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Abstract

This paper reports a new approach to density improvement in ceramic binder jetting
additive manufacturing: combining powder bed compaction and nanopowders. Samples were
printed on a commercially available binder jetting 3D printer using an alumina nanopowder.
Compaction thickness was varied across 0, 5, 10, 15, 20, and 60 um at a layer thickness of 5 um,
and across 0, 100, and 200 um at a layer thickness of 30 pm. Sintered density, as well as powder
bed density, was measured. Furthermore, microstructure of sintered samples, with a focus on
number and size of pores, was investigated to substantiate the density results. It was shown that at
the same layer thickness, higher compaction thickness resulted in higher powder bed density,
higher sintered density, and smaller number and size of pores in sintered samples. The highest
sintered density (72.0%) achieved in this study was on par with the highest density reported in the
literature on binder jetting of alumina without involving liquid feedstocks or special post-
processing techniques (such as infiltration and isostatic pressing), demonstrating the effectiveness

of this new approach to density improvement.
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1 Introduction

In recent decades, the advent of additive manufacturing (AM) provided new opportunities
for producing ceramic parts [1-3]. AM is defined as a process of joining materials, usually layer

by layer, following 3D model data. Binder jetting is among the seven main AM process categories



[4]. In binder jetting, a powder bed is first formed, and a liquid binding agent is then selectively
deposited to join powder materials [4—7]. This printing step is repeated layer by layer to form a
green part. The green part is then subjected to debinding and sintering. Advantages of binder jetting
include low operating cost, no thermal residual stresses [8], no need of support structures for
overhangs [9], high production rates [10], better powder recyclability [10], and most importantly,
the capability of printing a variety of materials including ceramics [11]. In binder jetting, since the
shaping (printing) step occurs at room temperature, typical manufacturing issues associated with

ceramics (such as thermal residual stress and thermal shock failure) are avoided.

Advanced ceramic materials have exceptional properties, such as high hardness, high
strength/weight ratio, high biocompatibility, and high wear, heat, and corrosion resistance [12,13].
Therefore, they play a vital role in various applications, such as hip joints replacements [14], high
temperature engines [15], ballistic armor [16], chemical resistant impellers [16], and heat
exchangers [17]. In most of these applications, the ceramic parts are subjected to high mechanical,
tribological, thermal, or chemical loads. Thus, to fulfil the requirements for these applications,

dense ceramic parts with proper material properties are required.

At present, low density of sintered parts remains an issue for binder jetting of ceramic
materials. This low density issue and, as a result, inferior material properties have hindered the
widespread industrial application of ceramic binder jetting [31]. Many approaches have been
reported to improve density [18—30], and are covered in a recently published review paper focusing
on density in binder jetting of ceramic materials [31]. The techniques to improve the part density
can be classified into three categories: materials preparation (particle coating [18], powder
granulation [19], mixing powders with different particle sizes [20,21], using slurry feedstock [22],
etc.), printing (optimizing printing parameters [23], applying compaction [24-28], etc.), and post-

processing (infiltration [29], isostatic pressing [30], etc.).

Du et al. [31] concluded that to obtain dense ceramic parts by binder jetting, using
nanopowders is advantageous due to their high sinterability. Nevertheless, the usage of
nanopowders is limited in binder jetting of ceramic materials due to their poor flowability. The
poor flowability of nanopowders causes difficulties in powder spreading and thus results in low
powder bed density [19,31-33]. For instance, in their study on binder jetting using an alumina

nanopowder, Miao et al. achieved a low powder bed density of 6% and thus a low sintered density



of 32% [19]. Therefore, this low powder bed density issue needs to be addressed so that binder

jetting can benefit from the high sinterability of nanopowders.

A few studies showed that powder bed compaction with a forward-rotating roller could
improve powder bed density [25-28]. However, all of these studies were conducted on
micropowders [25-28]. There are no reported studies on applying powder bed compaction to

nanopowders. This study aims to fill this gap.

A binder jetting 3D printer (ExOne Innovent+) became commercially available recently. It
allows for powder bed compaction with a forward-rotating roller. In this study, an alumina
nanopowder is used on this printer and powder bed compaction is applied to increase powder bed
density and thus sintered density. Experiments are performed at different values of compaction

thickness and layer thickness.

