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ABSTRACT

Objective of this study is to prepare the binder jetting
feedstock powder by spray freeze drying and study the effects of
its parameters on the powder properties. Binder jetting additive
manufacturing is a promising technology for fabricating ceramic
parts with complex or customized geometries. However, this
process is limited by the relatively low density of the fabricated
parts even after sintering. The main cause comes from the
contradicting requirements of the particle size of the feedstock
powder: a large particle size (>5 pm) is required for a high
flowability while a small particle size (<1 pm) for a high
sinterability. For the first time, a novel technology for the
feedstock material preparation, called spray freeze drying, is
investigated to address this contradiction. Using raw alumina
nanopowder (100 nm), a full factorial design at two levels for
two factors (spraying pressure and slurry feed rate) was formed
to study their effects on the properties (i.e., granule size,
flowability, and sinterability) of the obtained granulated powder.
Results show that high pressure and small feed rate lead to small
granule size. Compared with the raw powder, the flowability of
the granulated powders was significantly increased, and the high
sinterability was also maintained. This study proves that spray
freeze granulation is a promising technology for the feedstock
powder preparation of binder jetting additive manufacturing.
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1. INTRODUCTION

Ceramic materials have outstanding properties, such as
extraordinary hardness, excellent resistance to wear, heat, and
corrosion, and exceptional biocompatibility [1]. However, it is
very costly to fabricate ceramic parts of complex shapes using
conventional manufacturing techniques. For complex ceramic
parts, tooling can contribute to up to 80 % of the overall cost if
traditional processing routes are taken [2]. Compared with that,
additive manufacturing (AM), also known as 3D printing, has
many advantages, including flexible and customized design,
elimination of special fabrication tooling, and efficient usage of
raw materials. Therefore, AM of ceramic materials have
attracted a lot of research interest [3]. Among all AM
technologies, binder jetting is considered the most promising for
printing ceramic materials because it is easy to scale up and it
does not require support [4].

A high density of a ceramic part is usually desirable for the
load-bearing applications, such as artificial human joints [5].
However, the achieved density of the printed parts from binder
jetting is relatively low even after sintering [1]. Currently, the
bulk density [6] of ceramic parts by this process ranges from
40% to 68% [7—12], far below the requirement for load-bearing
applications. The main cause comes from the contradicting
requirements for the particle size of the feedstock powder: a large
particle size (>5 pm) is required for a high flowability while a
small particle size (<1 pm) for a high sinterability. Granulation
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has been attempted to address this contradiction [1]. By
granulating fine particles into coarse granules, the granulated
powder will maintain the high sinterability of the fine particles
and increase the flowability by the increased size. Among many
different granulation methods reported in the literature, spraying
drying (SD) is the most common one [13—19]. However, some
ofits disadvantages impeded its application. For example, spray-
dried granules usually show a hollow structure due to the rapid
mass transport of the binder liquid from the center to the shell of
the granule during the evaporation drying, which leads to
inhomogeneous microstructures of the part [20]. The hard shell
of SD granules will make them difficult to break and thus result
in inter-granule porosity [20,21].

Another granulation method, called spray freeze drying
(SFD), has attracted interest for the ceramic material preparation
[20-25]. As this technology uses a drying route of freezing-
sublimation, the mass transport is slow and controlled during the
drying step, which makes the microstructure of the granules
homogeneous. For example, Raghupathy et al. [20] prepared
granulated zirconia powder by both spraying drying and spray
freeze drying. Although both powders achieved similar flow
rates, crushable granules with a low granule strength were
obtained only from spray freeze drying, which is beneficial to
the microstructure homogeneity of dry-pressed and sintered
parts. Ghanizadeh et al. [23] prepared granulated alumina
powder and characterized its flow rate. Green and sintered
densities (densities of the part after curing and sintering,
respectively) were measured for dry-pressed disk samples to
investigate the effect of the sintering profile on the grain growth.

Despite some existing studies on spray freeze drying of
ceramic materials, the effects of the spraying pressure and slurry
feed rate on the flowability and sinterability of the granulated
powder has not been studied. This study aims at filling this
knowledge gap by carrying out experiments based on a full
factorial design. The granule size and morphology were
characterized, and the flow rate of the obtained powder and the
density of dry-pressed and sintered disk samples were studied.
Finally, discussion was created based on the results.

2. EXPERIMENTAL METHODS
2.1 Slurry preparation

Nano-sized alumina slurry (100 nm, 20 wt. %, Department
of Specialty Grains & Powders, Saint-Gobain Ceramic
Materials, MA, USA) was used to ensure a high sinterability of
the feedstock material. The slurry was frozen in a freezer and
then dried in a freeze drier (FreeZone 2.5 L, Labconco, MO,
USA) under 1.5 mbar for 12 h to obtain the dry powder. The dried
alumina was mixed with deionized water using a ball mill
(Laboratory Jar Rolling Mill, Paul O. Abbe, IL, USA) to prepare
20 vol. % slurry for spraying. The ball milling parameters are
shown in Table 1.

