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Abstract
Binder jetting (BJT) has been extensively explored for additive manufacturing of 
ceramics due to its ability to create complex structures by processing refractory 
and hard-to-machine materials. However, achieving a uniform powder bed with 
high packing density while processing ceramics in BJT remains a challenge. This 
study systematically examines the role of powder size, powder temperature, flow 
behavior, and powder size distribution on powder bed formation and resulting part 
properties. Four different alumina powder sizes (1 µm, 5 µm, 10 µm, and 20 µm) were 
investigated. Flowability characterizations reveal that 1 µm powder remains poorly 
flowable at both room and elevated temperatures, while 20 µm powder demonstrates 
excellent flowability at both temperatures. Smaller powders, especially 1  µm, 
exhibit around 25% loss in moisture, which results in pronounced agglomeration 
at room temperature. Discrete element method simulations were used to identify 
the ideal mixing ratio of the bimodal powder using 5 µm and 20 µm powders. For 
bimodal powder, both the simulation and the experiments exhibited a preferential 
deposition of smaller powders in the spreading direction. However, the 5 µm and 
20  µm powders did not show any preferential deposition in the simulation, but 
experiments showed preferential deposition behavior. When using bimodal powder, 
packing density decreases by 7.65% along the spreading direction, which aligns with 
an 8.19% drop in part relative density. These findings offer valuable insights into the 
effects of bimodal powder distribution for controlling powder bed packing density 
and potentially leveraging spatial density variations for functional applications such 
as biomedical implants, heat exchangers, and gas filtration.

Keywords: Additive manufacturing; Binder jetting; Bimodal powder; Ceramics; Powder 
bed density; Powder spreading

1. Introduction
Ceramics are highly versatile materials with a wide range of applications in biomedical 
implants, the casting industry, hypersonic devices, nuclear energy, energy storage devices, 
and catalytic converters. However, due to their brittle nature, ceramics are difficult to 

*Corresponding author: 
Guha Manogharan 
(gum53@psu.edu)

Citation: Shahed KS, Groeneveld-
Meijer W, Lear M, Schreiber J, 
Manogharan G. Powder spreading 
behavior of bimodal ceramics in the 
binder jetting process. Mater Sci 
Add Manuf. 2025;4(2):025110016. 
doi: 10.36922/MSAM025110016

Received: March 15, 2025

Revised: April 19, 2025

Accepted: April 28, 2025

Published Online: May 21, 2025

Copyright: © 2025 Author(s). 
This is an Open-Access article 
distributed under the terms of the 
Creative Commons Attribution 
License, permitting distribution, 
and reproduction in any medium, 
provided the original work is 
properly cited.

Publisher’s Note: AccScience 
Publishing remains neutral with 
regard to jurisdictional claims in 
published maps and institutional 
affiliations.

https://dx.doi.org/10.36922/msam.025110016
https://orcid.org/0000-0003-3192-265X
https://orcid.org/0000-0002-9756-1220
https://dx.doi.org/10.36922/MSAM025110016
https://dx.doi.org/10.36922/MSAM025110016
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Materials Science in Additive Manufacturing Bi-modal powder spreading behavior of ceramics

Volume 4 Issue 2 (2025)	 2� doi: 10.36922/MSAM02510016

machine and impose design limitations when processed 
through conventional manufacturing processes.1-4 With 
the advancements in additive manufacturing (AM), 
producing intricate shapes with ceramics is feasible and 
has garnered increased adoption. The binder jetting (BJT) 
process5 is a non-phase transformation AM process that is 
particularly advantageous for refractory materials such as 
ceramics.6,7 BJT is a powder bed process where a binder is 
selectively jetted on a layer of deposited powder based on 
slice information of part geometry to selectively bind the 
powders layer-by-layer, followed by curing of the binder 
and post-AM sintering.7-9 Ceramic structures printed with 
BJT can have complex internal and external shapes10-12 that 
are either infeasible or extremely difficult to manufacture 
by other conventional manufacturing processes.

In BJT manufacturing, the quality of the powder bed 
directly influences dimensional accuracy, surface finish, 
and final part density. Powder flowability is, therefore, an 
important factor, governing how uniformly powder can 
be deposited into successive layers during the printing 
process.13 Flowability is dictated primarily by particle shape 
and size. Spherical particles offer reduced friction and 
interlocking during spreading, resulting in improved flow 
characteristics compared to irregularly shaped powders.14-21 
Similarly, coarse powders exhibit better flowability than 
fine powders due to weaker inter-particle cohesive forces. 
However, this improved spreadability comes at the cost of 
lower powder bed density, as larger particles inherently 
create more void space between them.22,23 Despite ongoing 
efforts to balance the trade-off between flowability and 
packing efficiency,24,25 robust strategies to consistently 
achieve both uniformity and high density in powder 
beds remain poorly understood, particularly for ceramic 
feedstocks, where cohesion, brittleness, and sensitivity to 
the environment exacerbates these challenges.

