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Abstract 

Because of the high sinterability, nanopowder could be beneficial for ceramic binder jetting additive 

manufacturing to achieve a high density on printed and sintered parts. However, the flowability of the 

nanopowder is poor because of the large interparticle cohesion. This poor flowability prohibits the usage 

of nanopowder in ceramic binder jetting. In this study, to improve the flowability of nanopowder, alumina 

nanoparticles are granulated into micron-sized granules through spray freeze drying. The raw 

nanopowder and granulated powder are compared by characterizing their flowability and printability. 

Results show that the granulated powder has a much better flowability than the raw nanopowder. 

Because of the superior flowability, the granulated powder forms a denser and smoother powder bed than 

the nanopowder which results in the higher density and smoother surface of the printed and sintered 

samples. The improvement on the final part quality indicates that the printability of the nanoparticles was 

improved by granulation.  
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1. Introduction 

Ceramic materials have widespread applications in the biomedical, aerospace, and chemical industries 

because of its outstanding biocompatibility, extraordinary resistance to wear, heat, and corrosion, and 

exceptional hardness. However, these excellent properties also make it difficult to fabricate ceramic 

materials into complex shapes using the conventional manufacturing techniques. In recent decades, 

additive manufacturing has been proved to be promising to fabricate ceramic materials into nearly any 

geometries with less tooling and more efficient usage of raw material [1, 2]. 

Binder jetting is an additive manufacturing process featured with a unique combination of advantages [1-

14]. Firstly, no explicit support structures are needed for overhang structures in binder jetting because the 

loose powder supports them. Secondly, binder jetting is easy to scale up because numerous nozzles can 

be employed in a single print head. Thirdly, the debinding step is fast (compared with vat 

photopolymerization for example) because the amount of binder contained in the green part is low. Lastly, 

heat is uniformly applied in the consolidation step, avoiding the thermal shock, as seen in directed energy 

deposition for example.  

However, the low density of the printed and sintered parts prohibits the application of binder jetting 

technology to ceramic materials [1, 3]. This low density is mainly caused by the contradictory 

requirements on the particle size of the feedstock powder: a large particle size is required to have a high 

flowability while a small particle size is required to achieve a high sinterability [1, 3]. 

To address the low density issue, mixing powders of different sizes has been investigated [11, 15, 16]. 

Because small particles can fill the vacancies between large particles, the density of the printed part can 

be improved. However, mixing powders of different sizes will often cause segregation which may affect 

the quality of the final part [17]. Efforts have also been made to improve the final part density by adding 

nanoparticles into the binder [18-23]. By jetting the modified binder onto the powder bed, nanoparticles 

can fill the vacancies between large particles to improve the density of the final part. As a result, the 

mechanical strength can also be improved, and the shrinkage can be reduced [18]. However, the loading 

of the nanoparticles in the binder is limited by the print head and the viscosity of the binder. Meanwhile, 
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the skeleton formed by large particles will also prevent further densification even though nanoparticles are 

added as densifiers [2]. 

An alternative method for density improvement is to use granulated powder that addresses the 

contradictory requirements on flowability and sinterability of the feedstock powder. The granulation 

methods that have been investigated to produce feedstock powder for binder jetting mainly include 

grinding [24, 25] and spray drying [8, 25-29]. These previous investigations mostly aimed to engineer the 

pore structures of the final parts by granulation. Differently, the present study aims to increase the density 

of printed and sintered parts. This aim could be better realized with an emerging granulation method, 

spray freeze drying [30]. Unlike the irregular-shaped or hollow-structured granules produced by grinding 

or spray drying, granules produced by spraying freeze drying are spherical-shaped and uniform-

structured [31]. These characteristics could be helpful for increasing the density of printed and sintered 

parts. In this study, spray freeze drying is introduced to binder jetting additive manufacturing for the first 

time. Preliminary results about the effects of spray freeze drying on properties of feedstock powder and 

printed and sintered parts are presented. 

