effect is presented 
in Figure 2 (finer particles in green fills the voids formed 
between the coarser particles in red). As the ratio of finer to 
coarser particles increases, it is necessary to avoid the loosening 
effect that results from overfilling the created voids [17]. 

This could increase powder bed layer density, flowability, 
and hence the green density of a printed part, [9], [17], [21]. 
However, determining an appropriate particle gradation is a 
necessary step prior to part fabrication which could be achieved 
by varying particle mixtures of finer to coarser ratios based on 
trial-and-error [42], a model-guided selection [9], Furnas model 
[43], and linear packing models [44].  

Finally, group 3 has a uniform distribution of powders 
ranging from 100-109 μm with a mean value of 104.5 μm. The 
coarse particles were selected because of their favorable higher 
flowability. The layer height  (μm) of each corresponding group 
is equal to about two times the largest powder size diameter (μm) 
of that group to ensure smooth spreading of the powder layer 
[23]. Groups 1, 2, and 3 have layer heights of 170, 200, and 220 
μm, respectively. 

5. SIMULATION
The DEM simulation setup, calculations and parameters

used  are presented in this section. 
5.1 Discrete Element Method 

The powder spreading process in a binder jetting system 
(e.g., ExOne Innovent+) is simulated with FLOW-3D CFD 
software (Release 3 version, Flow Science, Santa Fe, NM, USA) 
based on DEM methodology. DEM is a numerical method to 
solve Newton's equation of translational and rotational motions 
by analyzing impact forces and dynamic interaction between 
powder particles by tracking the movements and inter-collisions 
of powder particles as discrete and rigid bodies. 

Table 1: Particle size distributions classified into three groups. 

Group 
Particle Size 
Distribution 

(μm) 

Mean Particle 
Size (μm) 

St. Dev. of 
particle size (μm) 

1 75-84 79.5 2.87 
2 50+100 66 - 
3 100-109 104.5 2.87 

Figure 2: Top view (xy plane) of the DEM generated powder bed 
illustrates the filling effect in bimodal powder distribution with coarser 
(100 μm in red), and finer (50 μm in green) particles. 
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The DEM solves the fundamental equation of motion 
represented in Eq. (3), where the force of particle i is calculated 
(mass of a solid particle 𝑚𝑖 multiplied by the acceleration of 𝑎𝑖)
for all contact forces due to particle interaction 𝐹𝐶 and the
external force, and gravity 𝑔. The sum of contact forces only 
corresponds to the particles in direct contact with the ith particle. 

𝑚𝑖𝑎𝑖 = 𝛴𝐹𝐶 + 𝑔      (3) 

Since particle-particle interactions have multiple forces 
acting upon them, a spring-damper model is applied for the 
elastic forces and viscous dissipation based on the Voigt Model, 
which considers the contact in a normal and tangential direction. 
Eq. (4) is used to calculate the elastic force in DEM as a linear 
spring following Hooke’s law, and elastic force 𝐹𝑒 is calculated
using a spring constant 𝑘 and displacement 𝛿.   

Consequently, the displacement between particles 𝛿𝑖𝑗 is
calculated based on Eq. (5), with distance 𝐿𝑖𝑗  between the center
coordinates 𝑥𝑖  and 𝑥𝑗 of both interacting particles.

𝐹𝑒 = −𝑘𝛿 (4) 

𝛿𝑖𝑗 = 𝐿𝑖𝑗 − (𝑟𝑖 + 𝑟𝑗) (5) 

𝐿𝑖𝑗 = ‖𝑥𝑖 − 𝑥𝑗‖

The total force between particles in the DEM model 𝐹𝑖 is
calculated based on the sum of the forces in normal direction 𝐹𝑛

and the force in the tangential direction 𝐹𝑡 as shown in Eq. (6).

𝐹𝑖 = 𝐹𝑛 + 𝐹𝑡       (6) 

𝐹𝑛 = −𝑘𝑛𝛿𝑛𝑖𝑗 − 𝜂𝑛𝑢𝑛𝑖𝑗 (7) 

𝐹𝑡 = −𝜂𝑡𝑢𝑡𝐼̇𝑗 (8) 

In Eq. (7), the normal component 𝐹𝑛 is calculated from 𝑘𝑛, 
𝛿𝑛𝑖𝑗, 𝜂𝑛, 𝑢𝑛𝑖𝑗 , which correspondingly represent spring constant in
the normal direction, displacement between the solid particles i 
and j, damping coefficient in the normal direction, and relative 
velocity between solid particles i and j. In Eq. (8), the tangent 
component 𝐹𝑡  uses 𝜂𝑡  and 𝑢𝑡𝐼̇𝑗 as the damping coefficient along
the tangent, and relative velocity between solid particles i and j. 

