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Abstract 8 

Additive manufacturing of ceramics is still at an early-development stage; however, the huge 9 
interest in custom production of these materials has led to the development of different techniques 10 
that could provide highly performing devices. In this work, alumina (α-Al2O3) components were 11 
produced by binder jetting 3D printing (BJ), a powder-based technique that enables the ex-situ 12 
thermal treatment of the printed parts. The employment of fine particles has led to high green 13 
relative density values (>60%), as predicted by Lubachevsky-Stillinger algorithm and DEM 14 
modelling. Then, extended sintering has been observed on samples treated at 1750 °C that have 15 
reached a final density of 75.4%. Finally, the mechanical properties of the sintered material have 16 
been assessed through bending test for flexural resistance and micro-indentation for Vickers 17 
hardness evaluation.   18 

Graphical abstract 19 

 20 

Keywords: alumina; binder jetting; additive manufacturing; numerical simulations; 3D printing; 21 
ceramics. 22 

1. Introduction 23 

In the last decades, Additive Manufacturing (AM) has made huge progresses and improvements, 24 
finding multiple applications in industrial sectors, as those of aerospace, energy, biomedical and 25 
automotive [1–7]. However, these upgrades have mainly concerned polymeric and metallic 26 
materials, leaving ceramics to an early development stage [8,9]. In the recent past, much interest 27 
has arisen from the possibility of producing functional ceramic materials through AM due to the 28 
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need of small scale and customized manufacturing, which would be excessively expensive if 29 
performed with traditional techniques such as molding [10–14].  30 
Among various processes, 3D printing by binder jetting (BJ) has gained attention thanks to its 31 
simplicity, compared to other direct printing processes that involve high power sources as laser or 32 
electron beams [15–18].  33 
BJ consists of a series of independent steps:  34 

a) The building up of a powder bed layer by layer and the selective deposition of a 35 
binder, thanks to a Drop-on-Demand piezoelectric printhead, which joins the particles 36 
according to the 3-dimensional CAD model provided. The amount of binder added, 37 
calculated as the ratio between the volume of binder solution deposited and that of 38 
voids in the powder bed (estimated from the powder tapped density) is called binder 39 
saturation.  40 
b) The curing of the bed at mild temperature (roughly at about 200 °C) to promote 41 
the polymerization of the binder and to extract the green bodies from the unbound 42 
powder (“de-powdering” process). 43 
c) The debinding process for the removal of the residual polymer (formation of the 44 
brown) by heat treatment in air or inert atmospheres. 45 
d) The sintering process to achieve high or full density, performed at high 46 
temperature.  47 

Therefore, this technique makes it possible to heat treat the ceramic material in high-performance 48 
furnaces while keeping the printing process itself simple, low energy demanding and cheap. 49 
α-Al2O3 is one of the most employed ceramics by the industry due to its functional properties (e.g. 50 
high wear resistance, biocompatibility, electrical insulation, etc.) and relative low cost, thus it is of 51 
great interest to produce it by BJ when complex shapes are required. Previous studies (Table 1) 52 
have highlighted the difficulty to achieve full-density alumina components and several strategies 53 
have been adopted to enhance the densification, such as the use of  multimodal powder 54 
distributions [19–23], post-process slurry infiltration [23–25], particles coating [26] and 55 
nanosuspensions as a binder [27]. Although these multiple approaches have led to some 56 
improvements, they were not significant in most cases, as can be seen from the literature review in 57 
Table 1. Meaningful final density increases were not recorded without the infiltration of sintering 58 
aids, which, however, lead to chemical composition variations [28–31] that influence the final 59 
properties. 60 
 61 

Table 1 Literature review of the processing of alumina by binder jetting. 62 

Powder 

Size (D50) 

Layer 

Thickness 

Binder 

Saturation 

Green 

Density 
Tsintering tsintering 

Sintered 

Density 
Ref. 