To address these competing requirements, bimodal 
powder systems, comprising a mixture of coarse and 
fine particles, have emerged as a promising approach. 
By enabling fine particles to occupy the interstitial voids 
between larger particles, bimodal distributions can 
increase the packing density while preserving acceptable 
flowability.7,15,26 Clares et al.7 reported a 20% improvement in 
green density and a 170% increase in flexural strength using 
a bimodal distribution compared to the best-performing 
unimodal powders. Bai et al.26 further demonstrated that 
even when the median size remains constant, a broader 
particle size distribution (PSD) enhances bed density and 
improves part quality. Despite these advantages, bimodal 
powders are inherently prone to particle size segregation 
during spreading, where differences in size, mass, and 
cohesion lead to spatial variations in local packing 

density.15,27 Such segregation may result in anisotropy in 
mechanical properties, dimensional variation, or print 
failure. However, the nature and implications of spatial 
segregation in bimodal ceramic powder beds remain 
inadequately characterized and are a central focus of this 
study.

The powder delivery system, including the feed 
system, the geometry, and the dynamics of the spreading 
mechanism, further influences the homogeneity and 
compaction of the powder bed. BJT systems typically 
utilize either an “in-layer feed” approach, where powder is 
moved laterally from a feedstock reservoir, or an “overhead 
feed” design, in which powder is dispensed vertically and 
leveled by a spreader.28-32 In both configurations, the type 
of spreader, which is commonly either a blade or a roller, 
plays a pivotal role in shaping powder flow and deposition 
behavior.33,34 Experimental and numerical studies have 
shown that roller spreaders outperform blades, promoting 
powder bed uniformity and reducing surface defects.35,36 
For instance, Lee et al.37 used discrete element method 
(DEM) simulations to show that spreader speed influences 
particle segregation but lacked experimental validation. 
Moreover, many simulations predominantly focus on the 
heap formation in front of the recoater,35,36,38 rather than 
the characteristics of the deposited layer itself. Oh et al.39 
reported uniform packing density in printed green parts 
but did not spatially resolve PSD within the bed. Other 
approaches, including binder pre-wetting and layer-by-
layer compaction, have been investigated to improve 
homogeneity,40,41 but these studies have primarily focused 
on unimodal powders. Thus, further investigation is 
required regarding how spreading systems interact with 
bimodal feedstocks to drive spatial variations in packing 
and microstructure.

While DEM simulations have advanced the 
understanding of powder spreading dynamics,34,42,43 
experimental validation of segregation phenomena for 
bimodal systems remains limited. Although counter-
rotating roller configurations have been proposed to 
reduce segregation,44-46 their effectiveness in controlling 
spatial heterogeneity in powder bed density has not 
been systematically demonstrated. Furthermore, 
the implications of such heterogeneity for printed 
part characteristics, particularly concerning density 
gradients and microstructural anisotropy, remain 
inadequately understood. These challenges become even 
more pronounced in the context of ceramic systems, 
where powders are composed of finer particle sizes, 
exhibit irregular morphologies, and demonstrate high 
susceptibility to cohesive forces and environmental 
moisture.2,47-49 In contrast, metallic and polymeric powders 
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typically benefit from gas atomization or controlled 
synthesis methods that yield uniform, spherical particles, 
thereby enhancing flowability and promoting greater 
uniformity in powder bed formation.50,51 Although 
prior studies have established links between powder and 
process parameters and the resulting packing or part 
density in other material systems,52-57 a comprehensive 
understanding of how spreading dynamics and feedstock 
characteristics interact to produce spatial variation in 
ceramic BJT remains lacking. This study addresses this gap 
by experimentally investigating the relationship between 
powder bed structure, segregation behavior, and resulting 
part density in bimodal ceramic systems.

This study presents an integrated numerical and 
experimental investigation of powder spreading 
behavior in BJT of bimodal alumina ceramics. This is the 
first work to spatially resolve variations in powder size 
distribution and packing density across the powder bed, 
revealing a consistent preferential deposition of finer 
particles at the leading edge of the spreading direction. 
We hypothesize that this phenomenon is driven by 
the reduced flowability of fine particles, attributed to 
stronger inter-particle cohesive forces, which leads to 
their early settlement and promotes differential powder 
packing. In addition, the flowability of the powders was 
analyzed, and laser diffraction analysis was employed to 
quantify segregation in unimodal and bimodal powders. 
The impact of these spatial powder characteristics was 
further assessed by correlating local bed packing density 
with the resulting relative density of printed parts. 
These findings offer new insights into the directional 
inhomogeneities introduced by powder spreading and 
underscore the need to consider spatial powder behavior 
in ceramic BJT processes.