2. Experimental methods 

2.1 Materials 

De-agglomerated alumina nanopowder (90-187125, Allied High Tech, CA, US) with a particle size of 300 

nm was selected as the raw material. Dispersant (Dispex AA 4040 NS, BASF, Germany) was used to 

decrease the viscosity of the granulation suspension. A diethylene glycol binder (TB-31 N, MicroJet 

Technology, Taiwan) was used for printing. 

2.2 Granulation 

Ball milling was used to prepare the granulation suspension. Suspension composition and ball milling 

parameter are shown in Table 1. First, deionized water, dispersant, and alumina balls (6.35 mm in 

diameter) were mixed in a polyethylene bottle. The total amount of alumina nanopowder was equally 

divided into three parts, and each part was added to the bottle every 3 hours during the ball milling 

process. Afterward, the mixture was ball-milled (Laboratory Jar Rolling Mill, Paul O. Abbe, IL, US) for 
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another 12 hours. Before spraying, the suspension was screened using a 250 µm sieve to remove any 

large clusters that may block the atomizing nozzle. 

Table 1. Suspension content 

Parameter Value 

Alumina concentration (vol.%) 30 

Dispersant-to-suspension weight ratio 0.015:1 

Ball-to-suspension weight ratio 1:1 

The suspension then went through the spray freezing step. A schematic of the setup (LS-2, PowderPro 

AB, Sweden) is shown in Figure 1. The suspension was pumped to the atomizing nozzle at a feed rate of 

0.5 L/h. Then the suspension was atomized into droplets by the compressed air (pressure drop was set to 

0.2 bar). The droplets were frozen once they were sprayed into the liquid nitrogen. These frozen droplets 

were then transferred to a freeze drier (FreeZone 2.5L, Labconco, MO, US) for lyophilization at a 

pressure of 1.5 mbar for 12 hours. To obtain a suitable particle size for printing, the dried granules were 

sieved to a size range of 53–90 µm using a sieve shaker (AS 200, Retsch GmbH, Germany). 

 

Figure 1. Schematic of spray freezing process 

The morphology and size of the raw and granulated powders were characterized using scanning electron 

microscopy (SEM, FERA-3, TESCAN, Czech Republic). The particle size distribution of the granulated 

powder was obtained by analyzing the SEM images using ImageJ. The volume-weighted mean size (𝐷) 

was calculated based on the following equation [32]: 
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𝐷 =  
∑ 𝐷𝑖 × 𝑉𝑖

𝑛
𝑖=1

∑ 𝑉𝑖
𝑛
𝑖=1

 
(1) 

where 𝑛 was the number of particles in the SEM image, and 𝐷𝑖 and 𝑉𝑖 were the diameter and volume of 

Particle i, respectively. 

2.3 Flowability measurement 

Flowability can be gauged by different metrics. In this research, mass flow rate, volumetric flow rate, 

apparent density, tap density, Hausner ratio, and Carr index, and repose angle were used to evaluate the 

flowability of the raw and granulated powders. Mass and volumetric flow rates were measured by a Hall 

flowmeter (DF-1-02, Hongtuo, Guangdong, China) following the ASTM B213-17 standard [33]. Apparent 

density (𝜌𝑎) was measured by the Hall flowmeter following the ASTM B212-17 standard [34]. Tap density 

(𝜌𝑡) was measured by a tap density tester (DY-100A, Daho Meter, Guangdong, China) following the 

ASTM B527-15 standard [35]. Hausner ratio (𝐻𝑅) and Carr index (𝐶𝐼) were determined by the following 

equations: 

𝐻𝑅 =  
𝜌𝑡

𝜌𝑎

 (2) 

𝐶𝐼 = 100(1 −
𝜌𝑎

𝜌𝑡

) (3) 

Repose angle (𝑅𝐴) was also measured using the Hall flowmeter. The funnel was blocked first at the 

orifice and then fully filled with powder. Afterward, the powder was let flow, eventually forming a cone. 

