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Abstract

This paper reports a study on the effects of particle size distribution (tuned by mixing
different-sized powders) on density of a densely packed powder, powder bed density, and sintered
density in binder jetting additive manufacturing. An analytical model was used first to study the
mixture packing density. Analytical results showed that multimodal (bimodal or trimodal)
mixtures could achieve a higher packing density than their component powders and there existed
an optimal mixing fraction to achieve the maximum mixture packing density. Both a lower
component particle size ratio (fine to coarse) and a larger component packing density ratio (fine to
coarse) led to a larger maximum mixture packing density. A threshold existed for the component
packing density ratio, below which the mixing method was not effective for density improvement.
Its relationship to the component particle size ratio was calculated and plotted. In addition, the
dependence of the optimal mixing fraction and maximum mixture packing density on the

component particle size ratio and component packing density ratio was calculated and plotted.
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These plots can be used as theoretical tools to select parameters for the mixing method.
Experimental results of tap density were consistent with the above-mentioned analytical
predictions. Also, experimental measurements showed that powders with multimodal particle size

distributions achieved a higher tap density, powder bed density, and sintered density in most cases.

1 Introduction

Additive manufacturing (AM), also known as 3D printing, can be described as a process of
joining materials with a primary objective of making objects from 3D model data using a layer-
by-layer principle [1,2]. Binder jetting is one of the most advantageous technologies to produce
large complex-shaped parts due to its capability of processing various materials [3—5], no need for
explicit support structure [6], and high scalability [7,8]. Since the first paper on binder jetting [9],
a number of studies have been reported on processing of different materials such as ceramics [3]
and metals [4], and fabrication of different products such as load-bearing parts [10-13] and

biomedical parts [14-16].

The particle size distribution of feedstock powder affects the powder packing density and the
sintered density [17]. Particle size distribution can be tuned by mixing different-sized powders.
For example, Sun et al. studied the effects of particle size distribution on the bulk density of
sintered samples [18]. Glass-ceramic powders with two size ranges (45—-100 pum and 0-25 um)
were mixed in fractions of 90:10, 80:20, 70:30, and 60:40, respectively. The mixture with the
fraction of 60:40 achieved the highest sintered density of 1.60 g/cm®. Bai et al. also investigated
the effect of particle size distribution [19]. A bimodal mixture from powders with particle sizes of
30 and 5 um and a mixing ratio of 73:27 achieved an improved tap density (by 8.3%) and sintered

density (by ~8%) compared with the component powders. However, no research has been done to



investigate the theoretically achievable packing density by mixing different-sized powders and

compare it with experimentally obtained results. This work aims to fill this knowledge gap.

Particle packing is of interest in many fields, such as civil engineering [20]. For a mixture of
different-sized component powders, analytical models have been developed to predict the mixture
packing density using the size, volume fraction, and packing density of each component powder.
Compared with numerical methods such as the discrete element method, an analytical method has
its own advantages such as low computational cost and explicit solutions [21]. The linear packing

model, proposed by Stovall et al. [22], is one of the most popular analytical models [23,24].

The objective of this research is to examine the effects of particle size distribution on density
of a densely packed powder, powder bed density, and sintered density with both analytical and
experimental methods. Firstly, the analytical linear packing model was employed to study the
effects of various parameters (mixing fraction, component particle size ratio, and component
packing density ratio) on the mixture packing density. Afterward, the analytical model was used
to predict the mixture packing density from selected component powders (70, 10, and 2 pm
powders) under the ideal conditions (i.e., the state of dense packing). Afterward, experimental
studies were conducted to evaluate the actual conditions. Tap density, powder bed density, and
sintered density of each component and mixture were measured and compared with the analytical
results. Although ceramic is selected as the model material and binder jetting is selected as the
model AM technology, this mixing method maintains its potentiality for other materials (such as

metals and composites) and other AM technologies (such as powder bed fusion).



