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Abstract: Shell printing is an advantageous binder jetting technique that prints only a thin shell of the intended object 
to enclose the loose powder in the core. In this study, powder packing in the shell and core was investigated for the 
first time. By examining the density and microstructure of the printed samples, powder packing was found to be 
different between the shell and core. In addition, the powder particle size and layer thickness were found to affect the 
powder packing in the shell and core differently. At a 200 µm layer thickness, for the 10 µm and 20 µm powders, the 
core was less dense than the shell and had a layered microstructure. At a 200 µm layer thickness, for the 70 µm powder, 
the core was denser and had a homogeneous microstructure. For the 20 µm powder, by reducing the layer thickness 
from 200 µm to 70 µm, the core became denser than the shell, and the microstructure of the core became homogeneous. 
The different results could be attributed to the different scenarios of particle rearrangement between the shell and core 
for powders of different particle sizes and at different layer thicknesses. Considering that the core was denser and more 
homogeneous than the shell when the proper layer thickness and powder particle size were selected, shell printing 
could be a promising method to tailor density and reduce anisotropy. 
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1. Introduction 
Binder jetting is an additive manufacturing technique that makes parts from 3D data by selectively 

joining powder particles layer by layer using a liquid bonding agent [1]. Compared with other additive 
manufacturing techniques, binder jetting has some unique advantages, including the capability of 
processing various materials [2–9], no need for explicit support structure [9–12], and high scalability [13]. 

To print an object with binder jetting, binder is usually jetted to the whole cross-section of each layer. 
For example, to print the cube in Figure 1 through normal printing, binder is jetted to the whole square 
region. Shell printing is another way to print the cube. As shown in Figure 1, in shell printing, binder is 
only jetted to the region close to the surface to form a shell, and the core is left as a loose powder. The 
strength of the shell is high enough so that the movement of the loose powder in the core is restricted, and 
the green part can be depowdered and transported for sintering. After sintering, the powder in both the 
shell and core can be fused to form a solid cube. 



 
Figure 1. Schematic illustration of normal printing and shell printing. 

Compared with normal printing, shell printing has several advantages. Firstly, less binder is needed 
for shell printing. Secondly, the debinding time is significantly reduced because only the thin shell contains 
binder. Lastly, the absence of binder in the core is beneficial for materials sensitive to binder residual. 

Although shell printing has so many advantages, it is rarely reported. To the authors’ best knowledge, 
there is only one reported study on shell printing in the literature: Frykholm et al. found that SS 316L 
samples printed through shell printing had higher strength than those printed through normal printing 
because the higher amount of carbon residual in the normally printed samples hindered the sintering 
process [14]. A subtle but important difference between the shell and core could lie in powder packing, 
which has never been reported in the literature. In this study, it is hypothesized that the powder packing 
density and structure are different between the shell and core. To test the hypothesis, alumina samples of 
different shell thicknesses were printed, and the powder packing density and the structure of the shell and 
core were examined. Alumina is selected because it does not chemically interact with the aqueous binder, 
and it allows debinding to occur in air to completely remove the binder. As a result, the observed powder 
packing density and structure, the focus of this study, were not chemically influenced by the binder, as 
seen in the reported study [14]. 

According to the literature, the powder particle size and layer thickness are two important process 
parameters that can affect powder packing in binder jetting [15–17]. To understand the effect of powder 
particle size and layer thickness on shell printing, powders of different particle sizes (10 µm, 20 µm, and 



70 µm) were printed at different layer thicknesses (200 µm and 70 µm), covering the most commonly used 
conditions in binder jetting. 

2. Experimental Methods 
2.1. Powder Characterization 

Three alumina powders of different nominal particle sizes (10 µm, 20 µm, and 70 µm) were used in 
this study, as listed in Table 1. The three powders all had a spherical morphology. Scanning electron 
micrographs of the powders can be found elsewhere [18,19]. The particle size distribution of the three 
powders was measured using a laser diffraction particle size analyzer (Partica LA-960, Horiba, Japan). The 
measurements were conducted under dry conditions. The measurement results are plotted in Figure 2. 
According to the measurements, the three powders had D50 of about 10 µm, 23 µm, and 77 µm, 
respectively, and D90 of about 17 µm, 38 µm, and 99 µm, respectively. 

