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ABSTRACT

Achieving high powder packing density is critical in binder jet additive manufacturing (BJAM), as it
directly influences the final part density, mechanical properties, and sintering behavior. Multi-modal
powder blends, which combine particles of different sizes, have been explored as a strategy to optimize
packing efficiency and minimize defects. In this study, bimodal and trimodal powder blends were obtained
by mixing silicon carbide powder in three different sizes. These results show that increased powder density
is achievable with bimodal powder blends but is reduced in trimodal blends, and it was found that a 13%
increase in the powder tap density was achieved using a bimodal blend of powder. The powder size
distribution of the bimodal blend was measured at various stages during binder jet additive manufacturing
and, no measurable powder separation occurred even after eight prints. Overall, this study shows limited
advantage to trimodal powder blends but good promise for trimodal blends for increasing printed density
while maintaining reusability in the binder jet process.

1. INTRODUCTION

Binder jetting additive manufacturing (BJAM) is a valuable technology for shaping non-weldable
materials—such as silicon carbide (SiC)—into complex geometries used in advanced applications like solar
reactors for power generation. The BJAM process involves spreading a thin layer of powder across a print
area and selectively depositing a binder using an inkjet printhead in the shape of each part layer. These
steps are repeated layer by layer until the full part is formed. After printing, the part is typically cured or
dried and removed from the powder bed for post-processing. Because the printed part is only loosely held
together at this stage, it requires further processing—such as sintering or infiltration—to achieve final
mechanical integrity.

For SiC components used in solar reactors, chemical vapor infiltration (CVI) is often used as a post-
processing method to densify the part and produce the desired alpha-phase SiC within the void spaces. One
of the most effective ways to reduce CVI time and improve final part properties is to maximize the printed
green density of the powder preform. Higher initial powder density reduces void volume, leading to
improved strength and dimensional stability in the final component.

This study investigates the use of multi-modal powder blends to enhance powder packing in BJAM. While
previous research has explored packing improvements through methods like in-situ compaction [1], powder
blending—specifically bimodal and trimodal particle size distributions—offers a practical, print-process-
compatible way to increase green density. Building on past studies and a known peak in packing efficiency
at specific particle size ratios, the present work evaluates the potential of such blends in SiC powders, which
differ significantly from idealized spherical particles in both shape and surface morphology.

The goals of this study were to:

1. Identify the optimum ratio of SiC particle sizes in bimodal and trimodal blends to maximize
packing density.

2. Investigate the reusability and segregation behavior of such blends within a BJAM system.
This was accomplished by studying, powder blends that were systematically prepared by incrementally
adding secondary and tertiary particle size fractions and measuring the resulting apparent and tapped
densities. Once the optimal blend was identified, it was tested for recyclability by running it through a
BJAM printer and sampling powder from various locations in the system to evaluate changes in particle
size distribution and segregation behavior.



2. BACKGROUND

2.1 LITERATURE REVIEW

Prior work sought to improve powder packing in BJAM through both experimental and computational
methods [1-8]. These studies have shown that packing behavior is stochastic and influenced by factors such
as particle size, shape, distribution, density, and surface morphology, with typical theoretical packing
densities ranging from 50-60%. One commonly explored strategy involves adding fine powders to fill the
void spaces between larger particles. For bimodal blends, optimal density improvements have been
observed when the size ratio of large to small particles is approximately 7—10:1 [9].

Additional research has expanded on bimodal systems [2,10—14] and investigated trimodal blends [9] as a
means of further increasing density. However, many of these models assume smooth, spherical particles—
a valid assumption for spheroidized powders [15,16], but not for irregular, faceted materials like SiC.
Moreover, advanced packing models often rely on material parameters (e.g., surface energy, cohesivity,
specific surface area) that are not readily available for many ceramic systems.

Notably, one prior study combining modeling and experimentation demonstrated a 5% increase in green
density using bimodal SiC blends [17]. Building on these findings, the current work aims to further explore
the potential of trimodal particle blending to improve powder packing and assess its viability in a realistic
BJAM workflow, including powder reuse.