2 Analytical Method

The analytical linear packing model assumes that all component powders and mixtures are
composed of non-deformable particles under the state of dense packing [22]. In the case of a
mixture with » component powders (the component powders are ranked such that d; > d;+;, where

d; 1s the diameter of the ith component), the mixture packing density is given by [16]

Y = min(yy, V2, ¥n) (1)

where y; is a specific mixture packing density when the ith component is “dominant” [22] and

given by
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Vi = (2)
where B; and y; are the packing density and volume fraction of the ith component, respectively,
and a; j and b; ; are interaction functions which are called loosening and wall effect parameters,
respectively. In the linear packing model, the loosening effect is referred to as a phenomenon that
fine particles loosen the packing of coarse particles when squeezing themselves into the space that
is near the contact point between two coarse particles and making coarse particles more dispersed.
The wall effect describes how coarse particles disrupt the packing of fine particles at wall-like
boundaries of coarse particles [23]. Both these effects decrease the packing density. Interaction

functions derived from a curve fitting of experimental results by de Larrard [24] are

d] 1.02




d' 1.5

2.1 Parametric study on binary mixing

2.1.1 Effect of mixing fraction on mixture packing density

Mixing fraction is an important parameter that affects the mixture packing density. In a binary
mixing, the mixing fraction can be described with the volume fraction of either the coarse or fine
powder, y; or y, in Equation (2). In the parametric study on binary mixing, the coarse powder
fraction was used, which was varied from 0 vol.% to 100 vol.% (corresponding to 100 vol.% to 0
vol.% for the fine powder fraction) with an increment of 0.01 vol.%. The component particle size
ratio, d,/d; in Equations (3) and (4), was set as 0.1. The packing density of both the coarse and
fine raw powders, ff; and 3, in Equation (2), was set to 63.7%. This packing density value is

common for a densely packed powder [25,26].
2.1.2  Effect of component particle size ratio on mixture packing density

The effect of component particle size ratio (fine to coarse), d,/d; in Equations (3) and (4),
was studied by varying it from 1/2, 1/4, 1/8, 1/16, to 1/32. This parametric study was performed
over the full range of the coarse powder fraction, i.e., 0 vol.% to 100 vol.% with an increment of
0.01 vol.%. The packing density of both coarse and fine raw powders, 5; and 3, in Equation (2),

was set to 63.7%.
2.1.3 Effect of component packing density ratio on mixture packing density

Component packing density of coarse and fine raw powders, f; and f, in Equation (2),

respectively, is another important parameter that affects the mixture packing density. To simplify



the analysis, a component packing density ratio (fine to coarse) was defined, $,/f;. The coarse
powder packing density () was set to 63.7%. The component packing density ratio was varied
from 0.5 to 1.0 by changing the fine powder packing density (f,) accordingly. This parametric
study was performed over the full range of the coarse powder fraction, i.e., 0 vol.% to 100 vol.%

with an increment of 0.01 vol.%. The component particle size ratio (d,/d;) was set to 1/3.

2.1.4 Relationship between critical component packing density ratio and component particle

size ratio

Component particle size ratio could have double-edged effects on the mixture packing density.
A smaller component particle size ratio could strengthen the filling effect of the fine powder and
thus lead to a higher mixture packing density. However, a smaller component particle size ratio is
usually associated with a lower packing density of the fine powder given the same coarse powder,
which could lead to a lower mixture packing density. Therefore, the effectiveness of the mixing
method, i.e., whether it improves the packing density, depends on the component packing density
ratio given a component particle size. Given a component particle size ratio, if the component
packing density ratio is below a certain threshold, defined as the critical component packing
density ratio, the mixing method does not improve the packing density, regardless of the mixing
fraction. The objective of this parametric study is to determine the relationship between the critical
component packing density ratio and the component particle size ratio. In this study, the packing

density of the coarse powder (f3;) was set to 63.7%.

2.1.5 Optimal mixing fraction and maximum mixture packing density

Lastly, the model was used to predict the optimal mixing fraction and the maximum mixture

packing density. In this study, the component particle size ratio was varied from 0.001 to 0.5 with



an increment of 0.0005. The component packing density ratio was varied from 0.5 to 1.0 with an

increment of 0.1.

2.2 Case study on ternary mixing

Due to the large number of parameters involved in ternary mixing than in binary mixing,
ternary mixing was analytically investigated as a case study for the powders used in the
experiments. Tap density of the selected component powders were measured (described in Section
3.3) and used as the inputs of the analytical model. A ternary plot was used to illustrate the packing

density values at all compositions.