Table 1. Different powders used in this study. 

Nominal Particle Size (µm) Supplier Item Number 
10 Denka DAM-10 
20 Denka DAM20-S 
70 Inframat Advanced Materials 26R8S70 

 
Figure 2. Particle size distribution of the three powders used in this study. 

2.2. Printing with Powders of Different Particle Sizes 
Printing experiments were carried out with three powders of different particle sizes. Each powder was 

used in three independent print jobs as replications. Therefore, a total of nine print jobs were conducted. 
Each print job included eight cubic samples, more specifically, two sets of four cubic samples of different 
designs. The designs are shown in Figure 3. All four designs had the same outside side length of 20 mm 
but different shell thicknesses and thus different shell volume fractions. The last design, with a shell 
thickness of 10 mm, had an effective shell volume fraction of 100%. 



 
Figure 3. Designs for printing with powders of different particle sizes. 

A commercially available binder jetting printer (Innovent+, ExOne Company, Huntingdon, PA, USA) 
was employed. The printing parameters were selected on the basis of the preliminary experiments and 
were kept the same for the three powders when possible (e.g., layer thickness was kept at 200 µm). 

2.3. Printing at Different Layer Thicknesses 
To study the effect of layer thickness on powder packing in shell printing, the 20 µm powder was 

printed with two different layer thicknesses (i.e., 70 µm and 200 µm). Samples of different heights were 
printed at the different layer thicknesses to keep the number of powder layers similar. The designs shown 
in Figure 3 were printed at the 200 µm layer thickness, while the designs shown in Figure 4 were printed 
at the 70 µm layer thickness. All the printing parameters except layer thickness were kept the same. The 
four designs, with two replications of each design, were printed together with a random layout in the same 
print job. Each print job was replicated three times. 

 
Figure 4. Designs printed at the reduced layer thickness. 

2.4. Post-Processing 
The printed samples were cured in air in a furnace (DX402C, Yamato Scientific America, Santa Clara, 

CA, USA) at 200 °C for 240 min. Then, the cured samples were transported to another furnace (KSL–1700X, 
MTI, USA) for debinding and sintering. The debinding was conducted by heating the samples to 480 °C in 
air and holding for 220 min, and the sintering was conducted by heating the samples to 1700 °C in air and 
holding for 120 min. 

2.5. Density Measurement 
The density of the green samples (i.e., cured samples) was measured using the geometric method. The 

dimensions of the green samples were measured using a caliper with a resolution of 0.01 mm. The mass of 



the green samples was measured using a scale with a resolution of 0.001 g. Given the dimensions and mass 
of the green samples, the green density was calculated. 

The brown density of the samples was estimated by dividing the mass of the samples after debinding 
by the volume of the samples before debinding. The volume of the samples before debinding was used 
because the brown samples were too weak to determine the volume. 

The density of the sintered samples was measured using the Archimedes method following the ISO–
18754 standard [20]. 

The measured green, brown, and sintered densities were divided by the theoretical density of alumina 
(i.e., 3.97 g/cm3) to calculate the relative densities. The relative densities were used for all the analyses in 
this study. 

2.6. Microstructure Characterization 
An X-ray computed tomography (CT) system (X50, NSI, Rogers, MN, USA) was used to characterize 

the microstructure of the green and sintered samples. Fast Fourier transform (FFT) was used to process CT 
images. 

The microstructure of the sintered samples was also characterized with a scanning electron microscope 
(SEM). Before the SEM characterization, the sintered samples were sectioned, ground, and coated with 
platinum using a sputter coater (108 Auto, Cressington, Watford, UK). 