2.2 Granulated powder preparation

Spray freeze drying includes spray freezing and freeze
drying. Figure 1 shows the machine set up (LS-2, PowderPro
AB, Sweden) for the spray freezing. A peristaltic pump feeds the
slurry into an atomizing nozzle that is above the liquid surface

and connected with compressed air. The slurry is atomized into

droplets, which are sprayed into liquid nitrogen in the spraying

container. The frozen granules are then put on a tray in the drying

chamber of the freeze drier to sublimate the water in the granules.
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Figure 1. PowderPro LS-2 freeze granulator

To investigate the effects of the granulation parameters
(spraying pressure and feed rate), two levels of each parameter
were tested to form a full factorial design, as shown in Table 1.
Therefore, there were four trials with different combinations of
the spraying pressure and feed rate. The freeze drying
parameters, as listed in Table 1, were kept fixed across all trials.

Table 1. The parameters for the slurry preparation, spray
freezing, and freeze drying

Alumina concentration (vol. %) |20
Slurry - -
. Ball-to-slurry mass ratio 1:1
preparation Ao o time (h) 12
Spray Pressure (bar) 0.1 and 0.4
freezing Feed rate (L/h) 0.5and 1
Drying chamber pressure (mbar) | 1.5
Freeze Tray temperature (°C) 20
drying Collector temperature (°C) -50
Drying time (h) 12

2.3 Material characterization

To prepare the sample for the morphology of the raw
particles, the diluted slurry was dripped onto the surface of a
silicon wafer and was left at the room temperature to be slowly
dried. The morphology of the raw particles was characterized by
scanning electron microscopy (SEM, JSM-7500F, JEOL, Japan).
After granulation, the morphology of the obtained granules was
characterized by another SEM (TESCAN VEGA 11 LSU, Brno-
Kohoutovice, Czech Republic). The granule size was studied by
sieve analysis. An eight-inch sieve set with opening sizes of 25,
53,75, 90, and 250 um was used.

As a feedstock powder with a particle size smaller than 25
pum or larger than 250 pum is rarely used in binder jetting,
granulated powders within size ranges of 25-53, 53-75, 75-90,
and 90-250 pm from all four trials were used for the
measurement of flowability and sinterability. Flowabilities of the
raw and granulated (25-250 pum) powders were tested by
measuring the flow rate, i.e., the weight of falling granules
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through a funnel with an opening of @2.54 mm (DF-1-02,
Hongtuo Instrument, China) in one second.

For the sinterability test, these powders were dry-pressed at
100 MPa into disks of @12.7 mm by a hydraulic cold press
(Carver Laboratory Press, Model C, Fred S. Carver Inc., IN,
USA). The pressed disks were then sintered at 1600 °C for 2 h
and cooled to the room temperature in a bench-top muffle
furnace (KSL-1700X-A1-UL, MTI Corp., CA, USA). A disk
sample from the raw powder was prepared as well for
comparison. Sinterabilities of the raw and granulated powders
were tested by measuring the relative sintered density of the disk
samples using a density kit (Torbal AGCN200, Scientific
Industries Inc., NJ, USA). The sintered density was measured
based on the ISO standard [6]. Specifically, dry mass (m,) was
measured after sintering and cooling. Then the sample was
boiled in deionized water for 2 h and then cooled to the room
temperature. The mass of the sample in water (m,) was
measured by the density kit and then the sample was wiped by a
wet cloth to remove the water on the surface, followed by the
measurement of the mass of the wiped sample (m5). The relative
sintered bulk density (p) of the sample was calculated based on
the following equation:

=P T x100% (1)
Ptn M3z —My

where p,,; is the water density at the temperature when taking
the measurement and p,, is the theoretical density of the alpha-
phase alumina (3.97 g/cm?).

3. RESULTS AND DISCUSSION

Figure 2 shows the SEM of the raw powder in the spraying
slurry. The particle has an irregular shape and its size is around
100 nm.

Figure 2. SEM of the raw 100 nm powder

The SEM of the granulated powders from different trials are
shown in Figure 3. The shape of the granules is spherical.
Granules from Trials 2—4 evidently present a satellite structure,
i.e., small granules firmly attach to a larger one. Based on a
comparison between Trial 1 and Trial 3, higher spraying pressure
leads to a greater extent of satellite structures. Similarly, a
comparison between Trial 2 and Trial 4 leads to the same result.
Based on a comparison between Trial 3 and Trial 4, higher feed
rate leads to a greater extent of satellite structures. Similarly, a
comparison between Trial 1 and Trial 2 leads to the same result.
In summary, the spraying pressure and feed rate significantly
affect the extent of satellite structure. Higher spraying pressure
and higher feed rate lead to a greater extent of satellite structure,
resulting in the greatest extent of satellite structure for the
powder from Trial 4. One of the reasons is that higher spraying
pressure creates more fine droplets, and higher feed rate
increases the amount of the sprayed droplets in a unit time, both
of which lead more collisions between the sprayed droplets in
the spraying container and consequently a great extent of satellite
structure in the granulated powder.