3 Experimental Methods

3.1 Powder preparation

Three spherical alumina powders (Inframat, CT, USA) of different particle sizes (2, 10, and
70 um, respectively) were selected as component powders. To prepare multimodal mixtures, the
component powders were weighted using a balance with an accuracy of 0.1 mg (AGCN200, Torbal,
USA) and mixed using ball milling (Jar Rolling Mills, Paul O. Abbe, USA) with parameters listed
in Table 1. Alumina balls, same as the powder material, were employed to avoid contamination.

Small balls and low milling speed were used to avoid breaking the particles.

Table 1. Parameters used in ball milling

Parameter Value
Ball-to-powder weight ratio 1:10
Ball diameter (mm) 2

Normalized mill rotation speed (%) 30
Milling time (h) 1




3.2 Characterization of powder morphology

The morphology of all component powders and mixtures was characterized using scanning

electron microscopy (SEM, TESCAN VEGA II LSU, Brno-Kohoutovice, Czech).

3.3 Measurement of tap density

Tap density is considered as a good estimation for the density of a densely packed powder
[27,28]. Tap density was measured by following an ASTM standard [29]. A tap density meter
(DY-100A, Hongtuo, China) was used. In each measurement, 100 g of powder was tapped with a
3-mm stroke for 3000 cycles. After tapping, the powder mass was divided by the powder volume
to obtain the absolute tap density, which was then divided by the theoretical density of alumina

(3.97 g/cm® [30]) to obtain the relative tap density.

3.4 Measurement of powder bed density

Powder bed density was determined by spreading ten layers of powder using a lab-designed
setup (as shown in Figure 1) and measuring the mass and volume of the spread layers. This method
has been widely used in other studies [31,32]. The layer thickness was 130 um. The forward
rotating roller had a diameter of 5 cm and a smooth glass surface. The process started with powder
spreading with the roller. After one powder layer was spread, the lead screw was rotated to lower
the build platform for another powder layer. No binder was applied in this measurement to avoid
its interference with the measurement of powder bed density. The total height of the powder bed
was measured by a caliper (with an accuracy of 10 um). Afterward, all powder inside the chamber
of the setup was carefully collected, and the mass of the collected powder was measured by a
balance with an accuracy of 0.1 mg (AGCN200, Torbal, USA). The volume of the powder layers

was calculated based on the inner diameter of the chamber and the total height of the powder bed.



The total mass of the collected powder was divided by the total volume to obtain the powder bed

density. This process was repeated three times for each powder.

Powder Roller

Supportlng nut @ | ead screw

/) A
Deliver powder Spread powder Lower platform

— )

Figure 1. Powder spreading process with a lab-designed setup

3.5 Printing and sintering

Printing experiments were carried out using the lab-designed setup, as illustrated in Figure 2.
The process started with powder spreading using the forward rotating roller with a diameter of 5
cm to form the first foundation layer. Then the lead screw was rotated to lower the build platform.
The layer thickness was 130 um. Totally, two foundation layers were spread without jetting any
binder. Afterward, the first powder layer for printing was spread, and then the powder bed was
covered by a mask with an opening corresponding to the cross section of the desired shape, which
was a circle with a diameter of 10 mm in this case. The printing binder was an aqueous solution
containing 3 wt.% polyvinyl alcohol (molecule weight of 31,000), and 0.33 g of binder was applied
for each powder layer. Then the mask was removed and the platform was lowered by a distance
equal to the layer thickness (130 wm). This process was repeated until an entire disk-shaped green

sample was printed. The print was repeated three times for each powder.
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Figure 2. Binder jetting additive manufacturing process with a lab-designed setup

After printing, the samples were cured in a low-temperature furnace (KSL-1100X-S-UL-LD,
MTI Corporation, USA) at 200 °C for 2 h to evaporate the water in the binder and join the particles.
After cooling, the green samples were carefully extracted from the powder bed and placed in a
high-temperature furnace (KSL-1700X-A2-UL, MTI Corporation, USA) for debinding and
sintering. The furnace temperature was increased to 350 °C at a ramp-up rate of 5 °C/min, followed
by debinding from 350 °C to 550 °C at a ramp-up rate of 1 °C/min. Then the samples were heated
up to 1600 °C at 5 °C/min and sintered for 2 h, followed by cooling to the room temperature. All

these post-processing procedures were performed in air.