With the diameter of the cone base (𝑑) and the height of the cone (𝐻) measured, repose angle was 

calculated using the following equation: 

𝑅𝐴 =  tan−1(2𝐻/𝑑) (4) 

All the measurements were repeated three times. 
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2.4 Printability evaluation 

The raw and granulated powders were printed with a commercial binder jetting 3D printer (ComeTrue 

T10, MicroJet Technology, Taiwan). For this printer, a counter-rotating roller is utilized to spread powder 

from the feed region to the build platform. A device for reduced build volume (RBV) was used to decrease 

the amount of powder needed for printing. 

Powder bed density was the first metric to characterize the powder printability. A powder that can form a 

denser powder bed usually leads to a denser part. To measure the powder bed density, each powder was 

spread by the printer to form a powder bed with a thickness of 10 mm. The spreading parameters, are 

listed in Table 2. The layer thickness was selected to be bigger than the granule size to make sure no 

granules will be dragged by the roller. Traverse speed was selected to be the lowest speed because low 

speed can help to improve powder bed density [36-40]. Vender is the ratio of the amount of powder 

provided by the feed region to the amount of powder that the build platform can accommodate in each 

layer. A larger ratio means more powder is provided by the feed region. The vender value was set to 1.4 

because the powder was enough to cover the whole powder bed in this condition. After spreading, the 

powder enclosed in the RBV was weighed, and the depth of the powder bed was measured with a 

caliper. In addition to the knowledge of the length and width of the powder bed, the powder bed density 

was obtained. 

Table 2. Powder spreading and printing settings 

Parameter Value 

Layer thickness (µm) 120 

Roller rotation speed (RPM) 500 

Roller traverse speed (mm/s) 30 

Vender 1.4 

Print time 2 

Nozzle slot number 2 
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The bulk density of printed and sintered samples was determined to gauge the printability. Five cylindrical 

samples with a dimension of ∅6.35×12.7 mm were printed and sintered from each powder. The printing 

settings are listed in Table 2. Print time is the number of repetitive scans of the print head. A higher print 

time means more binder. Up to four nozzle slots are available on the print head to jet binder. Two nozzle 

slots were used in this work. 

After cured at 35 °C for 3 hours, the samples went thought the debinding and sintering process. The 

debinding and sintering profile is shown in Figure 2. Firstly, the furnace was heated to 120 °C at a ramp 

rate of 1 °C/min. Then, the furnace was heated to 350 °C at a ramp rate of 5 °C/min, followed by 

debinding from 350 °C to 550 °C at a ramp rate of 1 °C/min. After debinding, the furnace temperature was 

increased to 1600 °C at a ramp rate of 5 °C/min. After sintered at 1600 °C for 2 hours, the samples were 

cooled to room temperature in the furnace.  

The bulk volume of the printed and sintered samples (𝑉𝑝𝑟𝑡𝑆) was determined based on the Archimedes’ 

principle. The boiling method was adopted to ensure water completely filled the open pores: the samples 

were boiled in water for 3 hours and cooled down to room temperature [41]. After the boiling treatment, 

the mass of the immersed samples (𝑚𝑖) was measured by suspending the samples in water. Then the 

mass of the soaked samples (𝑚𝑠) was measured after the samples were taken out from the water and 

sponged with a wet absorbent cloth to remove any droplets on the surfaces. Based on these masses, the 

bulk volume of the samples was calculated using the following equation: 

𝑉𝑝𝑟𝑡𝑆 =
𝑚𝑠 − 𝑚𝑖

𝜌𝑤𝑎𝑡𝑒𝑟

 (5) 

where 𝜌𝑤𝑎𝑡𝑒𝑟 was the theoretical density of water at room temperature. With the mass of the dry samples 