2 Materials and Methods
2.1 Feedstock powder

The feedstock powder used for this study was a de-agglomerated alumina nanopowder (90-
187195, Allied High Tech, CA, USA). The alumina nanopowder, used in the current study and the
authors’ previous paper [19], is the finest powder used in all reported studies on binder jetting thus
far. The as-received nanopowder was examined with a scanning electron microscope (SEM,
FERA-3, TESCAN, Czech Republic). SEM images of the as-received alumina nanopowder
(Figure 1) show that the size of the nanoparticles was about 100 nm. Most of the nanoparticles

slightly agglomerated and formed small clusters with irregular shapes.



Figure 1. SEM images of the as-received alumina nanopowder. SEM parameters: beam

accelerating voltages of a) 3.0 kV and b) 15.0 kV, and working distance of 8.0 mm.

Apparent density, tap density, Hausner ratio, Carr index, and repose angle were measured
to evaluate the flowability of the alumina nanopowder. Their definitions are discussed elsewhere
[31]. Their values are shown in the second column of Table 1. To compare the flowability of the
alumina nanopowder with an alumina micropowder, the flowability measurements for an alumina
micropowder with a particle size of 70 pm are shown in the last column of Table 1 [34]. All of
these measurements indicate the alumina nanopowder has a significantly lower flowability than
the alumina micropowder. Based on the values of Hausner ratio, Carr index, and repose angle, the

flowability of the alumina nanopowder is classified as “very poor” [35-38].



Table 1. Flowability measurements for the as-received alumina nanopowder used in this study

compared with an alumina micropowder in the literature [34].

Flowability metric Alumina nanopowder Alumina micropowder [34]
Apparent density (%) 6.4+0.0 52.6+04
Tap density (%) 13.8+0.2 59.8+0.5
Hausner ratio 22+0.38 1.1+£0.0
Carr index 53.8+0.8 123+0.1
Repose angle (°) 52.6+2.1 253+1.6

2.2 Printing process

A binder jetting 3D printer (Innovent+, ExOne company, North Huntington, PA, USA) and
an aqueous binder (BA00S5, ExOne company, North Huntington, PA, USA) were used for printing
samples. Figure 2 schematically shows the printing process in four steps for each layer. First, the
build platform is lowered by the height of layer thickness (LT) plus compaction thickness (CT).
The heat lamp moves over the build platform to dry the powder bed. Second, the hopper (that
contains the feedstock powder) moves (from right to left) over the build platform and
simultaneously deposits the powder. The roller spreads the powder (from right to left) with a
counter rotating motion (clockwise rotation). Third, the spread powder layer with a height of LT
plus CT is compacted to a height of LT through raising the build platform by the height of CT and
then allowing the same roller to traverse on the powder layer with a forward-rotating motion. The
compaction step is described in detail elsewhere [24]. Lastly, the print head moves over the powder
bed and jets the binder onto selected areas, joining the powder according to the 3D model of the

samples to be printed.
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Figure 2. Four steps of the printing process with powder bed compaction (LT and CT mean layer

thickness and compaction thickness, respectively).

In this study, compaction thickness and layer thickness were varied in nine prints in this
study, as listed in Table 2. Table 3 shows the values of the parameters that were kept constant.
These constant printing parameters were chosen by conducting preliminary trials and observing
the dispensing, spreading, and printing qualities. The recoat speed determines the amount of
powder deposited by the hopper (while traversing over the build platform as in Step 2 of Figure
2). The amount of powder needed for each layer changes if layer thickness or compaction thickness
changes. Therefore, according to layer thickness and compaction thickness of each print, recoat
speed was adjusted in the range of 30 to 60 mm/s. The roller traverse speed during compaction is

the traverse speed of the roller as it moves across the build platform and compacts the additional
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deposited powder into the powder bed. The binder set time is the time duration for which the binder
is allowed to soak into the powder bed before drying/curing, and the bed temperature determines
the temperature of the powder bed during printing. The rest of the printing parameters in Table 3

were defined elsewhere [23,39].

In each print listed in Table 2, five square prisms were printed. The length and width of
samples were the same and equal to 10 mm, and the height of samples was 10 mm when a layer
thickness of 30 um was used, and 1 mm when a layer thickness of 5 um was used. After each print,
the whole build box (containing the build platform, loose powder, and printed samples) was taken
out from the printer and placed in a furnace (DX402C, Yamato Scientific America, USA) to cure

the printed samples at 200 °C for 240 minutes.

Table 2. Varied printing parameters and their values.

Compaction thickness

Print Layer thickness (um) (um)

1 5 0

2 5 5

3 5 10

4 5 15

5 5 20

6 5 60

7 30 0

8 30 100
9 30 200




Table 3. Constant printing parameters and their values.