3.6 Measurement of sintered density

Density of sintered samples was measured with the Archimedes’ method. After a dry mass
(mq) measurement, each sample was carefully lowered onto a pan suspended in a beaker of

deionized water to determine its wet mass (m,,). The mass measurements were done using a balance
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with an accuracy of 0.1 mg (AGCN200, Torbal, USA). The dry and wet masses were then used to

calculate the density of the samples using the following equation:
Psp = Pwt ——— (5)

where pg), is the sintered density and p,,, is the water density at the experimental temperature. If a
sample has a high porosity, the water infiltrates the sample and thus the above method
overestimates the density. Therefore, all samples were coated with an extremely thin layer of wax

to prevent the water from infiltrating the samples.

3.7 Characterization of sintered microstructure

The microstructure of sintered samples was characterized using SEM (TESCAN VEGA 11

LSU, Brno-Kohoutovice, Czech).

4 Analytical Results and Discussion

4.1 Parametric study on binary mixing

4.1.1 Effect of mixing fraction on mixture packing density

The modeling results of the effect of mixing fraction are shown in Figure 3. The mixture
packing density increases first and then decreases as the coarse powder fraction increases. A
maximum value of the mixture packing density (i.e., maximum mixture packing density) exists for
a certain coarse powder fraction (i.e., the optimal fraction of coarse powder). This trend can be
explained from the perspective of either the fine powder or the coarse powder. On one hand, the
increase of the fine powder fraction (from right to left for the X-axis in Figure 3) lets more fine
particles fill into the voids among the coarse particles and consequently increases the packing

density, which is the so-called filling effect of the fine powder [22,33]. However, after all voids
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are filled, the introduction of more fine particles decreases the packing density due to the loosening
effect of the fine powder [22,33]. On the other hand, the increase of the coarse powder fraction
(from left to right for the X-axis in Figure 3) allows a single coarse particle to replace multiple fine
particles and completely fill the voids among them, consequently increasing the packing density,
which is the so-called occupying effect of the coarse powder [22,33]. However, after available
voids are occupied by coarse particles, the packing density decreases due to the wall effect of the

coarse powder [22,33].
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Figure 3. Bimodal mixture packing density dependent on coarse powder fraction when the
component particle size ratio is 0.1 and the packing density of the fine and coarse powders is

63.7%

4.1.2 Effect of component particle size ratio on mixture packing density

The modeling results of the effect of component particle size ratio are shown in Figure 4. For
the same coarse powder fraction in Figure 4, a smaller particle size ratio leads to a larger mixture

packing density. As the particle size ratio decreases (i.e., the fine particles become smaller
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considering the same coarse powder), the fine particles have less geometric constrain and thus can

fill more space among the coarse particles (e.g., near the contact point between two coarse

particles).

Mixture packing density (%)

85

80 -

Particle size ratio

1/2

- - =14
1/8

20

40 60

80 100

Coarse powder fraction (vol.%)

Figure 4. Bimodal mixture packing density dependent on component particle size ratio when the

packing density of the fine and coarse powders is 63.7%

4.1.3 Effect of component packing density ratio on mixture packing density

The modeling results of the effect of component packing density ratio are illustrated in Figure

5. Since the fine powder packing density is varied while the coarse powder packing is kept at the

same, all curves have different starting points but the same ending point. When the packing density

ratio decreases, the mixture packing density decreases. This is because fewer fine particles can be

inserted into the voids among the coarse particles.