(𝑚𝑑) measured, the printed and sintered bulk density (𝜌𝑝𝑟𝑡𝑆) was determined. In addition, the printed and 

sintered apparent porosity (𝜋𝑎), and printed and sintered closed porosity (𝜋𝑐) were calculated using the 

following equations [41]. Here, the apparent porosity is defined as the ratio of volume of open pores to the 

bulk volume while the closed porosity is defined as the ratio of volume of closed pores to the bulk volume. 
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𝜋𝑎 =  
𝑚𝑠 − 𝑚𝑑

𝑚𝑠 − 𝑚𝑖

  (6) 

𝜋𝑐 = 1 −
𝜌𝑝𝑟𝑡𝑆

𝜌𝑡ℎ

− 𝜋𝑎 
(7) 

 

Figure 2. Debinding and sintering profile 

To compare the microstructure, the printed and sintered samples were broken by bending them manually. 

Then the fracture surface was coated with platinum using a sputter coater (Cressington, Watford, UK) and 

characterized using SEM. The surface topography of the side surface of the printed samples was 

characterized using an optical profiler (ZeGage, Zygo, Connecticut, US). 

3. Results and discussion 

3.1 Powder morphology 

Figure 3 shows the SEM images of the raw and granulated powders. The nanoparticles in the raw 

nanopowder (Figures 3a and 3b) have an irregular shape and form submicron agglomerates due to high 

interparticle cohesion. After granulation, all the granules are almost perfectly spherical, as shown in 

Figure 3c. The high sphericity was caused by the surface tension of the granulation suspension, which 

pulled the sprayed droplets into a spherical shape. This spherical shape was locked when the droplets 

were sprayed into liquid nitrogen and was maintained even after freeze drying because the water content 

was removed through sublimation, which did not involve melting or evaporation. The granule size and 

morphology could be controlled by process parameters such as spraying pressure and slurry feed rate. 

More details about the preparation of the granulated powder can be found elsewhere [30]. Figure 3d is 

the surface structure of an individual granule, which shows that the granules are formed by nanoparticles. 
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Figure 3. Morphology of (a) & (b) raw nanopowder and (c) & (d) granulated powder 

Figure 4 is the particle size distribution of the granulated powder. All the particles are within the size 

range of 50–90 µm after sieving. The volume-weighted mean size of the granulated powder is 73.9 µm. 

 

Figure 4. Particle size distribution of granulated powder 

3.2 Flowability 

Figure 5 shows the repose angle of the raw and granulated powders. The raw nanopowder has a much 

larger repose angle than the granulated powder. The larger repose angle was a result of the greater 

friction between particles that prevented them from sliding downwards on the cone surface, indicating a 

lower flowability. 
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Figure 5. Repose angle of (a) raw nanopowder and (b) granulated powder 

The flowability of the two powders was also evaluated by the apparent density, tap density, 

volumetric/mass flow rate, Hausner ratio, and Carr index. Table 3 listed all the values of the flowability 

metrics for the raw and granulated powders. The mass and volumetric flow rates of the raw nanopowder 

were not measurable because it could not freely flow through the Hall flowmeter. The other flowability 

metrics were normalized using the values of the raw nanopowder as the baseline and plotted in Figure 6. 

Table 3. Flowability metric values of raw and granulated powders 

Flowability metric 
Raw 

nanopowder 
Granulated 

powder 

Volumetric flow rate 
(cm3/s) 

N/A 0.4 ± 0.0 

Mass flow rate (g/s) N/A 0.3 ± 0.001 

Apparent density 
(%) 

6.4 ± 0.0 15.6 ± 0.0 

Tap density (%) 13.8 ± 0.2 18.8 ± 0.1 

Hausner ratio 2.2 ± 0.8 1.2 ±0.0 

Carr index 53.8 ± 0.8 17.1 ± 0.9 

Repose angle (°) 52.6 ± 2.1 28.3 ± 0.6 
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Figure 6. Relative flowability metric values of raw and granulated powders, including apparent density 
(AD), tap density (TD), Hausner ratio (HR), Carr index (CI), and repose angle (RA) 