2. Materials and methods
2.1. Powder characterization

Four different alumina (Al2O3) powders were obtained 
from Denka (Denka Chemicals GmbH, Japan) with 99% 
purity and size D(50) powder size distribution of 1 µm, 
5 µm, 10 µm, and 20 µm. The 1 µm and 5 µm powders are 
considered fine powders, whereas the 10 µm and 20 µm 
powders are considered coarse powders. These powders 
fall within the usual powder size distribution used in 
the BJT.58-61 The powders were analyzed with a Malvern 
Mastersizer 3,000 particle analyzer (Malvern Panalytical, 
United  Kingdom). The apparent (ρapparent) density and 
tap (ρtap) density of the powders were measured using 
a graduated glass cylinder with a resolution of 0.1  mL 
and a digital weight scale with a resolution of 0.001  g. 
To understand the potential influence of residual heat 

on the powder bed, the apparent and tap densities were 
also measured at 120°C. These values were then used to 
compute the Hausner ratio (H) and Carr’s index (C) as 
detailed in Equations I and II:

H
V

V
apparent

tap

= � (I)

C tap apparent

tap

=
−ρ ρ

ρ
� (II)

Furthermore, the angle of repose was measured using a 
Hall Flowmeter funnel set up (Qualtech Products Industry, 
United States) for both the room-temperature powder and 
the heated powder. In addition, to understand the effect 
of the moisture in powder, a loss on ignition test was 
performed, where the powder was heated to 160°C for 
5 min, and the loss in weight was recorded.62

2.2. Simulation setup

From the PSD analysis, 5  µm and 20  µm powders 
were selected for generating the bimodal powder to 
establish a bimodal powder with a fine and coarse 
powder. These powder sizes have been used in previous 
studies to create a bimodal powder.61,63 While forming 
bimodal powder, the combination of fine powder with 
coarse powder allows for better flowability from the 
coarse powder and higher packing density, resulting 
in denser and stronger parts from the fine powder. An 
analytical model developed by Du et al.3 was employed 
to determine the optimal mixing ratios for achieving 
higher packing density, given the known particle sizes. 
For a system containing two particle sizes, where D1 is 
the diameter of the larger particles and D2 is that of the 
smaller ones, the corresponding relationship is given by 
Equation III:

φ = min (φ1, φ2)� (III)

Here φ is the packing density for the bimodal mixture 
and is determined based on the packing density of the 
larger powder φ1 and smaller powder φ2 in the mixture. 
These individual packing densities are functions of 
several parameters, including ∂ (the separate packing 
density), F (volumetric fraction), τ1,2 (loosening effect), 
and ϵ1,2 (wall effect) corresponding to each particle size 
fraction. The effects of particle interactions, specifically 
the loosening effect (τ1,2) and the wall effect (ϵ1,2), are 
quantified using the following expressions as described 
in64 in Equations IV and V:

1 2
2

1

2

2

1

2

1

3 7

1 1
0 4

1,

.
.

= − −








 − −











D
D

D
D

D
D

� (IV)

https://dx.doi.org/10.36922/msam.025110016


Materials Science in Additive Manufacturing Bi-modal powder spreading behavior of ceramics

Volume 4 Issue 2 (2025)	 4� doi: 10.36922/MSAM02510016

τ1 2
2

1

3 3

2

1

2

1

2 7

1 1
2 8

1,

. .
.

= − −








 − −











D
D

D
D

D
D � (V)

This study uses these equations to get the packing 
density of the bimodal powder used in the simulation of 
this study. The mixing ratios were analyzed based on the 
computational study by Shahed et al.,6 and a volumetric 
ratio of 75%/25% was derived for 5 µm and 20 µm powders, 
resulting in a packing density of 0.71.

Discrete element modeling simulations were conducted 
using Flow3D (Flow Science Inc., United States) to 
generate representative powder beds with a mesh size 
of 0.22  mm. The DEM simulation was conducted using 
a cross-sectional representation of the actual system, 
measuring 4  cm × 1.625  cm, scaled down by a factor of 
four to reduce computational costs. A  layer height of 50 
μm was maintained throughout the simulation. To analyze 
particle distribution, sampling volumes were defined 
along two orientations: 4 cm × 0.1 cm × 0.005 cm in the 
spreading direction and 1.625  cm × 0.1  cm × 0.005  cm 
perpendicular to the spreading direction. These volumes 
were used to quantify the deposition of both large and 
small solid particles within the simulated domain. In 
addition, this powder settling simulation is representative 
of the overhang powder deposition system, as shown in 
Figure 1.

To ensure computational efficiency and tractability, 
the DEM simulations in this study involved several 
assumptions as used in previous studies.34,36,46,65 All 
particles were modeled as discrete, rigid spheres to 
simplify contact interactions and reduce simulation 
complexity. As a result, any particle deformation during 
collisions was neglected. Moisture-related effects, such 

as capillary forces or humidity-induced agglomeration, 
were also not considered in the model, although they may 
influence powder behavior in experimental conditions. 
In addition, inter-particle interactions were represented 
using simplified force models that approximate cohesion 
and friction.