Interestingly, when the packing density ratio is low (i.e., 0.5), the mixture packing density

increases monotonically as the coarse powder fraction increases (i.e., as the fine powder fraction

13



decreases). It means that when the fine powder packing density is too low, adding any amount of

fine powder into the coarse powder will loosen its packing.
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Figure 5. Bimodal mixture packing density dependent on component packing density ratio when

the component particle size ratio is 1/3

4.1.4 Relationship between critical component packing density ratio and component particle

size ratio

The relationship between the critical component packing density ratio and the component
particle size ratio is shown in Figure 6. Before mixing, this figure can be used to determine if the
mixing method improves the packing density in comparison with the coarse powder, given a
combination of particle size ratio and packing density ratio. After measuring the packing densities
and particle sizes of two component powders, a point in Figure 6 can be located. Depending on
whether the point is located to the left or right of the curve, it can be determined whether the mixing

method improves the packing density or not.
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Figure 6. Relationship between critical component packing density ratio and component

particle size ratio
4.1.5 Optimal mixing fraction and maximum mixture packing density

The dependence of the optimal fraction of coarse powder on the component particle size ratio
and packing density ratio is shown in Figure 7(a). The optimal fraction of coarse powder decreases
as the packing density ratio increases. This is due to the higher packing density of the fine powder
and consequently more fine particles that can be packed into the voids among coarse particles,

leading to the decrease of the optimal fraction of coarse powder.

In Figure 7(a), although all curves follow a similar overall trend, the optimal fraction of coarse
powder behaves slightly differently between the small (0.5-0.7) and large (0.8—1.0) component
packing density ratios at a high (0.25-0.5) component particle size ratio. At a small packing density

ratio and a high particle size ratio, the optimal fraction is 100 vol.%. This means the coarse powder
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has a higher packing density than any bimodal mixture. It further indicates that the mixing method
does not improve the packing density if the fine powder has a similar particle size but a lower

packing density than the coarse powder, which agrees with the results in Figure 6.

The effects of the component particle size ratio and component packing density ratio on the
maximum mixture packing density are illustrated in Figure 7(b). The maximum mixture packing
density is a monotonically decreasing function of the particle size ratio. This is due to the more
geometric constrain of the fine particles. For the same particle size ratio, the maximum mixture
packing density increases as the packing density ratio increases. This is due to the higher packing
density of the fine powder. Similar to Figure 7(a), the maximum mixture packing density is 63.7%
when the particle size ratio is large (0.25-0.5) and the packing density ratio is small (0.5-0.7),

indicating that mixing method does not improve the packing density under these conditions.
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Figure 7. (a) Optimal fraction of coarse powder and (b) maximum mixture packing density of

bimodal mixture dependent on component particle size ratio and packing density ratio
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4.2 Case study on ternary mixing

Tap density of three component powders is listed in Table 2. The fine powders (10 um and 2
um) have a slightly lower tap density than the coarse powder (70 pm) because they have higher

inter-particle cohesion [27], which makes them slightly more difficult to be densely compacted.

Table 2. Tap density of component powders

Il;glv.:;lc(i: size Absolute tap Relative tap
densi /em?®)  density (%

(pm) ty (g/cm”) ty (%)

70 2.47 622

10 2.42 61.0

2 2.42 61.0

Figure 8 shows a ternary plot containing the modeled packing density of bimodal (i.e., 10/2,
70/10, 70/2) and trimodal (i.e., 70/10/2) mixtures. Each point in the ternary plot represents a
composition of the three component powders. The left, right and bottom sides are volume fractions
of the component powders of 70 pm, 10 um, and 2 pm, respectively. The left, right and top vertexes
represent the full fraction (100 vol.%) for the component powders of 2 um, 10 um, and 70 um,
respectively. Fractions for a specific mixture can be determined by drawing a line through the
mixture point parallel to the opposite side of component vertex and intersecting the component
axis. The trimodal mixture that achieves the highest packing density is marked as a red dot in the
plot as an example. The fraction of the 70-pm powder is determined by drawing a parallel line to
the bottom side. The intersection of the left side and the parallel line is the fraction, which is 61.3
vol.%. Similarly, the fractions of 10-pm and 2-um component powders are determined, which are
21.1 vol.% and 17.6 vol.%, respectively. Moreover, three sides of the triangle represent three
bimodal mixtures (i.e., trimodal mixtures with a zero fraction of the corresponding vertex

component), and their modeled results are plotted along the sides. The bimodal mixtures that
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achieve the highest packing densities are also marked as red dots. The optimal mixing fraction and

the maximum packing density for the bimodal and trimodal mixtures are listed in Table 3.