Printing parameter Value
Ultrasonic intensity (%) 100
Roller traverse speed during spreading (mm/s) 5

Roller rotation speed during spreading (rpm) 100

Roller traverse speed during compaction (mm/s) 3
Binder saturation (%) 100

Binder set time (s) 5
Bed temperature (°C) 50
Drying time (s) 10

2.3 Powder bed density measurements

Since almost all aqueous binder evaporated during curing, the mass of binder in the green
samples after curing was negligible compared to the mass of all powder on the build platform
(including the green samples and loose powder). Thus, the mass of the green samples (m ;) and
the mass of loose powder (m,,) on the build platform after curing were measured as the mass of
the powder bed (m,;). The depth of the powder bed (H,;) for each print was measured by a caliper
to calculate the volume of the powder bed (V,;) given the area of the build platform (A4,;). By
knowing the mass and the volume of the powder bed, powder bed density (p,;) was calculated
using Equation (1):

Do = Mpp  Mgs +Mpp
PB = =
Vs AppHpp

(1)

2.4 Debinding and sintering processes

Debinding was performed to thermally decompose and burn out the binder. After
debinding, sintering was performed to densify the samples. The green samples were placed in a
furnace (KSL-1700X-A1-UL, MTI Corp., CA, USA) for debinding and sintering. The debinding
and sintering profile is shown in Figure 3. First, the furnace was heated up to 470 °C with a heating

rate of 2 °C/min and kept at 470 °C for 420 minutes for debinding. Then the furnace was heated



up to 1650 °C with a heating rate of 2 °C/min and kept at 1650 °C for 240 minutes for sintering.

Finally, the samples were cooled down to room temperature in the furnace.

2000 r pebinding  Sintering
1500 | : i\
~ i\ Furnace
gi E \\ cooling
© 1000 | ! P
2 \
© i \
g 500 k
£ I *\
2 \
: : ! \
0 + = I il
0 500 1000 1500

Time {min)
Figure 3. Temperature-time profile used during debinding and sintering.

2.5 Sintered density measurements

The Archimedes’ method was used to measure bulk density of sintered samples by
following the ISO 18754 standard [40]. Three samples from each print were used to measure the
bulk density.

2.6 Characterization of microstructure

An optical microscope (OM, BX53, Olympus, Japan) was used to observe microstructure
from the cross-sections of sintered samples. The cross-sections of sintered samples (perpendicular
to the printing layers) were polished with 2000 grit SiC abrasive sandpaper and then were cleaned
in an isopropanol solution for 20 minutes using an ultrasonic bath. In addition to OM, SEM was
used to investigate the microstructure of sintered samples. The samples were manually broken by
bending them with pliers along the build direction so that the fracture surfaces were parallel to the

build direction. The SEM images were taken from the fracture surfaces of the samples.
3 Results and discussion

3.1 Effects of compaction on powder bed density

Figure 4 shows the effects of compaction thickness on powder bed density (at two different

layer thickness values). Powder bed density of the alumina nanopowder without compaction is low



and greatly increases by applying powder bed compaction and increasing compaction thickness.
The low powder bed density of the alumina nanopowder is probably due to the agglomeration of
nanoparticles. Nanoparticles’ tendency to agglomerate and form irregularly shaped clusters causes
intra-clusters pores. These intra-clusters pores could result in low powder bed density. In addition
to intra-clusters pores, the irregular shape of the clusters causes poor flowability, as indicated in
Table 1. The poor flowability leads to formation of inter-cluster pores. But by applying compaction
during printing, these clusters could be broken or rearrange, resulting in a more packed powder
bed. Therefore, powder bed density increases by applying powder bed compaction during printing.
This raising trend of powder bed density as a function of compaction thickness is consistent with

reported studies on micropowders in the literature [25,27].
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Figure 4. Effects of compaction thickness on powder bed density at a layer thickness of a) 30 um
and b) 5 pm.

Also worth mentioning is that powder bed density is not proportional to the compaction
ratio (7;) that is given by the following equation:

t;+t,
t

(2)

=

where t, and t, are layer thickness and compaction thickness, respectively. A possible reason for
this non-proportional relationship is the push-out phenomenon during the prints. During powder

bed compaction, the roller pushes some powder out of the build envelope. Thus, not all powder is
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compressed to the powder bed. Therefore, the proportional relationship between powder bed

density and compaction ratio cannot hold.
3.2 Effects of compaction on sintered density

Figure 5 shows the effects of compaction thickness on bulk density of sintered samples.
Similar to powder bed density, sintered density of samples increases as compaction thickness
increases. The highest bulk density of 72.0% is accomplished at a layer thickness of 5 um and a
compaction thickness of 60 um. In Figure 5, the error bars are standard deviations calculated from

the three samples from each print.
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Figure 5. Effects of compaction thickness on bulk density of sintered samples at a layer thickness
of (a) 30 um and (b) 5 um.