Following the settling simulation, a spreading 
simulation was performed to mimic the recoating process 
to generate the powder bed. A representative distribution 
of the bimodal powders (PSD that ranges from 2 μm, 4 
μm, 5 μm, 10 μm, 15 μm, 18 μm, and 20 μm) was used 
to generate the powder bed (e.g., 2 μm, 4 μm, and 5 μm 
powders were used to represent the PSD of the 5 μm 
powder, and 10 μm, 15 μm, 18 μm, and 20 μm were used to 
represent the PSD of the 20 μm powder). As the spreading 
mechanism, a counter-rotating roller (0.4 cm diameter) was 
simulated with a traverse speed of 0.15 m/s at 250 rpm. The 
particles are defined as discrete rigid bodies, and the details 
of setting up the simulation can be found in Shahed et al.6. 
Three sampling volumes were set up in the X-axis (parallel 
to the spreading direction) at the beginning, middle, and 
end of the powder bed. Similarly, three sampling volumes 
were set up on the Y-axis (perpendicular to the spreading 
direction), as shown in Figure 2. The rationale for studying 
these multiple sampling volumes was to capture any 
variations in powder packing quality at different stages of 
the spreading cycle and across both the edges and center 
of the powder bed, thereby testing our hypothesis. From 
the count of the particles, the average size of particles in 
the sampling volume was calculated using the following 
Equation VI:

d
n d

navg
i i

i

= ∑
∑

.
� (VI)

Figure 1. Discrete element method simulation workflow. (A) The powder settling simulation mimics the powder dropping from an overhead powder 
deposition system, followed by a powder spreading simulation with a counter-rotating roller. (B) Particle size distribution of the bimodal powder blend 
composed of 5 µm and 20 µm particles, demonstrating distinct peaks

A B
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where ni and di are the total count and diameter of ith 
type of powder. Furthermore, the packing density of the 
generated entire powder bed and the spatially varied six 
sampling volumes were extracted.

2.3. Powder formulation and spreading assessment

To test the powders under real printing conditions, all 
four powders were deposited in a commercially available 
ExOne Innovent+ (ExOne, United States) with a recoating 
speed of 10  mm/s and roller speed of 150  mm/s. The 
powders were spread at an elevated temperature to ensure 
successful powder bed generation. The bimodal powder 
was formulated by mixing 5 µm and 20 µm powders using 
a ball milling machine for two hours at 100 rpm based on 
findings from the simulation study.

2.4. Powder segregation assessment

Powder segregation analysis was conducted on 5  µm 
and 20 µm powders and the bimodal powder to see the 
effect of powders with different flowability. Following 
the generation of 50 layers with a layer height of 50 µm 
each, powders were collected using a plastic trough from 
three locations in the direction of the powder spreading 
(X-axis): start (X1 = 5 mm), middle (X2 = 30 mm), and end 
(X3 = 60 mm). Similarly, another set of experiments was 
performed to collect the powders from three locations in 
the direction normal to the powder spreading (Y-axis): 
beginning (Y1 = 10 mm), middle (Y2 = 75 mm), and end 
(Y3 = 155 mm). The PSDs of the collected powders were 
then analyzed using the Malvern Mastersizer 3,000 particle 
size analyzer. The experiments were repeated three times 
for statistical analysis.

2.5. Powder bed packing density

To measure the powder bed packing density, a modified 
density cup method66 was used. The designed cup sizes 
were 12  mm × 12  mm × 7  mm with cavity dimensions 

of 10 mm × 10 mm × 5 mm. This resulted in a cup with 
a wall thickness of 2  mm and capable of capturing 100 
layers of powder. These cups were strategically placed 
in nine different locations corresponding to the powder 
segregation assessment locations of the powder bed to 
get printed and capture the unprinted powder layers. 
The printing was performed on the same ExOne binder 
jet machine using their proprietary Fluidfuse binder at 
100% binder saturation, binder set time of five seconds, 
and drying time of five seconds at 100% emitter output. 
After printing, the as-printed green parts were baked and 
cured for four hours at 180°C to impart handling strength 
to the cups. Subsequently, the density cups were carefully 
removed from the powder bed, and the powders were 
removed from the external walls of the cups with a brush. 
Following that, the mass of the cup was measured with the 
encased powder. After removing the encased powder from 
the cup, the packing density of the location of the cup was 
calculated based on Equation VII:

PD m
V

=
×ρ

� (VII)

where, m is the mass of the encased powder, ρ is the 
density of alumina, and V is the volume of the cavity in the 
density cup.

2.6. Printed samples

To understand the powder spreading effect on the 
printing process, a sample with dimensions of 10  mm × 
10  mm × 5  mm was printed at distinct locations on the 
XY plane, similar to the density cups. The powder beds 
were generated using the identical spreading parameter 
described above, and identical printing and curing 
parameters were applied for three experiment repetitions 
(n = 3). Following the curing process, the samples were 
removed from the powder bed. A  vernier caliper with a 

Figure 2. Location of sampling grid (A) Design of experiments (n = 3) to characterize powder sizes, powder bed packing densities, and part relative 
densities at X and Y locations of the powder bed. The dotted circle identifies the location of the density cups and the printed parts. (B) and (C) show the 
design and dimensions of the density cup and the part

A B

C

https://dx.doi.org/10.36922/msam.025110016


Materials Science in Additive Manufacturing Bi-modal powder spreading behavior of ceramics

Volume 4 Issue 2 (2025)	 6� doi: 10.36922/MSAM02510016

resolution of 0.001 mm was used to record the dimensions 
of the printed samples. The mass of the samples was 
measured on a scale with a resolution of 0.001  g. Based 
on the recorded dimensions and mass, and the theoretical 
density of the alumina, the relative density of the samples 
was calculated from Equation VIII:

ρ
ρR

s

alumina

m
V= � (VIII)

where ρR is the relative density, ms is the mass of the 
sample, V is the volume of the sample, and ρalumina is the 
theoretical density of alumina, which is 3.96 g/cm3.

