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Abstract

This short communication reports an experimental investigation on the relationships among
powder properties (i.e., apparent density, tap density, and Hausner ratio), feed region density, and
powder bed density in ceramic binder jetting additive manufacturing. Seven differently sized
alumina powders (from 0.05 pum to 70 um) were used for this experimental investigation. Simple
linear regression was applied to analyze the experimental data. It was found that powder bed
density matched well with feed region density under all conditions of this investigation. The results
also showed that apparent density was a stronger predictor than tap density and Hausner ratio for

powder bed density.

Keywords: Additive manufacturing; binder jetting, alumina; powder properties; feed region

density, powder bed density

1. Introduction

Ceramic binder jetting additive manufacturing has attracted increasing attention from a large
range of industries, such as healthcare, aerospace, and energy [1]. Powder bed density plays an
important role in ceramic binder jetting additive manufacturing. Green density, which determines
the density of final parts, is directly affected by powder bed density [1, 2]. The selection of binder
saturation also depends on powder bed density. Therefore, understanding and predicting powder
bed density is essential to controlling the performance of ceramic parts produced by binder jetting
additive manufacturing.

To date, it is still difficult to predict powder bed density for a new powder a priori (i.e., before

powder spreading). Directly measuring powder bed density for a new powder is not efficient



because it leads to increased machine usage time and higher labor cost. Some models have been
developed to predict powder bed density using the discrete element method [3-8]. But numerical
models also rely on experimental measurements to be calibrated for a specific powder. Several
researchers adopted powder properties such as apparent density, tap density, or Hausner ratio to
infer powder bed density [9-17]. There has been, nevertheless, no conclusive results demonstrating
whether one of these powder properties could offer an accurate prediction of powder bed density.

This study aims to reveal the relationships among powder properties (apparent density, tap
density, or Hausner ratio), feed region density, and powder bed density, and to identify an effective
predictor for powder bed density a priori. In this paper, apparent density specifically refers to the
density of freely settled powder. Apparent density is measured with a Hall funnel and a standard
density cup. Tap density refers to the density of a powder that has been tapped, to settle contents,
in a container under specified conditions. Hausner ratio is the ratio of tap density to apparent
density. Feed region density refers to the density of powder that has filled the feed region of the
3D printer. Powder bed density refers to the density of the powder bed that is formed by the powder
spreading process on the build platform of the 3D printer. Feed region density and powder bed
density are measured through the weight and volume of the powder in the feed region and on the

build platform, respectively.

2. Materials and Methods

A comprehensive study on powder bed density was carried out on alumina powders with a
wide range of nominal particle sizes from 0.05 pm to 70 um. The specific information of each

alumina powder is listed in Table 1.



Table 1. Alumina powders used in this study

Nominal particle

. Supplier Item number
size (um)

0.05 Allied High Tech Products 90-187050
0.3 Allied High Tech Products 90-187125

2 Inframat 26R-8S02

10 Inframat 26R-8S10

20 Inframat 26R-8S20

40 Inframat 26R-8S40

70 Inframat 26R-8S70

The particle size distribution of each alumina powder was measured using a HORIBA LA-960
laser scattering machine. To represent the state of powder used in binder jetting additive
manufacturing, measurement of particle size was conducted on dry powders directly. Each
measurement was repeated three times. The powder morphology of each alumina powder was
characterized with scanning electron microscopes (SEM), including JEOL JSM-7500F and
TESCAN FERA3.

The powder properties investigated in this study are apparent density, tap density, and Hausner
ratio. The measurement of apparent density was conducted using a Hall funnel and a density cup,
following the ASTM B212-17 standard [18]. The tap density of each powder was measured by
tapping the powder 3000 times according to the ASTM B527-15 standard [19]. The mass of
powder was measured by a balance with a resolution of 0.001 g. Hausner ratio, i.e., the ratio of tap
density to apparent density, was then calculated.

A commercial binder jetting 3D printer (ComeTrue T10, Microjet Technology) was used for
powder spreading. Custom devices were designed and installed on the printer for measuring feed
region density and powder bed density. As shown in Figure 1, two sets of custom devices (orange
components) are installed onto the feed region platform and build platform of the original printer

(grey components), respectively. Each set of the devices consisted of an insert that was aligned



with the top of the feed region or the build region, and a piston that was fixed to the original piston
to carry out the same downward or upward movement during powder spreading. The dimensions

of the two custom pistons were the same (25x25 mm?).