μm μm % % °C h %  

53 

45 

30 

26/53/106 

23/45/90 

15/30/60 

60 - 1600 
2 

16 

60-65 

75-851 

80-951 

[19] 
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Mixed 15/45/106 90-961 

60 500 - 45 1600 2 48 [32] 

2 

10 

70 

10+2 

70+10 

70+2 

70+10+2 

130 - - 1600 2 

46.8 

57.5 

60.5 

50.7 

64.8 

64.3 

65.5 

[20] 

20+3.4+0.4 - - 39.0 1500 5 - [21] 

40 - - 50.7-65.7 - - - [27] 

33 100 90 45 - - - [33] 

0.8+18.5 100 110 - 1200 2 34.4 [22] 

45+6 110 - 21.7-43.9 1650 2 67.8 [23] 

0.3 

73.9 
120 - 

6.0 

15.8 
1600 2 

32.0 

50.7 
[34] 

1Relative density values of sintered components may have been overestimated due to measurement with Archimede’s 63 
method of samples with open porosity not sealed correctly (as suggested by SEM images) 64 

In our study, first we employed computer simulation to verify the possibility of predicting the 65 
packing efficiency of a specific powder, given its size distribution. Different methods were applied to 66 
describe the system during printing. Then, the process of production of the samples was kept as 67 
simple as possible, thus using a unimodal size distribution of the powder, and avoiding 68 
post-sintering processing, to identify those factors, strictly related to BJ, which most influence both 69 
green and sintered densities. 70 

2. Materials and Methods 71 

2.1. Modeling and Simulation of Powder Packing 72 

A numerical analysis has been performed first, to estimate the dependence of the powder packing 73 
from its Particle Size Distribution (PSD) and the geometrical and mechanical characteristics of the 74 
Al2O3 spherical granules. 75 
The simulation of the powder packing behaviour was first developed through the so-called 76 
Lubachevsky-Stillinger (LS) Algorithm, a geometrical model that creates jammed configurations of 77 
rigid spherical particles starting from a random generation of points that grow in size inside a 78 
periodic box with reference to a predefined PSD [35,36]. A MATLAB post-processing code allowed 79 
to evaluate the packing density of the final cluster and its average coordination number, defined as 80 
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the ratio between the total number of interparticle contacts and the total number of the spheres 81 
inside the packing. 82 
To reproduce a more accurate analysis, powder packing dynamics were also simulated using a 83 
Discrete Element Method (DEM) model able to solve the contact forces and moments between 84 
single particles thanks to an explicit time integration algorithm [37]. The actual mechanical and 85 
geometrical characteristics of the powder were considered to recreate a more realistic packing 86 
behaviour. 87 

2.2. Materials 88 

Two pure α-alumina powders were considered as candidate materials for binder jetting. The first 89 
was an extremely fine (XF) Al2O3 powder (CT530SG) from Almatis GmbH (Frankfurt, GERMANY) 90 
with a 99.8% purity and a declared D50 equal to 1.7 μm. The second, was a gas atomized fine (F) 91 
Al2O3 spherical powder (DAM10) by Denka Chemicals GmbH (Tokyo, JAPAN) with a 99.8% purity 92 
and a declared D50 equal to 9 μm. The small average radius of both materials was selected 93 
accordingly to the results obtained in previous studies [38–40], which provided optimal results in 94 
terms of linear shrinkage, sintered density and printed component resolution with finer powders 95 
with sufficient flowability, thus good packing density. The binder employed in the printing process 96 
was provided by the producer of the printer and is a commercial water-based product (BA-005). 97 

2.3. Printing and densification 98 

The alumina parts were realized with an Innovent Plus 3D printer by ExOne (Huntington, PA, US). 99 
Prior to printing, the powder batches were always thermally treated to remove residual humidity 100 
and eliminate agglomerates that could hinder their spreading on the powder bed. Specifically: 101 

• the powder was dried at 200 °C for 5 hours in air. 102 
• it was further mixed for 5 minutes. 103 