2.7. Statistical analysis

All statistical analyses were performed in Minitab 
(version 21.2, Minitab LLC, State College, PA, USA). Prior 
to hypothesis testing, the Shapiro-Wilk test (α = 0.05) 
was applied to each data set to verify normality. When 
the normality assumption was held, group differences in 
powder size distribution, powder bed packing density, and 
green part relative density were evaluated with a one-way 
analysis of variance (ANOVA) conducted at a global two-
sided significance level of α = 0.05; effects were considered 

significant when p<0.05. If the data failed the normality 
check, group medians were compared with a Kruskal–
Wallis one-way ANOVA on ranks to determine whether 
significant differences existed.

3. Results and discussion
3.1. Powder morphology and flowability

After analyzing the apparent density and tap density, the 
Hausner ratio and Carr’s index of the unimodal powders 
were calculated. Furthermore, the angle of repose was 
measured for the powders. Figure 3 depicts all the values. 
Hausner ratio, Carr’s index, and the angle of repose 
increased as the powder size and temperature decreased. 
Except for the 1 µm powder, all the other powders showed 
passable flowability at elevated temperatures in terms 
of the Hausner ratio as classified by Kaleem et al.67 In 
addition, 1 µm powder has the lowest change in Hausner 
ratio due to temperature change while displaying poor 
flowability at both temperatures. This smaller change for 
1 µm powder can be attributed to the agglomeration of the 
smaller powder, which then acts as a larger particle. On the 
contrary, the 20 µm powder exhibits excellent flowability 
at elevated and room temperatures. In addition, the 

Figure 3. Different mechanical characteristics. (A) Hausner ratio, (B) angle of repose (AOR), (C) relative density, and (D) Carr’s index, of alumina powders 
of varied sizes: 1 µm, 5 µm, 10 µm, and 20 µm. Note: X indicates the unsuccessful data collection of AOR for 1 µm powder at room temperature

A B

C D
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10 µm powder shows the most significant improvement in 
flowability (17%) when exposed to elevated temperatures, 
with its flowability at elevated temperatures comparable 
to that of the 20 µm powder at room temperature. The 
elevated temperature generally improved the Hausner 
ratio for smaller powder, indicating better flowability.

Similarly, Carr’s index for 1  µm and 5  µm powders 
indicates they have poor flowability,67,68 which agrees 
with the Hausner ratio.67,68 Except for the 1 µm powder, 
all the other powders showed notable changes in Carr’s 
index, indicating the noteworthy influence of elevated 
temperature. While measuring the angle of repose 
(Figures 3B and 4), the 10 µm and 20 µm powders showed 
a dramatic increase (66.2% for 10 µm and 90.3% for 20 µm 
powder) in the angle of repose from the drop in powder 
temperature. On the other hand, 5 µm powder increased 
by around 16% when the temperature dropped to room 
temperature. Furthermore, the 1 µm powder did not even 
flow at room temperature. A close inspection showed high 
agglomeration in 1 µm powder, which hindered the flow.

In addition, the relative density was calculated for the 
powders, which showed that elevated temperature leads 
to higher relative density for all the powders. However, 
the smaller powders showed significant improvement in 
relative density, with the 1  µm showing a 25% increase 
with elevated temperature. While larger powder had higher 
relative density, 20 µm powder showed a large amount of 
variation at room temperature. Finally, a loss on ignition test 
revealed that the smaller size powders lost more moisture 
content compared to the larger powder, which indicates the 
presence of higher water content in the smaller powders. 
Moisture increases the cohesion between the powder 
particles, which can be attributed to higher agglomeration 
and poor flowability of the smaller powder size.65,69 Overall, 
flowability and the deposition of smaller powders can be 
improved at elevated temperatures, resulting in better 
flowability and higher powder bed density.

3.2. Powder bed generation and powder 
segregation

The DEM simulation was performed following the study 
conducted by Shahed and Manogharan.6 Six sampling 

volumes, three in representative x positions and three 
in representative y positions, were set up. The powder 
sizes and their count were recorded from these sampling 
volumes. Using Equation III, the average particle size, 
akin to D(50), was calculated for each of the sampling 
volumes. The simulation was performed for 5 µm, 20 µm, 
and bimodal powders. The simulations were repeated three 
times to capture the random generation of the particles 
and the spreading influence on the particles. For the 5 µm 
and 20  µm powders, the average particle size in both 
the spreading direction and the direction perpendicular 
to the spreading direction remains constant. One-way 
analysis of variance (ANOVA) at a significance level of 5% 
(α = 0.05) revealed that there is no statistically significant 
variation (p>0.75) in either the spreading direction or the 
perpendicular to the spreading direction.