The granulated powder has a higher apparent density than the raw nanopowder. This is because, for 

nanoparticles, interparticle cohesion (e.g., van der Waals force and capillary force) is dominant compared 

to gravity [42-44]. Interparticle cohesion usually leads to severe agglomeration. These irregular-shaped 

agglomerates leave a great number of large inter-agglomerate pores in the powder after free settling, 

which leads to the lower apparent density. After tapping, the density changes more significantly for the 

raw nanopowder than the granulated powder, indicating the raw nanopowder is less packed after free 

settling. Both Hausner ratio and Carr index evaluate the difference between apparent density and tap 

density. A lower value of both Hausner ratio or Carr index indicates powder is less packed after free 

settling and thus has a lower flowability. 

3.3 Printability 

Figure 7 shows the surface of the powder bed formed by spreading the raw and granulated powders. It is 

obvious that the powder bed surface formed by the raw nanopowder is rough and has many voids. 

However, the powder bed obtained by granulated powder is smoother and more homogeneous. The 

superior powder bed quality of the granulated powder indicates that granulated powder has better 

printability and thus is more suitable for printing. 
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Figure 7. Powder bed surface quality of (a) raw nanopowder and (b) granulated powder 

The printed and sintered samples made of both powders are shown in Figure 8. As a consequence of the 

poor powder quality, the sample printed with the raw nanopowder has a rougher surface and more 

cracks. By using the granulated powder as feedstock material, the surface roughness and dimensional 

accuracy were both improved. 

 

Figure 8. Printed and sintered samples from (a) raw nanopowder and (b) granulated powder 

To compare the printability of both powders, powder bed density (relative), printed and sintered bulk 

density (relative), printed and sintered apparent porosity, and printed and sintered closed porosity are 

shown in Table 4 and Figure 9. Due to the spherical shape and better flowability, the powder bed density 

of the granulated powder is more than twice that of the raw nanopowder. The printed and sintered bulk 

density obtained by the granulated powder is more than 50% higher than that by the raw nanopowder. 

This is due to the higher powder bed density achieved by the granulated powder than the raw 

nanopowder. The samples from the raw nanopowder have a higher apparent porosity and the samples 

from the granulated powder have a higher closed porosity. The higher apparent porosity of the samples 

from the raw nanopowder may be because the powder bed is full of voids that form interconnected pores 

after sintering. The higher closed porosity of the samples from the granulated powder may be attributed to 

the porous structure of the spray-freeze-dried granules. The intragranular pores left by the sublimated 

water are isolated from the outside and probably evolve into closed pores after sintering. 
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Another observation that can be made based on Figure 9 is that the powder bed density of both powders 

is close to their apparent density and smaller than their tap density. Apparent and tap densities are 

usually used as the lower and upper limits of powder bed density [10]. The fact that the powder bed 

density is closer to the apparent density means the force provided by roller is very limited and not large 

enough to compact the powder. 

Table 4. Printability metric values of raw and granulated powders 

Metric 
Raw 

nanopowder 
Granulated 

powder 

Power bed 
density (%) 

6.0 ± 0.2 15.8 ± 0.1 

Printed and 
sintered bulk 
density (%) 

32.0 ± 1.4 50.7 ± 0.7 

Printed and 
sintered apparent 

porosity (%) 
64.6 ± 3.1 41.3 ± 2.0 

Printed and 
sintered closed 

porosity (%) 
3.4 ± 1.9 8.0 ± 1.6 

 