5.2 Simulation Setup 
The DEM simulation setup presented in Figure 3 is 

generated for a representative build box with corresponding 
length (4 cm), height (1.625 cm), and width (1.625 cm) in the xyz 
coordinate system. The boundaries of the model are treated as 
wall boundaries, with an exception at the outflow side (left end 
in Figure 3) to allow for flow of particles to exit the system after 
spreading by a roller (4 cm in diameter and 0.25 cm in length). 

The dimensions in this DEM study mimic the build box of a 
commercially available binder jetting printer but are scaled down 
by a factor of 4 to lower computational costs.  

The simulation process begins with randomly generated 
particles that are settled into the print bed. After this, the 
spreading process begins with a counter-clockwise rotating roller 
that spreads the fine powder, to form a thin layer along the -y 
direction. The appropriate layer height utilized for each 
simulation group was calculated based on powder size as 
detailed in Section 4. The number of particles required for each 
simulation, based on their group number, are calculated using 
Eq. (9), where 𝑃, 𝑣𝑑, and 𝑓 are number of particles required in
the simulation, domain volume, and packing fraction adjustment. 

𝑃 =
𝑣𝑑

𝑓
 (9) 

Additional parameters employed DEM simulation are 
presented in Table 2. The density of the material, Young’s 
modulus, and Poisson ratio correspond to the ceramic foundry 
sand studied. It should be noted that the coefficient of friction is 
critical in DEM studies since it directly impacts the dynamic 
behavior of powder particles [33]. 

The coefficient of restitution (COR) for this simulation was 
selected based on previous work [45], [46]. An investigation on 
the effect of the COR of silica sand [45] using different COR 
values yielded a value of 0.9 for the dry ceramic sand. The COR 
will increase at higher spreading velocity. Another study [46] 
that investigated glass spheres on vertical dispensing hoppers 
yielded similar results for COR value ranging from 0.9-0.94 for 
particle collisions. 

During powder spreading process, an additional 
phenomenon that should be considered is slipping due to the 
contact boundary condition which imposes relative velocity 
between bodies under contact with each other. In this case, it is 

Table 2: Parameters used in the DEM simulation setup. 
Parameters Value Unit 

Material’s density (ρ ) [38] 1.69 g/cm3 
Young’s modulus (E ) 1.55E+11 GPa 
Poisson ratio (η) 0.18 
Restitution coefficient [45], [46] 0.9 
Friction coefficient [47] 
(dynamic, static) (0.27, 0.19) 

Spring constant (k) 9.72E+02 
Gravity (g) 980 cm/s2 

Figure 3: Schematic of the powder spreading simulation setup (e.g., 
powder size distribution:75-84 μm). 
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critical to account for this effect because of its impact on the 
quality of the spread layers and subsequently, the final print 
quality. Studies [48], [49] performed to improve layer quality 
have suggested the avoidance of excessive slip by inducing 
higher particle-wall frictions. 

The DEM model uses the simplified Hertz Mindlin model 
that includes nonlinear elastic and slip [50], [51]. In this 
simulation study, two spring-damper models are created for 
normal contact between particle-wall interactions, and tangential 
(rolling friction) contact. In addition, slipping is accounted in the 
simulation setup. The parameter for slip ranges from 0 to 1 with 
1 reflecting no slip on the contact surface [51], and every value 
in between displaying a partial slip with increasing effects along 
radial inward direction from the edge of the contact area, i.e. at 
slip-stick region [51]. In this study, the parameters for partial slip 
are calculated from the particle-wall friction coefficient which 
accounts for the interaction between the powder and roller.  

The spring constant 𝑘 of the spherical shapes is calculated 
in Eq. (10)  for all the three groups in this study. In this equation, 
ρ, 𝑑, 𝑣, are the particle’s density, maximum particle diameter in 
the corresponding group, and particle velocity that can be 
calculated with Eq. (11), respectively, where 𝑦 is the moving 
distance. 

𝑘 = 10
𝜌𝑣2𝜋 𝑑3

6(
𝑑

2
)

2  (10) 

𝑣 = 2√2𝑔𝑦  (11) 

6. SIMULATION RESULTS  AND DISCUSSION
In this section, the results from the DEM simulation are 
presented by highlighting the three critical powder spreading 
parameters studied to achieve higher-quality in binder-jetting 
AM parts.  
6.1  Powder Packing Density and Porosity 

The bulk volume and powder weight after spreading runs 
were used to estimate the powder packing density as shown in 
Figure 4. A close-up view of the  bounding box is presented at 
the top right of each figure to illustrate powder packing. The 
clearly visible piling on the powder bed in Figure 4 across all 
three groups at the same time stamp is caused by roller spreading, 
which is not presented for visualization.  