However, for the bimodal powder, the smaller particles 
were predominantly deposited at the beginning of the 
spreading process along the spreading direction, whereas 
larger particles accumulated toward the end. The results 
are shown in Figure 5. A one-way ANOVA at a significance 
level of 5% (α = 0.05) showed that the variation in the 
average particle size is statistically significant (p=0.001) in 
the spreading direction. However, the variation in powder 
size perpendicular to the spreading direction was not 
statistically significant (p=0.777). This indicates that, for 
bimodal powders, the powder bed does not have a uniform 
powder size distribution, and there is a directionality in 
the change along the spreading directions. The results are 
shown in Figure 5A.

Following the simulations, spreading experiments 
on the machine were conducted for 5 μm, 20 μm, and 
bimodal powders to collect powder from the bed. The 
powders collected from different X locations (start, middle, 
and end) were analyzed for the PSD. The result showed a 
trend of depositing smaller particles at the beginning of the 
powder bed and larger particles at the end of the powder 
bed. This phenomenon was more prominent for the 20 µm 
powder than the 5 µm powder. The bimodal powder also 
showed a similar trend. Figure 5 shows the trend for D(50) 
of the powder size distribution. In addition, a one-way 
ANOVA was performed to see if the difference in powder 

Figure 4. Change in angle of repose in 10 µm powder at (A) elevated temperature (120°C), (B) room temperature, and for 20 µm powder at (C) elevated 
temperature (120°C) and (D) room temperature

A B C D
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size was statistically significant. All the powders showed a 
statistically significant (p<0.001) difference in the powder 
size along the spreading direction. This confirms the 
preferential deposition of smaller powder at the beginning 
of the powder bed in the spreading direction. However, 
there was no statistically significant (p>0.65) difference 
in powder sizes perpendicular to the powder spreading 
direction for 5 μm, 20 μm, and bimodal powders.

For bimodal powder, the powder sizes in the 
experiments closely match the simulation. While both the 
simulation and experiments showed a preferential powder 
deposition in the spreading direction, the average particle 
size varied by 9.58% between the simulation (8.23 μm) 
and the experiment (7.51 μm). The variation was smaller, 
6.41%, in the direction perpendicular to the spreading 
between the experiment (8.34 μm) and simulation 
(8.91 μm) average particle size. On the other hand, for 
both unimodal powders, the average powder size in the 
experiments deviated significantly from the simulation: 
16.32% for 5 µm powder and 12.27% for 20 µm powder. 
The deviation between the simulated and experimentally 
measured particle sizes for unimodal powders arises 
primarily from the simplifying assumptions employed 
in DEM simulations. The simulation represents the 
PSD using a limited number of discrete particle sizes to 
approximate the unimodal distribution. Furthermore, the 

simulation treats particles as rigid, dry, perfectly spherical 
bodies, which do not fully represent the irregular shape 
of real ceramic powders, resulting in higher discrepancies 
between simulation and experiment. Finally, the 
preferential behavior of powder deposition in the direction 
of spreading, which can affect the packing density of the 
powder bed and final part density, was observed across all 
conditions.

The spatial variation in particle size observed along the 
powder spreading direction can be attributed to several 
particle-scale mechanisms inherent to granular flow 
dynamics. One major contributor is granular convection,70 
also referred to as the Brazil nut effect, where smaller 
particles tend to percolate downward, while larger particles 
migrate to the surface and are displaced toward the end of 
the spreading direction. This sorting can be exacerbated by 
the formation and collapse of the powder heap in front of 
the counter-rotating roller, where momentum differences 
between fine and coarse particles lead to differential settling. 
Wang et al.36 described the inhomogeneity resulting from 
the powder bed using a roller from the powder burst 
phenomenon, which arises from the conflicting motion 
due to the rotation of the roller. In additon, van der Waals 
forces and moisture-induced cohesion play a significant 
role, particularly for finer alumina powders.71,72 The loss 
on the ignition test confirmed that finer powders exhibit 

Figure 5. Comparison of simulated and experimental average particle sizes (D (50)) across different axis positions for (A) 5 µm powder, (B) 20 µm powder, 
and (C) bimodal powder blends. The bottom diagram illustrates the measurement grid used for sampling, showing the specific X-axis and Y-axis positions 
within the build platform

A B C
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greater moisture retention, promoting cohesive clustering 
and reducing their flowability, which causes them to settle 
earlier in the spreading process. Furthermore, triboelectric 
charging from frictional contact with the spreader may create 
electrostatic forces that selectively hinder or enhance the 
transport of specific particle sizes.73 These effects explain the 
preferential deposition of smaller particles at the beginning 
and larger particles toward the end of the spreading 
direction, as validated by simulation and experimental data.