The packing density of a trimodal mixture has a similar dependence on the mixing faction to
that of a bimodal mixture (increases first and then decreases) if one component fraction is kept
constant and the other two component fractions are varied, as shown by the grey dashed lines
inside the ternary plot in Figure 8. Furthermore, a trimodal mixture does not always have a higher
packing density than a bimodal mixture. For example, the trimodal mixtures near the three corners
of the ternary plot have a lower packing density than the three red dots on the edges. However, it
can be concluded that the multimodal mixture always has a higher packing density than at least
one of its component powders. In a proper mixing fraction range, the packing density of the

multimodal mixture is higher than that of any of its component powders.
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Figure 8. Modeled trimodal mixture packing density dependent on fractions of three

component powders (70, 10, and 2 um)

Table 3. Analytical results from case study

Bimodal or trimodal Optimal mixing fraction = Maximum mixture
mixture (vol.%) packing density (%)
10/2 66.3:33.7 74.8

70/10 67.7:32.3 77.4

70/2 70.0:30.0 82.6

70/10/2 61.3:21.1:17.6 85.7
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5 Experimental Results and Discussion

5.1 Powder morphology

Figure 9 shows the particle morphology of three component powders. The shapes are
primarily spherical, and the sizes are not perfectly uniform. In this paper, the average sizes were
used since the size variation within each component powder was much smaller than the differences

across these three component powders.

Figure 9. Micrographs of component powders: (a) 70 um, (b) 10 um, and (c) 2 um

Figure 10 shows the SEM images of four multimodal mixtures whose compositions are listed

in Table 3. The fine particles can be found in the voids among the coarse particles.
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Figure 10. Micrographs of multimodal mixtures: (a) 10/2, (b) 70/10, (c) 70/2, and (d)

70/10/2

5.2 Tap density

The tap density results of three bimodal mixtures with different mixing fractions are shown in
Figure 11. The trend from the experimental results agrees well with that from the analytical
prediction in Figure 3. As the coarse powder fraction increases, the tap density increased first and
then decreased. It can also be concluded that a smaller component particle size ratio leads to a

larger mixture tap density, which agrees with the analytical prediction in Figure 4.
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Figure 11. Experimental results of tap density for bimodal mixtures

Figure 12 shows the interpolation of the tap density for the trimodal (and bimodal) powders
(marked as grey dots). Approaches to determining the trimodal mixing fractions for a specific point
on the plot are descripted in Section 4.2. The overall trend from the experimental results agrees
well with that from the analytical prediction in Figure 8. When one component fraction is
unchanged and the other two are varied, the tap density of the trimodal mixture shows a similar
trend as that of bimodal mixture. For example, when the fraction of 10 pm powder is maintained
at 20 vol.% and the fraction of 70 um powder increased from 40 vol.% to 50 vol.% and then to 60
vol.%, the tap density increased from 75.3% to 79.0% and then decreased to 78.2%. The maximum
tap density from all tested trimodal mixtures is 81.6%, which is larger than that of all bimodal

mixtures.
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Figure 12. Tap density of trimodal (and bimodal) mixtures at different fractions of three

component powders

Figure 13 shows the deviation of the bimodal mixture packing density predicted by the
analytical model from the experimentally measured tap density. For each bimodal mixture, the
deviation has relatively large positive values at a low coarse powder fraction, indicating an
overestimation by the analytical model. A possible reason is the effect of the fine powder, which
is more loosely packed after tapping. As the coarse powder fraction increases, the effect of the fine

powder becomes less significant, leading to smaller deviation values.
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Figure 13. Deviation of bimodal mixture packing density predicted by the analytical model

from measured tap density

Similarly, Figure 14 shows the deviation of predicted mixture packing density from the
experimentally measured tap density for the trimodal mixture. Approaches to determining the
trimodal mixing fractions for a specific point on the plot are descripted in Section 4.2. The ternary
plot shows a large portion area of yellow and red colors, indicating that the analytical results are
larger than those of the experimental ones. The area close to the bottom line (i.e., mixtures with a
relatively small fraction of 70-pm powder and a relatively large fraction of 2-pm powder) shows

higher deviation values than other areas.