3. Results 
3.1. The Effect of Powder Particle Size on Powder Packing in Shell Printing 

The green density of the samples printed with the 10 µm, 20 µm, and 70 µm powders is plotted as a 
function of shell volume fraction in Figure 5 (a). For the 10 µm powder, green density slightly increased as 
shell volume fraction increased. Similarly, green density slightly increased with increasing shell volume 
fraction for the 20 µm powder, but the increase was smaller than that of the 10 µm powder. Different from 
the 10 µm and 20 µm powders, green density significantly decreased with increasing shell volume fraction 
for the 70 µm powder. Figure 5 (b) shows the brown density of the samples printed with the three powders. 
The difference between brown and green densities for the same type of samples was less than or around 
1%. The trends observed for green density held for brown density as well. 

 
Figure 5. Densities of samples printed with powders of different particle sizes: (a) green density and (b) brown 

density. 



According to Figure 5, the shell and core of the samples had different densities, so the overall density 
changed with shell volume fraction. The overall density (𝜌𝜌) of any sample can be expressed with the shell 
density (𝜌𝜌𝑆𝑆), core density (𝜌𝜌𝐶𝐶), and shell volume fraction (𝑓𝑓𝑆𝑆): 

𝜌𝜌 = 𝜌𝜌𝑆𝑆𝑓𝑓𝑆𝑆 + 𝜌𝜌𝐶𝐶(1 − 𝑓𝑓𝑆𝑆) (1) 

To find out the shell and core densities of the samples printed with each powder, Equation (1) was 
fitted to the data points of each powder in Figure 5. The estimated shell and core densities in both the green 
and brown states are plotted in Figure 6. As shown in Figure 6, the shell density was higher than the core 
density for the green and brown samples printed with the 10 µm and 20 µm powders. For the samples 
printed with the 70 µm powder, the core density was higher than the shell density. These results agree well 
with a recent study on the difference between powder bed and green density using the same powder [21]. 
In addition, from the green state to the brown state, the density difference between the shell and the core 
decreased for the 10 µm and 20 µm powders (from 3.7% to 2.3% for the 10 µm powder and from 2.1% to 
0.7% for the 20 µm powder) but increased for the 70 µm powder (from 6.5% to 7.1%). The change in the 
density difference was related to the debinding-induced decrease of the shell density. Because the binder 
in the shell was burned out through debinding, the density of the shell decreased after debinding. Because 
there was no binder in the core, the density of the core was unchanged after debinding. 

 
Figure 6. Estimated shell and core densities of the samples printed with powders of different particle sizes: (a) green 

density and (b) brown density. 

The microstructures of the green samples printed with the three powders are compared in Figure 7. 
The shell and core could be easily differentiated in all three samples. For samples printed with the 10 µm 
and 20 µm powders, the powder layers were evident in both the shell and the core. For the sample printed 
with the 70 µm powder, the layered microstructure was not visually identifiable, especially in the core. 



 
Figure 7. CT images of the green samples printed with powders of different particle sizes: (a) 10 µm, (b) 20 µm, and 

(c) 70 µm. 

To identify the patterns of the features in the CT images, FFT was used to process the CT images of 
the shell and core, which are marked with red squares in Figure 7. The spatial frequency spectrum along 
the Z direction is plotted in Figure 8. For the samples printed with the 10 µm and 20 µm powders, peaks 
were found for both the shell and core at a spatial frequency of 5 cycles/mm, whose inverse matches the 
layer thickness (i.e., 200 µm). For the sample printed with the 70 µm powder, although the powder layers 
are not easily identifiable in Figure 7, a peak was also found at the frequency corresponding to the layer 
thickness for the shell. However, no such peak stood out for the core. This indicates that the core was more 
homogeneous than the shell. 



 
Figure 8. Spatial frequency spectra of the shell and core of the samples printed with powders of different particle 

sizes: (a) 10 µm, (b) 20 µm, and (c) 70 µm. 