3.3. Powder bed packing density

The packing density of the powder bed is an important 
aspect that influences the final quality of the final printed 
part. After the powder spreading simulation, the Flow-3D 
software (version  22.1.0.16, Flow Science, Santa Fe, NM, 
USA) was used to measure the packing density of the 
powder bed for the bimodal powder. To investigate the 
spatial packing density from random powder generation 
and spreading process, the packing density from all six 
sampling volumes was calculated along with the packing 
density of the total powder bed. The packing density for 
the start, middle, and end of the bed in the spreading 
direction was 0.7000, 0.6900, and 0.6800, respectively. The 
packing density perpendicular to the spreading direction 
was 0.6900 at all locations. Although there was a slight 
variation in packing density in the spreading direction, the 
variation was not observed perpendicular to the spreading 

direction. The average packing density of the powder bed 
was also 0.6900. This value shows a deviation of 1.45% 
from the packing density expected from the calculation of 
the powder fraction described in Section 2.2. This validates 
the powder fraction calculation. Furthermore, the packing 
density achieved in the simulation is within 10% of the 
previously reported studies.74-76 The higher packing density 
can arise from the smaller powder size and the bimodal 
distribution of the powder size used in this study.

The packing density of the bimodal powder bed was 
measured using cups to capture the powder from distinct 
locations on the powder bed. The placement of the density 
cups, the mean, and the standard deviation of the measured 
packing density at each location are shown in Figure  6. 
A total of 27 measurements were taken, with each X and 
Y location having nine measurements. The average density 
of the powder bed was 0.6651, which is below 4% error 
compared to the simulation packing density of 0.6900. The 
average experimental packing density values are similar 
to those of the previous studies.28,77 Previous studies have 
shown that smaller powder can increase the packing 
density of the powder bed.78,79 The high experimental 
packing density can be attributed to the use of bimodal 
powder along with smaller particle sizes.

When looking at the spatial packing density, interesting 
patterns start to emerge. A statistical study was conducted 

Figure 6. Packing density and part relative density from simulation and experiment for the bimodal powder (A) Comparison of simulated and experimental 
packing density of bimodal powder along the X- and Y-axes at different axis positions. (B) Experimental measurements of part relative density along the 
X- and Y-axes for bimodal powder at varying axis positions. The bottom schematic illustrates the build platform with designated measurement points 
(dotted circles) along the X-axis and Y-axis used for data collection. (C and D) show the contour plot for packing density and part relative density across 
the powder bed

A
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to understand the variation from the measured packing 
density in the spreading direction. The difference in 
packing density was not statistically significant (p>0.350) 
within individual X positions; however, it was statistically 
significant (p<0.001) when comparing different X 
positions. There was a clear trend of packing density 
decreasing in the spreading direction. The average packing 
density at the beginning of the spreading process (X1) was 
0.6867, followed by 0.6745 in the middle (X2), and 0.6342 at 
the end of the spreading process (X3). The packing density 
decreases by 7.65% at the end of the spreading process 
compared to the beginning. However, the packing density 
remains relatively consistent along the perpendicular 
direction of the spreading for the given location in the 
spreading direction. The three separate locations sampled 
in the experiments yielded an average packing density of 
0.6647, 0.6646, and 0.6661 at Y1, Y2, and Y3, respectively. 
These values are close to the overall average packing density 
of 0.6651. The sampling locations and the corresponding 
packing density measurements are shown in Figure 6.

From the experimental results, the packing density 
shows a decreasing trend in the spreading direction, which 
follows the trend of the preferential powder deposition 
discussed in the previous section. The smaller powders 
were deposited at the beginning of the spreading process, 
and the larger powders dominated at the end of the 
spreading process. The packing density was highest where 
the powder size distribution was dominated by smaller 
powder, which decreased with the increase in powder 
size. The reason is the smaller interparticle gap between 
smaller and larger powders. As the roller advances, regions 
increasingly dominated by coarser particles exhibit looser 
packing and reduced bulk density due to larger void spaces 
and reduced surface area for interparticle interactions. 
This gradient is further influenced by frictional resistance 
and shear-induced void during roller motion, which can 
temporarily expand the powder bed at certain locations, 
particularly where coarse particles dominate. However, in 
bimodal powder, the smaller particles help to reduce the 
interparticle gaps between the larger powder, resulting 
in increased packing density.6,7 Increased packing density 
enhances binder penetration and reduces binder spreading 
time.6 Furthermore, higher packing density enhances 
the green density, improving the final sintered density.31 
Similar directional density gradients and segregation-
driven heterogeneities have also been reported in other 
ceramic systems, including titanium–aluminum alloys 
and alumina–zirconia composites, where powder bed and 
part characteristics were closely linked to initial packing 
structure.58,80 It is possible to use the differential packing 
density in the same powder bed to impart different 
densities in the same part.