The mismatch associated with the fine powders (powders with particle sizes of 10 and 2 um)
may be because the analytical model does not consider inter-particle cohesion and satellite
particles. In this case, the discrete element method will be advantageous due to its microscopic

nature [21]. This method will be considered in the future work.
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5.3 Powder bed density and sintered density

Powder bed density and sintered density for different component powders and multimodal
mixtures are shown in Table 4 and Figure 15. Standard deviation for the sintered density of 70-um
powder is not shown because the samples were very brittle after sintering and only one sample
was available for the density measurement. The powder bed density achieved by multimodal
mixtures is higher than that by their component powders in most cases. There are two exceptions:
(1) the powder bed density of the 70/10 bimodal mixture is lower than that of 70-pm powder and
(2) the powder bed density of the 10/2 bimodal mixture is lower than that of 10-pum powder. A
possible reason is that the reduced flowability of the mixtures led to a nonuniform spreading of the

powder bed and consequently a lower powder bed density. The trimodal mixture achieves the
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largest powder bed density (60.1%) among all of the investigated powders and mixtures. However,

the powder bed density was still lower than the tap density.

Sintered density achieved by multimodal mixtures is higher than that by their corresponding
component powders in most cases. Although sintering improved the density, the finally achieved
density was still significantly lower than the full density. A reason is that the powder bed density
is far below the modeled packing density and the tap density. It indicates that the powder spreading
process could be significantly improved to reach the ideal case. It also means that new models are
needed to directly model the powder spreading process and predict the powder bed density, for
example, with the discrete element method. Another reason could be that these powders have a

low sinterability.

Table 4. Mixing fraction, powder bed density, and sintered density

Mixing

Pgwder or fraction Powder bed Sinte.red
mixture (vol.%) density (%) density (%)
2 / 39.7+0.9 46.8+1.0
10 / 51.1+0.7 57.5+0.3
70 / 58.2+0.7 60.5

10/2 66.3:33.7 452+0.9 50.7+0.9
70/10 67.7:32.3 53.6+1.2 64.8 £0.8
70/2 70.0:30.0 59.5+0.9 643 +3.7
70/10/2 61.3:21.1:17.6  60.1 £0.1 66.1 £0.8
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Figure 15. Various densities achieved by component powders and multimodal mixtures

5.4 Sintered microstructure

Figures 16 and 17 show the microstructure of sintered samples from component powders and
multimodal mixtures, respectively. In a multimodal mixture, the voids among coarse particles are
filled with fine particles, which has increased the powder bed density and the sintered density. For
example, in the case of the 70/10/2 trimodal mixture, the 10-um particles fill the voids among the
70-pm particles and 2-um particles fill the remaining voids between 70-pm and 10-pm particles,
which has led to the highest powder bed density and sintered density among all powders in this

work.
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Figure 16. Microstructure of sintered samples from component powders: (a) 70 pm, (b) 10

pum, and (c) 2 pm.

2 ¥ g

Figure

7. Microstructure of sintered samples fro multimodal mixtures: (a) 10/2, (b)

70/10, (c) 70/2, and (d) 70/10/2.

Conclusions

This work investigated the effects of particle size distribution on density of a densely packed

powder, powder bed density, and sintered density in binder jetting. Analytical results showed that

there existed an optimal mixing fraction to achieve the maximum mixture packing density. Both a

lower component particle size ratio (fine to coarse) and a larger component packing density ratio

(fine to coarse) led to a larger maximum mixture packing density. Before mixing, the critical

component packing density ratio can be used to decide whether the mixing method is effective.

The dependence of the optimal mixing fraction and maximum mixture packing density on the
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component particle size ratio and component packing density ratio was plotted and can be used as
theoretical tools to select parameters for the mixing method. Experimental results of tap density
were consistent with the aforementioned analytical predictions. In addition, experimental
measurements showed that the powder bed density and thus the sintered density were improved
by multimodal mixtures compared with component powders in most cases. However, there is still

large room to improve the powder bed density and thus the sintered density.
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