3.2. The Effect of Layer Thickness on Powder Packing in Shell Printing 
Figure 9 shows the green, brown, and sintered densities of the samples printed at the 70 µm and 200 

µm layer thicknesses with the 20 µm powder. Different trends were observed at different layer thicknesses. 
At the 200 µm layer thickness, all three densities increased with increasing shell volume fractions. The 
increasing trend became less significant when the samples underwent debinding or sintering. At the 70 µm 
layer thickness, all densities decreased with increasing shell volume fraction. 



 
Figure 9. Densities of samples printed at different layer thicknesses: (a) green density, (b) brown density, and (c) 

sintered density. 

Regression analysis was performed using the data points in Figure 9 according to Equation (1) to 
estimate the shell and core densities of the green, brown, and sintered samples printed at the 70 µm and 
200 µm layer thicknesses with the 20 µm powder. The estimated shell and core densities of the samples are 
plotted in Figure 10. The core had a higher density at the low layer thickness, while the shell had a higher 
density at the high thickness. The density difference between the shell and the core is also plotted in Figure 
10. From the green state to the brown state, the density difference between the shell and the core increased 
at the 70 µm layer thickness (from 1.5% to 2.6%) but decreases at the 200 µm layer thickness (from 2.1% to 
0.7%). This change in Figure 10 is similar to that in Figure 6. The reason is the mass loss during debinding. 
From the brown state to the sintered state, the density difference between the shell and core increased at 
the 70 µm layer thickness (from 2.6% to 3.2%) but decreased at the 200 µm layer thickness (from 0.7% to 
0.2%). The reason for this change was probably that the binder in the shell created pores when burned out, 
hindering the densification of the shell. 



 
Figure 10. Estimated shell and core densities of the samples printed at different layer thicknesses: (a) green density, 

(b) brown density, and (c) sintered density. 

The microstructure of the green sample printed at the 70 µm layer thickness is compared with that at 
the 200 µm layer thickness in Figure 11. At the 70 µm layer thickness, no layered microstructure was 
observed for either the shell or core. At the 200 µm layer thickness, a layered microstructure was present 
for both the shell and core. 



 
Figure 11. CT images of the green samples printed with the 20 µm powder at different layer thicknesses: (a) 70 µm 

and (b) 200 µm. 

The square regions in the CT image of the shell and core of the sample printed at the 70 µm layer 
thickness (Figure 11 (a)) were processed with FFT. The spatial frequency spectrum along the Z axis is 
compared with that at the 200 µm layer thickness in Figure 12. No peak was observed at the frequency 
corresponding to the layer thickness (circled with the blue box) for either the shell or core of the sample 
printed at the 70 µm layer thickness. A possible reason is that the layer thickness was close to the resolution 
of the CT (~25 µm), especially considering the lack of a peak even in the shell. For the sample printed at the 
200 µm layer thickness, peaks were found for both the shell and the core at the frequency corresponding to 
the layer thickness. 

 
Figure 12. Spatial frequency spectra of the shell and core of the samples printed with 20 µm powder at different layer 

thicknesses: (a) 70 µm and (b) 200 µm. 



The microstructures of the sintered samples printed at the 70 µm and 200 µm layer thicknesses with 
the 20 µm powder are shown in Figure 13. For the sample printed at the 70 µm layer thickness, according 
to the SEM image, the shell had a layered structure, and the core was homogeneous. For the sample printed 
at the 200 µm layer thickness, the layered structure was evident in the shell but was less noticeable in the 
core. 

 
Figure 13. CT and SEM images of the sintered samples printed with the 20 µm powder at different layer thicknesses: 

(a) 70 µm and (b) 200 µm. 

4. Discussion of Powder Packing 
Table 2 summarizes the results of core density (compared with shell density) and core microstructure 

(layered or homogeneous). These results show a strong dependence on the ratio of layer thickness to 
powder particle size. The different results are likely related to the different particle rearrangement scenarios 
illustrated in Figure 14: spreading-induced rearrangement and binder-induced rearrangement. 



Table 2. Summary of the printing results. 