While prior studies have laid important groundwork in understanding particle packing behavior, there
remains a need for systematic, experimentally grounded studies that reflect the realities of BJAM using
irregular ceramic powders like SiC. The current work addresses this gap by quantitatively evaluating the
impact of bimodal and trimodal blending on powder packing density, and by assessing the stability and
segregation of these blends during actual use in a binder jet printing system. The following section outlines
the experimental approach used to prepare, characterize, and evaluate these powder blends.

2.2 MATERIALS AND METHODS
2.2.1 SiC Powder

Two types of silicon carbide (SiC) powders were used in this study. A 23 um SiC powder from Sigma-
Aldrich was used as the unimodal reference, as it is commonly printed at Oak Ridge National Laboratory
(ORNL) due to its relatively high flowability and packing density [18-24]. Additional SiC powders with
average particle sizes of 37 um, 12 pm, 4 um, and 0.6 um were sourced from Washington Mills. Each of
the powders were imaged using optical microscopy and shown in Figure 1. A TEM mesh was placed on a
slide with transparent, double-sided tape, and powder was poured over the slide and tapped remove un-
adhered powder. The resulting samples were imaged with backlighting on a standard optical microscope.
The TEM grid used was mesh size 100 which corresponds to an opening of 230 microns, which is used as
the scale for measurement. Along with the irregularity of each powder, the size differences between the
powders can be clearly seen. Specifically, the finest powder (0.6 um in Figure 1A) is almost
indistinguishable with prominent agglomeration, and the coarsest powder (37 um in Figure 1E) can clearly
be seen to be very coarse in comparison.



iy %
Figure 1: Powders utilized in the study imaged on a backlit microscope within a TEM grid for scale.
They are A) Washington Mills 0.6 um, B) Washington Mills 4 pm, C) Washington Mills 12 pm D)
Sigma Aldrich 23 um, E) Washington Mills 37 um

2.2.2 Powder Sizing

The particle size distributions (PSD) of the SiC powders were measured using a MicroTrac laser diffraction
system. Each powder sample was dispersed in deionized water and sonicated to break up agglomerations.
The measurement was conducted at a flow rate between 25-30% flow, agitating the water and ensuring
uniform suspension. The instrument reported a particle size based on a volume distribution. The PSD for
the starting powders is shown in Figure 2. The powders distribution width increases with particle size. The
0.6 um and 4 um powders exhibit a narrow distribution around the average particle size, while the 23 and
37 um powders exhibits a broader distribution.

| 37 um 23 um =12 pym 4 um 0.6 pm|
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Figure 2: Starting powders PSD



2.2.3 Apparent and Tapped Density Measurement

Apparent density of the powder was measured in accordance with ASTM B212 [25] using a Hall flowmeter
funnel and shown in Figure 3. The mass of powder required to fill a calibrated volume cup was recorded,
and apparent density was calculated as the ratio of mass to volume. The tapped density of the powder blends
was measured in accordance with ASTM B527 [26], which determines the density of metal powders by

mechanically tapping a graduated cylinder until volume stabilization is achieved. The results below are the
apparent and tapped density of the raw powders:

| Apparent [l Tapped|
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Figure 3: Apparent and tapped packing densities for individual SiC powders with varying particle sizes.
Larger particles show higher packing efficiency, while smaller particles exhibit reduced flowability and
increased interparticle voids.

2.2.4 Multi-Modal Powder Blending Procedure

To estimate the empty space between particles in the tapped powder, the solid volume was first calculated
using the powder mass and the known material density. The tapped density was then used to determine the
total volume the powder occupied. The difference between the total and solid volumes provided the volume
of interparticle voids. Starting with the base powder, the medium sized powder was incrementally mixed

into the base powder by pouring the blended powder through a riffle-type powder splitter (Humboldt
Manufacturing Company, Figure 4 A-B) five times.

Figure 4: Powder splitter A) front view and B) side view and B) Hall-Flow Meter

To optimize powder packing density, a systematic blending approach was employed using a larger
powder—either 37 um or 23 um SiC—as the starting material. The rationale for beginning with a
larger/coarse powder lies in its relatively high flowability and the formation of large interparticle voids,
which can then be efficiently filled with finer powders to increase packing density.