3.4. Part relative density

To understand the effect of the preferential powder 
deposition and density variation, a cube of 10  mm × 
10 mm × 5 mm was printed at distinct locations on the XY 
plane, similar to the density coupons. The relative density 
of the green parts was calculated using Equation 5. As a 
result, the relative density followed the trend seen for the 
powder packing density. The relative density of the parts 
was higher at the beginning of the spreading direction and 
decreased from there. The average relative density of the 
printed samples measured at the start, middle, and end of 
the powder bed along the spreading direction is 0.6724, 
0.6611, and 0.6215, respectively. This indicates a decrease 
in relative density at the end of the powder bed, amounting 
to 8.19% and 6.38% when compared to the start and 
middle of the bed, respectively. Similar to the packing 
density, there was no significant variation perpendicular to 
the spreading direction for a given X location. In addition, 
the average relative density measured perpendicular to 
the spreading direction exhibits negligible variation, with 
values of 0.6516 at location Y1, 0.6521 at location Y2, and 
0.6512 at location Y3. These values are close to the overall 
average packing density of 0.6517. The sampling locations 
and the corresponding relative density measurements are 
shown in Figure 6. The relative density of the printed parts 
lies within the range of the relative density observed for 
green parts with similar materials in previous studies.32,77,81

Compared to the packing density of the part, the 
relative density of the green parts decreased across all the 
samples, as shown in Figure 7. This can be attributed to the 
perturbation caused by the printing process. Binder kinetic 
energy, which is influenced by the velocity and size of the 
droplets, significantly affects the ejection of powder particles 
during the printing process.82 The droplet in the BJT process 
can act as a projectile due to its kinetic energy, and when it 
impacts the powder bed, the momentum transfer can lead to 
local powder ejection or rearrangement. This effect is more 
pronounced at the end of the spreading direction, where 
packing density is already reduced due to preferential coarse 
particle deposition. In addition, the surface tension and 
spreading behavior of the binder can displace fine particles 
laterally or vertically, disturbing the initial packing achieved 
during spreading. Inkley et al.40 showed that binder droplets 
can cause powder particles to be ejected from the bed, 
leading to increased porosity and reduced density in the 
final part. However, the binder introduces some mass in the 
green part from its own component. Although the solvent 
portion of the binder dries off during the curing process, 
it leaves behind the polymeric component, which helps to 
keep the shape intact. The difference between the powder 
bed packing density and the relative density indicates that 
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the amount of powder ejection was larger than the binder 
residue after curing. Previous studies also showed that 
smaller powders lead to higher green density.7,81,82

These results demonstrate that PSD directly affects the 
green part properties. Finer particles contribute to higher 
local packing density and, thus, yield higher relative density 
in the printed part, while coarser regions exhibit lower 
density. This spatial variation can be strategically used to 
design parts with location-specific properties. This graded 
density can potentially optimize mechanical properties, for 
instance, densifying certain regions for superior strength 
while maintaining lower density in others for lightweight 
design or thermal management.

4. Conclusion
AM processing physics in powder bed processes like BJT 
are readily affected by the powder bed spreading process 
and characteristics. This study systematically investigated 
the flowability of unimodal alumina powders (1 µm, 5 µm, 
10 µm, and 20 µm) to choose a bimodal powder that shows 
the highest packing density. The 5 µm and 20 µm powders 
with a 4:1 volume-to-percentage ratio were chosen based 
on the DEM simulation to formulate the bimodal powder. 
This bimodal powder was used for further powder bed 
formation and printing experiments. Powder samples were 
collected from a powder bed deposited in a BJT machine 
that uses an overhead feed system and a roller-based 
powder spreading mechanism, where all the spreading 

and printing parameters were kept constant to isolate the 
effect of powder properties themselves. Subsequently, the 
powder bed density was measured using a density cup, and 
the relative density of the green parts was evaluated based 
on the printed samples. Some of the major findings from 
this study are given below:
(i)	 Smaller powders (1 µm and 5 µm) exhibited 

markedly improved flow characteristics when used 
at elevated temperatures, reducing moisture-induced 
agglomeration. On the other hand, coarser powders 
(10 µm and 20 µm) displayed excellent flowability 
across both room and higher temperatures.

(ii)	 Discrete element simulations and experiments 
revealed that, for the bimodal powder (5 µm and 
20 µm), finer particles settled at the start of the 
spreading direction. In comparison, larger particles 
migrated toward the trailing edge, inducing a spatial 
gradient in powder size distribution.

(iii)	The powder bed packing density also dropped in the 
spreading direction. Particularly, regions dominated 
by smaller particles showed denser packing, whereas 
the larger particle-dominated regions showed lower 
packing density, resulting in a packing density gradient 
along the spreading direction.

(iv)	 Local fluctuations in powder bed packing density 
were reflected in spatial variations of green part 
density, mirroring the same pattern of packing density 
observed in the powder bed.

These findings highlight the critical influence of 
PSD, temperature, flow behavior, and powder spreading 
behavior on powder bed uniformity, packing density, and 
green part density. The observed preferential deposition 
of smaller powders, coupled with differential packing 
densities, signifies the importance of addressing spatial 
inhomogeneities in powder bed-based AM. Furthermore, 
this phenomenon opens up the possibility of fabricating 
parts with functionally graded densities.
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