Roller Custom device Custom device
(feed region) (build region)

Figure 1. Schematic illustration of the cross-section of the 3D printer and custom devices for
measurements of feed region density and powder bed density
In each powder spreading experiment, a Hall funnel was utilized to fill the feed region with
the powder. The outlet of the Hall funnel was maintained at 88 mm above the center of the feed
region. The powder then flowed from the Hall funnel until it completely filled the feed region.
After removing the excess powder by a glass slide, the heights of four corners in the feed region
were measured by a caliper with a resolution of 0.01 mm. The relative feed region density (p}cr)

was calculated using Equation (1):
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where my,. is the mass of powder in the feed region, h¢, is the average powder height of the feed
region, Ag, is the area of the feed region, and pyj, is the theoretical density of alumina (3.97 g/cm?)
[20].

Powder spreading was carried out to form a powder bed with a desired height of 10.08 mm (63
layers) by a counter-rotating roller. The spreading parameters were chosen to ensure a full powder
coverage for all powders and kept constant for all measurements, as listed in Table 2. After powder
spreading was finished, a glass slide was used to remove the powder in the clearance between the
roller and the custom device on the build platform. Similar to the measurement of feed region
density, the heights of four corners in the powder bed were measured. The relative powder bed

density (p;,,) was then calculated by Equation (2):

m
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where my,, is the mass of powder in the build region, hy,, is the average height of powder in the
build region, and Ay, is the area of the build region. Each powder density measurement was

repeated three times.

Table 2. Parameters used in powder spreading experiments for all seven alumina powders

Parameter Value
Layer thickness (mm) 0.16
Dosing ratio 1.4
Roller traverse speed (mm/s) 50
Roller rotational speed (rpm) 500

3. Results and Discussion

The particle size distributions for all seven alumina powders measured by the laser scattering

machine are presented in Figure 2. Because of the usage of dry powders for particle size



distribution measurement, the powders with nominal particle sizes of 0.05 um and 0.3 pm exhibit
much larger measured particle sizes than the nominal values and wide particle size ranges. This is
indicative of the presence of agglomeration for these two fine powders. For the other five coarser

powders, the median particle sizes (Dso) are close to their nominal values.
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Figure 2. Particle size distribution of all seven alumina powders used in this study
The morphology of each powder is shown in Figure 3. As can be seen from the micrographs,
powders with larger particle sizes exhibit a high degree of sphericity. The powders with the
nominal particle sizes of 0.05 pm and 0.3 um form agglomerates with varying sizes, which is

consistent with the observations from particle size distribution measurements shown in Figure 2.



Figure 3. Scanning electron micrographs of all seven alumina powders of different nominal
particle sizes of (a) 70 um, (b) 40 um, (c) 20 um, (d) 10 pm, (e) 2 um, (f) 0.3 um, and (g) 0.05

pum



Figure 4 shows density measurement results for all seven alumina powders with different

nominal particle sizes (0.05 pm, 0.3 pum, 2 um, 10 pm, 20 um, 40 um, and 70 um). The apparent

density, feed region density, and powder bed density share a similar upward trend with increasing

particle size. As particle size increases from 0.05 um to 70 um, apparent density, feed region

density, and powder bed density increase significantly, from 1.6% to 52.6%, from 1.9% to 53.8%,

and from 1.8% to 53.1%, respectively. Tap density, on the other hand, is consistently much higher

than the other measured powder densities for all particle sizes. Tap density has a significant growth

from 4.2% to 58.1% when particle size increases from 0.05 pm to 2 pm. Then tap density reaches

a plateau upon a further increase in particle size from 2 um to 70 pm.
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Figure 4. Apparent density, tap density, feed region density, and powder bed density at nominal

particle sizes from 0.05 pum to 70 pum

Figure 5a shows powder bed density as a function of feed region density. A linear regression

model with an intercept of 0 was used to fit the data, resulting in a slope of about 1 and a very high