The void volume in the tapped base powder was first estimated using the known solid density of SiC and
the measured tap density. Based on this, a calculated volume of finer powder was incrementally added to
fill the void space. The first addition consisted of an amount of secondary (medium-sized) powder
equivalent to 50% of the estimated interparticle void volume of the larger particle. This conservative
starting point ensured partial filling without over-saturation, allowing better flow retention and preventing
overpacking that could reduce powder mobility.

Subsequent additions of finer powder were made in increments of 0.05 times the original void volume, and
the apparent and tapped densities of each blend were measured. This process continued until diminishing
returns were observed in packing density improvements. In select trials, a third (finer) powder was
introduced following the same approach—added in relation to the remaining estimated void space—to
explore the benefits of trimodal blending.

This tiered blending strategy—starting with a coarse base powder and sequentially incorporating smaller

particles—was designed to emulate theoretical models of multi-modal packing, where smaller particles fill
the interstitial voids left by larger ones, ultimately minimizing total pore volume and maximizing solid
loading.

2.2.5 Multi-Modal Powder Blending Procedure

To evaluate changes in particle size distribution (PSD) during
repeated use of multimodal SiC blends in binder jetting,
powder samples were collected throughout the printing
process on an ExOne Innovent printer (Figure 5). For each of
eight consecutive print runs, samples were collected from
four locations: the hopper before printing, and the hopper, job
box, and overflow reservoir after printing. This allowed
assessment of potential powder segregation or attrition across
the powder handling system.

Samples were extracted from the center of each region using
a scoopula to minimize bias from edge effects or localized

compaction. Care was taken to avoid contamination or , -8
layering artifacts during collection. All samples were stored

in clean, labeled containers prior to analysis. B

The PSD of the starting powders and all collected

samples was measured using a MicroTrac laser Figure 5: Innovent Printer from ExOne

diffraction system. Measurements were performed

in triplicate, and powders were dispersed in deionized water with sonication to reduce agglomeration. A
small amount of surfactant was added as needed to promote uniform dispersion. The reported PSD values
include D10, D50, and D90 metrics, which correspond to the particle diameters at 10%, 50%, and 90% of
the cumulative volume distribution, respectively. This analysis enabled comparison of any shifts in PSD
due to powder reuse, mechanical handling, or preferential transport of finer or coarser particles within the
BJAM process.



2.2.6  Flexural Strength

The strength of print parts was measured in 4-point bending per ASTM C1161 [27] using Type B bars. The
mean flexural strength was analyzed using a One Sample T-Test to determine if strength was different
between the groups of printed specimens was different. The mean of samples printed with a bimodal powder
distribution were tested to determine if the mean was significantly different from samples printed with a
unimodal powder distribution.

3. RESULTS

3.1 BLENDED POWDER VOLUME FRACTIONS AND PACKING DENSITIES

As previously mentioned, to evaluate the effectiveness of multimodal powder blending in improving
powder packing density, a series of SiC powder mixtures were systematically prepared using five distinct
particle size fractions: 37 pm, 23 pm, 12 pm, 4 pm, and 0.6 pm. Blending was performed by starting with
a coarse base powder and incrementally adding finer powders in proportions related to the estimated
interparticle void volume of the larger particles. Apparent and tapped densities were measured for each
blend to assess how the addition of medium and fine powders affected packing behavior. Figure 6 presents
the evolution of powder composition and corresponding packing densities across a full set of unimodal,
bimodal, and trimodal mixtures.
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Figure 6: Volume fraction composition and corresponding packing densities (apparent and tapped) for a
series of SiC powder blends. Each stacked bar represents a unique powder mixture composed of varying
ratios of five particle size fractions: 37 um, 23 uym, 12 um, 4 um, and 0.6 um. These measurements are
associated with the y-axis on the left side of the figure. Apparent density (open squares) and tapped
density (open triangles) were measured for each blend to evaluate packing performance. These
measurements are associated with y-axis on the right side of the figure.