Powder  
Particle Size 

(µm) 

Layer 
Thickness 

(µm) 

Ratio of Layer 
Thickness to Powder 

Particle Size 

Core Density Compared 
with Shell Density 

Core  
Microstructure 

10 200 20 Lower Layered 
20 200 10 Lower Layered 
70 200 2.9 Higher Homogeneous 
20 70 3.5 Higher Homogeneous 

 
Figure 14. Schematic illustration of different particle rearrangement scenarios under different printing conditions (ω 

is the roller rotation speed while v is the roller traverse speed). 

In the samples printed with the 10 µm and 20 µm powders at the 200 µm layer thickness (i.e., at a large 
ratio of layer thickness to powder particle size), the shell was found to be denser than the core, and a layered 
microstructure was observed in the core. The higher density of the shell compared with that of the core 
was probably caused by the binder-induced rearrangement shown in Figure 14. Because of the capillary 
bridging effect of the binder, the binder–powder interaction could slightly rearrange powder particles and 
improve the powder packing density [22,23]. The reason for the layered microstructure in the core was 
probably that the powder packing at the bottom of the powder layer was different from that at the top of 
the powder layer. According to the literature, a counter-rotating roller can efficiently rearrange powder 



particles to achieve a high powder bed density [24–27]. However, there must be a limit for particle 
rearrangement zone. Beyond the limit (e.g., outside of the rearrangement zone shown in Figure 14), the 
roller could not rearrange the particles anymore. Because the ratio of layer thickness to powder particle 
size was large, the rearrangement zone probably covered only the top part of the powder layer, and thus, 
the top part could have a different density from the bottom part. 

For the samples printed with the 70 µm powder at the 200 µm layer thickness and those printed with 
the 20 µm powder at the 70 µm layer thickness (i.e., at a small ratio of layer thickness to powder particle 
size), the core was found to have a higher density than the shell and a homogenous (unlayered) 
microstructure. These results of density and microstructure are believed to be related to each other and 
caused by more voids in the shell than the core, especially at the interface of powder layers. For the shell, 
because the previously printed layer restricted the movement of the powder particles in the current layer 
[5], voids could occur at the interface of powder layers, as shown in Figure 14. However, for the core, the 
voids at the interface of powder layers could be avoided through spreading-induced rearrangement. As 
shown in Figure 14, when the ratio of layer thickness to powder particle size was small, the rearrangement 
zone covered both the whole current layer and the previous layer. This way, the powder particles from 
both layers were mixed, and the voids at the interface of the powder layers could be avoided. 

Because of the high density and homogeneous microstructure of the core at a small ratio of layer 
thickness to powder particle size, shell printing could be used for applications that require a high density 
or a high degree of isotropy. In addition to density and microstructure control, shell printing has intrinsic 
advantages, such as lower binder usage, short debinding time, and less binder residual. Furthermore, shell 
printing is compatible with other methods for density and microstructure control, such as powder 
granulation [16,28–30], mixing powders of different sizes [17,31], powder bed compaction [32], and 
infiltration [33–35]. It is possible to combine shell printing with these methods. 

5. Conclusions 
Powder packing in shell printing was investigated for the first time. Cubes of different shell 

thicknesses were printed with powders of different particle sizes and at different layer thicknesses. For fine 
powders (i.e., the 10 µm and 20 µm powders), when printed at the large layer thickness (i.e., 200 µm), a 
layered microstructure was observed in both the shell and the core, and the shell density was higher than 
the core density. For coarse powder (i.e., the 70 µm powder), when printed at the same layer thickness (i.e., 
200 µm), the core was denser and more homogeneous than the shell. For the 20 µm powder, the core became 
denser than the shell, and the microstructure of the core became homogeneous by reducing the layer 
thickness from 200 µm to 70 µm. The different densities and microstructures of the shell and the core could 
be explained by the different scenarios of particle rearrangement for powders of different particle sizes and 
at different layer thicknesses. This new knowledge can help researchers better understand the unique 
powder packing behaviors in shell printing. It also indicates that shell printing, or selective printing, could 
be a useful method to tailor density and microstructure. 
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