In order to account for process variance, three 
measurements of the packing density were taken per group size 
(Table 3). Table 4 presents a one-way analysis of variance 
(ANOVA) as recommended by ASTM E2655. Referring to the 
calculated analysis of Figure 4, there is statistically significant 
influence of powder size distribution on packing density at a 95% 
confidence interval. The average final powder packing densities 
of groups 1, 2, and 3 are 60%, 64%, and 59%, respectively. It is 
observed that a bimodal size distribution has an increase in 
packing density when compared to the monoidal sized groups. 
This phenomenon occurs due to cohesion of finer mono sized 
particles, and wall effect that is present in larger particle 
diameters. 

Results from this study are in agreement with reported 
findings [21], where bimodal mixture increased the powder 
packing density by 8.2%. Bai et al. [30] also found an 
improvement on apparent (12.7%) and tap density (5.6%) with 
the introduction of the bimodal powder size distributions. 

Porosity has often been associated with density in a powder 
spreading process [9]. It is a measure of void spaces that are 
created in the powder bed and is widely present in ceramic binder 
jetting [15]. Porosity (in percentage) of the powder layer is 
calculated using FlowSight (Particle STL converter software) 
and as expected, bimodal group 2 has the lowest porosity of 36%. 
Group 1 has a porosity of 40%, which is closer to the bimodal 
sized powder, and group 3 of 41%. This could be attributed to 
the formation of voids during particle-wall interactions between 
particle-print bed and particle-roller [48], [52] which causes 
agglomerations during the powder spreading process. 

6.2 Powder Flowability 
The angle of repose (AOR) as shown in Figure 5 is 

calculated at the same timestamp to measure flowability from the 
steepest angle of descent formed during the powder spreading 
process with respect to the previous layer. The AOR results 
achieved for group 1, group 2, and group 3 were 34.45°, 17.23°, 
and 13.14°, respectively. A smaller angle of repose has been 
shown to result in higher flowability [53]. It can be observed that 
although the coarser and bi-modal powder sizes yield a lower 
angle of repose, the overall high flowability of the group sizes 
can be attributed to the spherical shape [21]. In addition, the use 
of only finer particles engage in a stronger cohesion effect during 
spreading  which increases the van der Waals force and tends to 
form agglomerates with poor flowability [9], [24], [53]. This 
agrees with results obtained by Bai et al., where powder 
flowability increased by 9.4% in bi-modal powder size 
distribution [21]. Overall, the results present a promising path for 
improving flowability during powder spreading in binder jetting 
AM process to achieve smooth and dense layers [21]. 

Table 3:Powder packing densities measurements. 

Groups Count Sum Average Variance 
group 1 3 1.8 0.6 0.0004 
group 2 3 1.92 0.64 0.0001 
group 3 3 1.77 0.59 0.0004 

Table 4: Statistical tests show significant effects of powder size 
distributions on packing density at 95% confidence level. 

Source of 
Variation 𝑺𝑺 𝒅𝒇 𝑴𝑺 𝑭 𝒑-value 𝑭𝒄𝒓𝒊𝒕

Between 
groups 

Within groups  

0.0042 

0.0018  

2 

6 

0.0021 

0.0003 

7 0.027 5.143253 

Total 0.006 8 
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7. CONCLUSION
Powder size distribution selection has a major impact on 

enhanced mechanical and physical properties for fabricated 
binder jetted parts. This paper presents a discrete element model 
(DEM) computational study to investigate packing density, 
powder bed porosity, and flowability of ceramic sand in binder-
jetting AM processes. Based on the results and analysis, we 
report the following major findings: 
• Coarser particles have higher flowability values when

compared with finer particles with higher resistance to
particle agglomeration. Although, finer particle
distribution can be beneficial for higher sinterability and
require post-processing techniques like infiltration to
reduce porosity in the final AM part.

• Bimodal size distribution can increase powder packing
density and lower porosity.

Future work will include further exploration of the use of 
bimodal size distribution and selecting of different ratios of 
particle sizes to see the effect on the printed part’s quality. 
Experimental validation is currently pursued by the authors 
using a binder jet (Innovent+) to investigate the underlying effect 
of cohesive response in bimodal particle distributions.  
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