The packing density data reveal clear trends associated with the progression from unimodal to bimodal and
trimodal powder blends. As shown in Figure 6, the base powders (37 um and 23 pm) exhibit relatively high
packing density on their own, with tapped densities exceeding 55%. The introduction of medium-sized
powders (e.g., 12 um and 4 pm) into these base powders generally improved packing density up to a point.
Notably, the largest gains in both apparent and tapped density were observed when the added powder
volume was approximately 50% of the calculated void volume of the base powder. This supports the
theoretical expectation that partial void filling with a complementary size fraction enhances packing
efficiency.

As more medium powder was added beyond this point, the rate of density improvement began to plateau,
indicating diminishing returns. In several cases, excessive addition of smaller particles led to a reduction in
apparent density—Ilikely due to increased interparticle friction, agglomeration, or disruption of flow
characteristics. For blends that included a third (finer) powder such as 0.6 um particles, a similar trend was
observed: moderate additions contributed to slight gains or stabilization in tapped density, while excessive
fine content led to reductions, particularly in apparent density. These outcomes highlight the importance of
balancing void filling with powder flowability and suggest that there is an optimal window for multi-modal
blending in SiC systems.

3.2 ACTUAL VERSUS PREDICTED PACKING DENSITY

Figure 7 shows the predicted versus experimentally measured packing densities for bimodal blends of
37 um and 4 um SiC powders. The theoretical curve (black squares) was generated using a particle packing
model that estimates total packing density as a function of the volume fraction of the larger powder in the
blend. This model assumes ideal spherical particles and no agglomeration, providing a best-case scenario
for packing efficiency.
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Figure 7: Theoretical packing for increasing volume fraction of two powders in a bimodal blend (4 and
37 microns). Experimental values for apparent and tapped densities of these powder blends suggest that
the theoretical values align closely with tapped densities, at least for bimodal blends.




Experimental values for both apparent and tapped density are plotted for comparison. Apparent densities
(red circles) were consistently lower than both theoretical and tapped values, reflecting the looser
arrangement of particles in the absence of compaction. Tapped densities (blue triangles), obtained after
mechanical tapping, more closely approached the theoretical predictions and followed a similar trend—
rising with increasing large particle fraction and reaching a maximum near 75-80% before declining. This
agreement suggests that the voids created by the coarse 37 um particles are effectively filled by the 4 pm
particles up to an optimal blend ratio, beyond which excess fines may disrupt packing efficiency.

The deviation between theory and experiment—especially for apparent density—can be attributed to factors
not captured in the model, such as particle irregularity, surface roughness, and interparticle friction.
Nonetheless, the comparison validates the general trend predicted by the model and highlights the

importance of optimizing blend ratios to maximize packing density in real-world systems.

3.3 RECYLABILITY

To assess the stability and reusability of the bimodal powder blend (37 um / 4 um) in the BJAM process,
particle size distribution (PSD) was measured at various stages of the printing workflow over eight
consecutive print cycles. The goal was to determine whether mechanical handling, transport, or printing
operations caused segregation or preferential depletion of specific particle size fractions. Samples were
collected from five key locations in the system: the hopper before printing, the job box after printing, the
overflow reservoir, the hopper after printing, and after sieving of the reclaimed powder. These
measurements shown in Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, and
Figure 15 provide insight into how well the multimodal blend retains its integrity during repeated use in
binder jetting.
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Figure 8: A) PDF and B) CDF of the bimodal powder after the first printing cycle.
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Figure 9: A) PDF and B) CDF of the bimodal powder after the second printing cycle.
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Figure 10: A) PDF and B) CDF of the bimodal powder after the third printing cycle.
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Figure 11: A) PDF and B) CDF of the bimodal powder after the fourth printing cycle.
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Figure 12: A) PDF and B) CDF of the bimodal powder after the fifth printing cycle.
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Figure 13: A) PDF and B) CDF of the bimodal powder after the sixth printing cycle.
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Figure 15: A) PDF and B) CDF of the bimodal powder after the eighth printing cycle.