To compare the density results in this study with other reports, a literature search was
conducted on binder jetting of alumina without involving unusual liquid feedstocks such as slurry
[22] or special post-processing techniques such as infiltration [41] and isostatic pressing [28].
Figure 6 shows relative bulk density values of sintered alumina samples reported in the literature
[19,21,28,31,42—-44] in comparison with the current study. According to Figure 6, sintered density
achieved in this study, 72.0%, is close to the highest one reported in the literature, 75.4% by
Mariani et al. [44]. However, sintering was performed at a lower temperature in this study than in

Mariani et al.’s study.
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Figure 6. Sintered density of alumina samples with different feedstock powders in the literature
[19,21,22,28,31,42—44] compared with this study.

3.3 Effects of compaction on microstructure of sintered samples

Figure 7 shows optical cross-section images from sintered samples without compaction
and with the maximum compaction thickness tested in this study. The samples were prepared by
grinding the samples along the build direction (perpendicular to the printing layers). These images
show that there are no macroscopic voids or cracks in the structure of the samples. Pores were
marked by red ellipses. A comparison of the number and size of the pores in Figure 7 shows that

the fraction of pores in the structure reduces by applying powder bed compaction.
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Figure 7. Optical images of ground cross-sections of sintered samples at different layer thickness
(LT) and compaction thickness (CT) values: a) 30 pm and 0 pm, b) 30 um and 200 um, ¢) 5 pm
and 0 um, and d) 5 um and 60 pum (the build direction is the same in all images and shown by the

vertical yellow arrow, and the pores are indicated by the red ellipses).

Figure 8 shows SEM images of sintered samples without compaction and with the
maximum compaction thickness tested in this study. By applying compaction, the number of large
pores (indicated by horizontal red arrows) in the microstructure is decreased. Therefore, the OM

and SEM images of the microstructure of the samples substantiate the density measurement results.
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Figure 8. SEM images of fracture surfaces of sintered samples at different layer thickness (LT)
and compaction thickness (CT) values: a) 30 um and 0 pum, b) 30 pm and 200 pm, ¢) 5 um and 0
pum, and d) 5 pm and 60 pm (the build direction is the same in all images and shown by the
vertical yellow arrow, and the pores are indicated by the horizontal red arrows). SEM

parameters: beam accelerating voltage of 5.0 kV and working distance of 14.7 mm.

Figure 9 shows high-magnification SEM images taken from the fracture surface of samples
with the highest density (achieved by a layer thickness of 5 pm and a compaction thickness of 60
um). As shown in Figure 9, a few fully dense areas could be observed in the microstructure of this
sample. According to the approximate geometric changes associated with each stage of sintering

[44], it could be inferred that these dense areas probably reached the final stage of sintering. These
14



types of microstructure are rarely observed in other samples of this study. Formation of these fully

dense areas is probably due to powder bed compaction.

Figure 9. SEM images of the fracture surface of sintered sample with the highest bulk density

achieved at a layer thickness of 5 pm and a compaction thickness of 60 pm (the build direction is
shown by the vertical yellow arrow). SEM parameters: beam accelerating voltage of 5.0 kV and
working distance of 15.0 mm.

4 Conclusions

A binder jetting machine was used to print alumina samples using a nanopowder with the
assistance of powder bed compaction (through a forward-rotating roller). At the same layer
thickness, increasing compaction thickness increased powder bed density as well as sintered
density. Microstructure characterization showed that applying powder bed compaction decreased
the number and size of pores in sintered samples. The highest bulk density achieved in this study
was 72.0%. This bulk density value is on par with the highest density reported in the literature on
binder jetting of alumina without involving liquid feedstock or special post-processing techniques
such as infiltration and isostatic pressing. The main contribution of this paper is that it presents,
for the first time, a new approach of using nanopowders and power bed compaction together to
improve part density. Although the claim cannot be made that this approach will produce the
highest density in resultant parts, this approach is a useful alternative to other reported approaches

of improving density in ceramic binder jetting additive manufacturing.
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