adjusted R? value of 0.9996, shown as the dotted line. This pronounced positive proportional



relationship between feed region density and powder bed density suggests that powder bed density

matches very well with feed region density.
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Figure 5. Powder bed density as a function of (a) feed region density, (b) apparent density, (c)

tap density, and (d) Hausner ratio, respectively

Figure 5b shows the relationship between apparent density and powder bed density. The data

obtained in this study were fitted by a linear regression model with an intercept of 0 (red dotted

line), resulting in a high adjusted R? value of 0.9948 and a slope approximately equal to 1.
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Figure 5c shows the relationship between tap density and powder bed density. A linear
regression model with an intercept of 0 (red dotted line) was fitted by the data obtained in this
study. With some points deviating from the line, the adjusted R? value for this model is 0.9636,
lower than that for the apparent density model.

Figure 5d is plotted to show the relationship between Hausner ratio and powder bed density.
Regressed by the data from this study, the fitted linear model possesses a negative slope of —0.34
and an intercept of 0.94. It is clear that the adjusted R? value of 0.7950 for this model is the lowest
among all simple linear regression models in this study.

In order to further compare the prediction errors of these three simple linear regression models
of powder bed density based on different powder properties, the Akaike information criterion (AIC)
was used to evaluate these models. The AIC criterion is known as an effective estimator for ranking
model quality and inferring significant variables via the analysis of maximum likelihood [21, 22].
Due to the finite sample size, the corrected AIC criterion (AICc) was used on the models. The
better the model is, the smaller the AICc score is. As can be seen in Table 3, the AICc score of the
apparent density model is the lowest among the three models, followed by the tap density model
and the Hausner ratio model. In addition, the mean squared error (MSE) was calculated. The result
also suggests that, across the three linear regression models, the apparent density model
demonstrates the best prediction performance. According to the AICc and MSE, apparent density

can be identified as the most effective indicator among the measured powder properties.
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Table 3. Comparisons of three simple linear regression models for powder bed density

Prediction error

Predictor
AlCc MSE
Apparent density (pg) 44.89 15.58
Tap density (p;) 58.50 44.92
Hausner ratio (HR) 75.01 64.31

4. Conclusions

This paper reports an experimental study on relationships between feed region density and
powder bed density, and between powder properties (i.e., apparent density, tap density, and
Hausner ratio) and powder bed density. Two major conclusions can be drawn:

1) powder bed density and feed region density match well with each other under all conditions
of this study;

2) apparent density is a stronger predictor than tap density and Hausner ratio for powder bed
density.

The new knowledge can be used to estimate powder bed density a priori from powder

properties.
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Figure Captions

Figure 1. Schematic illustration of the cross-section of the 3D printer and custom devices for
measurements of feed region density and powder bed density

Figure 2. Particle size distribution of all seven alumina powders used in this study

Figure 3. Scanning electron micrographs of all seven alumina powders of different nominal
particle sizes (a) 70 um, (b) 40 pum, (c) 20 pm, (d) 10 pm, (e) 2 um, (f) 0.3 um, and (g) 0.05 pum
Figure 4. Apparent density, tap density, feed region density, and powder bed density at nominal
particle sizes from 0.05 pm to 70 pm

Figure 5. Powder bed density as a function of (a) feed region density, (b) apparent density, (c) tap

density, and (d) Hausner ratio, respectively
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Tables

Table 1. Alumina powders used in this study

Nominal particle

. Supplier Item Number
size (um)

0.05 Allied High Tech Products 90-187050
0.3 Allied High Tech Products 90-187125

2 Inframat 26R-8S02

10 Inframat 26R-8S10

20 Inframat 26R-8S20

40 Inframat 26R-8S40

70 Inframat 26R-8S70

Table 2. Parameters used in powder spreading experiments for all seven alumina powders

Parameter Value
Layer thickness (mm) 0.16
Dosing ratio 1.4
Roller traverse speed (mm/s) 50
Roller rotational speed (rpm) 500

Table 3. Comparisons of three simple linear regression models for powder bed density

Prediction error

Predictor
AlCc MSE
Apparent density (p,) 44.89 15.58
Tap density (p;) 58.50 44.92
Hausner ratio (HR) 75.01 64.31
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