As shown in Figure 15, the PDFs and CDFs from all five sampling points overlap closely, with no
discernible shifts in peak particle size or distribution shape. This strong agreement across all curves
indicates that no significant particle segregation or size-based fractionation occurred over the course of
eight print runs. The consistency of the PSD suggests that the bimodal blend remains stable throughout the
powder handling system, including mechanical spreading, overflow capture, and post-print recycling.
These findings support the feasibility of reusing multimodal SiC powders in BJAM without significant
degradation of their packing characteristics or particle size uniformity.

3.4 FINAL STRENGTH

The powder blend with the highest predicted packing density—an 73% volume fraction in the 37/4 um
bimodal system—was selected for binder jet printing and subsequent densification via chemical vapor
infiltration (CVI). Green parts were printed using this blend, and green density was calculated from caliper-
based volume and mass measurements. The resulting green densities ranged from 44.44% to 48.45%,
indicating effective powder packing prior to infiltration.

Following densification, specimens were subjected to flexural strength testing to evaluate mechanical
performance. A total of 10 samples were produced and tested for each powder blend. Table 2 presents the
average flexural strength, standard deviation, and Weibull scale and shape parameters for specimens made
from both unimodal and bimodal powder distributions.

Table 1: Descriptive statistical values
Powder Average Strength Pvalue Standard deviation Scale parameter Shape parameter

MPa MPa MPa
Unimodal 208.42 16.87 215.37 17.66
<0.001
Bimodal 220.39 13.56 226.66 17.64
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Results show a statistically significant improvement in flexural strength for parts printed with the bimodal
blend compared to the unimodal counterpart (p < 0.001). The bimodal specimens achieved a higher mean
strength and lower standard deviation, suggesting more consistent mechanical performance. Additionally,
Weibull analysis indicated that the bimodal specimens had slightly higher scale parameters and comparable
shape parameters (both >17), reflecting improved strength and reliability.

It is important to note, however, that the minimum number of samples required for a formal Weibull
analysis was not achieved. As such, the Weibull statistics are presented for qualitative comparison only

and should not be interpreted as meeting full statistical rigor per ASTM standards.

4. DISCUSION

4.1 PACKING EFFICIENCY OF BIMODAL AND TRIMODAL BLENDS

This study explored the packing behavior of bimodal and trimodal SiC powder blends, aiming to maximize
green density for binder jet additive manufacturing (BJAM). According to packing theory, adding smaller
particles to a powder system can fill the interparticle voids between larger particles, leading to increased
bulk density. This trend was confirmed in the bimodal blends studied here, where the combination of 37 pm
and 4 um powders yielded the highest packing efficiency.

However, when a third, finer powder (0.6 um) was introduced to create trimodal blends, a consistent
reduction in density was observed. This was attributed to particle agglomeration, increased interparticle
friction, and wall effects. The bimodal interaction between the 4 um and 0.6 um powders (~6.7:1 size ratio)
falls just below the commonly accepted range of 7-10:1 for optimal packing [14], while the 37 um and
0.6 um powders have a much larger size ratio (~62:1). Although theoretical models predicted slightly higher
packing at high volume fractions of coarse powder (>80%) for the 37/0.6 um combination, the practical
challenges of handling ultrafine powders outweighed potential gains.

Ultimately, the 37/4 pm bimodal blend was selected for further study and printing due to its superior
packing behavior and ease of handling.

4.2 LIMITATIONS AND GENERALIZATION OF FINDINGS

While the experimental results confirm theoretical expectations for bimodal systems, there are limitations
to this study. Only one material (SiC) and three particle sizes were used, which constrains generalization to
other materials or size distributions. Additionally, the use of a powder splitter for sample collection is
reliable for same-material blends but may not provide accurate mixing for systems with different materials
or densities. Nonetheless, the methodology developed—particularly the use of theoretical void filling to
guide blend design—can be applied to a wide range of powder systems. The use of a V-blender for bulk
powder preparation further enhances reproducibility and homogeneity across diverse materials [28,29].