Trial 1: 0.1 bar, 0.5 L/h
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Trial 2: O. bar, 1 L'h
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Figure 4. Weight percentages of different size ranges of the
granulated powder from different experiments

Figure 4 shows the results of the sieve analysis of all four
trials. The dominant size ranges are 90-250, >250, 25-53, and
90-250 pm for Trials 1-4, respectively. The seive analysis result
agrees well with the SEM charaterization. Based on the sieve
analysis result in Figure 4, it can be concluded that higher
spraying pressure leads to smaller granule size at the same feed
rate. At the same feed rate of 0.5 L/h, for example, the increase
of the spraying pressure (Trial 1 to Trial 3) led to a decrease of
the dominant size range from 90-250 pm to 25-53 pum. On the
other hand, higher feed rate leads to larger granule size at the
same spraying pressure. At the same spraying pressure of 0.4 bar,
for example, the increase of the feed rate (Trial 3 to Trial 4) led
to an increase of the dominant granule size range from 25-53 to
90-250 pm. In summary, the spraying pressure and feed rate
significantly affect the granule size. Higher spraying pressure
and lower feed rate lead to smaller granule size, resulting in the
smallest dominant size range of 25-53 um for the granulated
powder from Trial 3.

Table 2 shows the flow rates of the raw and granulated
powders and the sintered densities of the disk samples from these
powders. In some cases, the powder has a too low flowability to
fall through the funnel opening and no value was obtained for
the flow rate test. To explain the flow rate results, it is needed to
examine the forces that are applied on the granules. Among all
the forces, gravity is dominant for large granules while
interparticle forces, such as van der Waals and electrostatic
forces, are dominant for small granules. Therefore, large
granules tend to flow easily while small ones not due to
interparticle friction and agglomeration [26]. As shown in Table
2, it can be concluded that granule size significantly affects its
flowability. For the granulated powder within the same trial, the
flowability increases (or stay the same) as the size increases.
Another factor that affects the flowability of the granulated
powder is the extent of the satellite structure, which will decrease
the flowability due to the increased inter-granule friction. As
shown in Figure 3, the granulated powder from Trial 1 has the
least extent of satellite structure. Within the same size range, the
flow rate of the granulated powder from Trial 1 is larger than (or
equal to) that of granulated powders from all other trials. On the

other hand, granulated powder from Trial 4 has the greatest
extent of satellite structure. Within the same size range, the flow
rate of the granulated powder from Trial 4 is less than (or equal
to) that of granulated powders from all other trials.

Table 2. Flowability and sinterability test results of raw and
granulated powders

) Size | Flow rate | Relative sintered
Trial (um) (g/s) density (%)
Raw 0.1 / 93.4

25-53 0.06 96.7

| 53-75 0.19 95.0

75-90 0.24 98.0
90-250 0.24 96.2
25-53 / 97.0
) 53-75 0.19 94.6
75-90 0.20 96.1
90-250 0.24 91.6
25-53 / 93.5
3 53-75 0.09 97.2
75-90 0.10 94.6
90-250 0.21 96.2
25-53 / 96.2
4 53-75 0.08 95.7
75-90 0.10 94.9
90-250 0.10 96.9

Sinterability is another important factor of the feedstock
material for the binder jetting process. Under the same
conditions, a material with high sinterability leads to high
sintered density of the printed part [1], and a sintered density of
larger than 90% usually indicates a good sinterability. After
granulation, the high sinterability of the raw alumina powder was
maintained (or even increased in most cases) in the spray-freeze-
dried granulated powders. Reasons for the increase of the
sintered density include the flowability improvement after
granulation and subsequently more dense packing of the
granules of the disk sample after pressing.

4. CONCLUSIONS

Experimental trials based on a full factorial design of
spraying pressure and slurry feed rate were carried out to study
their effects on the granule size, flowability, and sinterability of
the granulated powder. Size analysis results show that high
spraying pressure and low feed rate lead to small granule size.
Morphology analysis revealed the satellite structure in the
granulated powder, whose extent increased as the spraying
pressure and feed rate increased. Larger granule size and less
extent of satellite structure led to higher flow rate and better
flowability. Moreover, sintered densities of the disk samples
from most of the granulated powders are higher than that of the
raw powder. This study could guide the feedstock powder
preparation process for ceramic binder jetting additive
manufacturing by spraying freeze drying.
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