Figure 9. Printability metric values of raw and granulated powders, including powder bed density (PBD), 
printed and sintered bulk density (PrtSBD), printed and sintered apparent porosity (PrtSAP), and printed 

and sintered closed porosity (PrtSCP) in addition to apparent density (AD) and tap density (TD) of 
powders as references 
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Although the granulated powder has demonstrated a higher printed and sintered bulk density because of 

the higher flowability, the density still has a large room for improvement. The powder bed density 

achieved by the granulated powder is low (15.8%). The reason is the presence of both intragranular and 

intergranular pores. The following discussion is an attempt to estimate their contributions to the overall 

porosity. The (relative) density of the powder bed formed by the granulated powder (𝜌𝑏𝑒𝑑
′ ) is determined 

by the packing density of the granules (𝜌𝑖𝑛𝑡𝑒𝑟𝑔
′ ) within the powder bed and the packing density of 

nanoparticles within each granule (𝜌𝑖𝑛𝑡𝑟𝑎𝑔
′ ), as illustrated in Figure 10. The relation between these three 

densities is given by: 

𝜌𝑏𝑒𝑑
′ =  𝜌𝑖𝑛𝑡𝑒𝑟𝑔

′ ∙ 𝜌𝑖𝑛𝑡𝑟𝑎𝑔
′  (8) 

 

Figure 10. The packing structure of the granulated powder 

The granulated powder is made by spray freeze drying from a suspension of the raw nanopowder with a 

solid loading of 30% by volume. After lyophilization, water inside a granule is removed, which leaves 

pores inside the granule. Therefore, the packing density of nanoparticles within each granule can be 

assumed to be 30% because the volume of the granule does not change much during lyophilization. 
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According to Eq (8), the packing density of the granules can be estimated to be 52.7%, which means 

intergranular porosity in the powder bed is as large as 47.3%. 

To decrease or even eliminate the intragranular pores, the powder bed should be compacted to deform or 

break the granules. This strategy is highly possible by adding a compaction mechanism because of the 

low strength of the granules from spray freeze drying. Potential compaction methods include using 

forward-rotating roller [45], vibrating roller [46-48] or compression plate [49, 50]. More research is needed 

to explore the compaction force that can be provided by these different compaction methods and their 

influence on the powder bed density. 

Figures 11 and 12 show the microstructure of printed and sintered samples from raw and granulated 

powders, respectively. As evidenced in Figures 11a and 12a, the nanoparticles in the raw nanopowder 

had been packed randomly with large pores connected to each other before sintering while the granules 

in the granulated powder packed regularly. This is the reason for the higher printed and sintered bulk 

density for the samples from the granulated powder. Comparing the higher-magnification images in 

Figures 11b and 12c, the microstructure of the granulated powder was similar to that of the raw 

nanopowder. The dense microstructure is a result of the excellent sinterability of the nanoparticles. 

 

Figure 11. Printed and sintered microstructure from raw nanopowder 

 

Figure 12. Printed and sintered microstructure from granulated powder 



16 
 

The surface topography of the printed and sintered samples from both powders are shown in Figure 13. 

The sample from the raw nanopowder has a much larger surface height variation (±300 µm) than that 

from the granulated powder (±100 µm). The sample from the raw nanopowder also has much larger 

pores than that from the granulated powder. 

 

Figure 13. Surface topography of printed and sintered samples from (a) raw nanopowder and (b) 
granulated powder 

 

5. Conclusions 

The granulated powder is compared with the raw nanopowder in terms of flowability and printability. After 

granulation, the Hausner ratio was decreased from 2.2 ± 0.8 to 1.2 ± 0.0, the Carr index was decreased 

from 53.8 ± 0.8 to 17.1 ± 0.9, and the repose angle was decreased from 52.6 ± 2.1 to 28.3 ± 0.6. All these 

metrics indicate the flowability was significantly improved by granulation. For the printability, the powder 

bed formed by the granulated powder is smoother and denser, which leads to a more than 50% 

improvement of the printed and sintered bulk density. In conclusion, the granulated powder has a better 

flowability and printability than the raw nanopowder, resulting in higher density of printed and sintered 

samples.  
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