4.3 RATIONALE FOR USING TAPPED DENSITY

Tapped density was chosen as the benchmark for evaluating maximum achievable packing in loose powder
beds. It represents the densest condition obtainable without applying external compression and is commonly
used in powder metallurgy and additive manufacturing. Since actual BJAM powder bed densities fall
between the apparent and tapped values [36-38], tapped density provides a practical upper bound for
evaluating blend performance. The goal in blending was to approach this tapped limit as closely as possible
with flowable, printable powder blends.
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4.4 COMPARISON WITH LITERATURE

Our findings are in strong agreement with prior analytical and experimental studies. Du et al. [17] reported
that bimodal blends of irregularly shaped SiC particles achieved maximum packing at 75.9% volume
fraction of coarse powder, with a peak tapped density of 70.61% theoretical. Feng et al. [30] also observed
peak packing at 75% coarse fraction, achieving 70.1% tapped density. The current study focused on
targeting specific void fill fractions and achieved maximum packing at an estimated 85% void fill (~42%
coarse powder by volume). Although absolute densities were somewhat lower than reported in the
literature, this discrepancy is likely due to differences in particle morphology and agglomeration behavior.
Figure 6 further illustrates how the theoretical maximum packing density of each bimodal pair varies with
blend ratio. While the 37/0.6 um blend may outperform 37/4 um at very high coarse powder fractions, the
fine powder’s agglomeration and poor flow characteristics limit its practical utility.

4.5 POWDER RECYCLABILITY AND PSD STABILITY

A notable contribution of this work is the evaluation of powder recyclability using particle size distribution
(PSD) measurements across eight print cycles. While prior studies have reported PSD data for bimodal
powders prior to printing [15-17,30-36], few have investigated how the PSD changes throughout the
BJAM process.

In this study, PSD was measured at multiple stages—before printing (hopper), after printing (job box,
hopper, overflow), and after sieving. The resulting PDFs and CDFs (Figure 15 and Supplementary S1)
showed substantial overlap across all sampling locations, indicating that no significant segregation or
particle size drift occurred. This finding supports the homogeneity and recyclability of the 37/4 pm bimodal
blend over multiple print runs.

4.6 MECHANICAL PERFORMANCE OF PRINTER PARTS

Mechanical testing confirmed that the improved powder packing translated into better part performance.
Specimens printed from the bimodal blend exhibited significantly higher flexural strength than those printed
from the unimodal powder (p < 0.001), along with lower variability. This aligns with prior studies showing
that enhanced packing and reduced porosity improve mechanical strength in BJAM of SiC [30] and other
materials, including Inconel 718 processed via laser powder bed fusion [31].

Although Weibull shape and scale parameters were calculated for comparative purposes, the sample count
was below the minimum required for a statistically rigorous Weibull analysis. These results are therefore
offered as a qualitative comparison of strength consistency between the unimodal and bimodal specimens.
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5.  CONCLUSIONS

This study demonstrated that bimodal powder blends of silicon carbide significantly improve powder
packing density in binder jet additive manufacturing (BJAM) compared to unimodal blends. Although some
trimodal blends exhibited local increases in packing, the overall effect was a reduction in density relative
to optimized bimodal systems. These results highlight the importance of selecting appropriate size ratios
and volume fractions in multimodal blending, and the potential drawbacks of adding excessively fine
particles.

Parts printed from the optimal bimodal blend (37/4 um) not only exhibited higher green density but also
achieved significantly greater flexural strength after densification. This mechanical improvement further
supports the use of bimodal powders to enhance part performance in BIAM.

A major outcome of this work is the finding that no measurable powder separation or segregation occurred
during eight consecutive print cycles, including powder handling, overflow recovery, and sieving. The
stability of the particle size distribution (PSD) across multiple recycling stages suggests that bimodal blends
of the same material can maintain homogeneity and consistent performance over repeated use—a critical
factor for sustainable powder reuse in additive manufacturing.

While this study focused on a specific SiC powder system, the blending approach and findings provide a
framework for designing and validating multimodal powder systems in other material contexts. These
insights have broad implications for improving green density, mechanical properties, and powder
recyclability in powder bed AM processes, supporting more efficient and reliable additive manufacturing
workflows.
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