These treatments resulted necessary to remove residual humidity, responsible for large 104 
agglomerates formation that severely hindered the flowing of material through the bottom mesh of 105 
the printer powder recipient. 106 
The first printing campaign, aimed at studying the proper printing parameters, featured a layer 107 
thickness of 50 μm and binder saturations of 55% and 75%. The layer thickness was not increased to 108 
avoid geometrical resolution losses. Other process parameters, as roller speed, ultrasonic intensity, 109 
and drying time, were specifically selected to improve the powder spreading according to this 110 
material’s flowability [33].  111 
The tests with the powder XF showed that the material, as provided by the producer, did not 112 
perform well enough to be printed. Therefore, as the powder XF requires a thorough engineering of 113 
the morphology to match the requirements for its cold consolidation by binder jetting, the shaping 114 
by binder jetting continued only with powder F. 115 
Two geometries were printed: cubes (27 mm3) and parallelepiped specimens (length = 31.75 mm; 116 
width = 12.70 mm; height = 6.35 mm) for bending tests. 117 
The printed components were first cured at 180 °C for 6 hours in air to remove the volatile binder 118 
solvents and promote the residual component polymerization. The debinding process was 119 
performed in air at 470 °C for 30 minutes with a heating rate of 5 °C∙min-1. The samples were then 120 
subjected to different thermal treatments to identify the optimal sintering conditions. Cycle A 121 
features a heating ramp of 5 °C∙min-1 and a first sintering temperature of 1550 °C for 3 hours, which 122 
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produced no actual densification. Cycle B features a heating ramp of 2 °C∙min-1 and a sintering 123 
temperature of 1750 °C for 3 hours. 124 

2.4. Microstructural, Physico-Chemical and Mechanical Characterization 125 

The Al2O3 powders were observed via scanning electron microscopy (SEM) with ZEISS EVO 50 and 126 
ZEISS SIGMA 300 (Jena, GERMANY), equipped with a secondary electrons (SE) detector. The 127 
same equipment was employed in the analysis of the microstructure (polished and fractured 128 
surface) of the sintered specimens.  129 
The powder morphology was studied by static image analysis (ASTM E2651-19) with a Malvern 130 
Morphology 4 (Malvern, UK) granulometer to assess: 131 

• the number and volume particles distribution, with both relative and cumulative 132 
curves. 133 
• the aspect ratio, which defines the shape uniformity of the detected particles. 134 
• the circularity expressed as the circumscribed circle length and the actual particle 135 
perimeter ratio. 136 

The powder packing density and flowability were determined with a FT4 Powder Rheometer 2 137 
(Gloucestershire, UK). The equipment provided the values of apparent density (ρapp), measured 138 
from the as-deposited material (ASTM B417-18), and the tapped density (ρtap), corresponding to 139 
the powder density after a compression step aimed at eliminating inner trapped air (ASTM 140 
B527-20). Finally, the flowability has been evaluated according to the Hausner (H) index defined as 141 
follows in Eq. 1: 142 
H = ρtap / ρapp     (1) 143 
An analysis of the relative density (ρtheor = 3.987 g∙cm-3) evolution throughout the thermal 144 
treatments has been realized for all the samples. The densities reported in the study are of 145 
geometrical type. The buoyancy method based on Archimede’s principle has been avoided because 146 
the infiltration of water in the open porosities of the samples has proved to produce large 147 
overestimations (up to 20%) of the sintered densities. A further analysis of the internal porosity 148 
distribution has been performed through ImageJ software on SEM images of the polished surface. 149 
The flexural strength of the parallelepiped samples was measured via three-point bending test 150 
(ASTM C1161-18) for the green and the sintered bodies. The tests have been performed by an MTS 151 
Synergie 200 (Eden Prairie, MN, US) rupture machine at a sampling frequency of 20 Hz and a 152 
crosshead speed of 1 mm∙min-1. The flexural mechanical resistance has been calculated according to 153 
Eq. 2: 154 
FS = 3PL/(2bd^2)    (2) 155 
where P is the break load (N), L is the support span (mm), b is the specimen width (mm), and d is 156 
the specimen thickness (mm). 157 
Vickers hardness (HV) values were obtained by a Future Tech FM-810 (Kawasaki, JAPAN) 158 
micro-hardness tester, with an applied load of 1kgf for 15 seconds, on polished samples sections 159 
(ASTM C1327-15). 160 

3. Results and Discussion 161 

3.1. LS Algorithm and DEM Modelisation 162 
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To obtain consistent results, the LS simulations were carried out by processing not less than 2000 163 
spherical particles having a pseudo-random diameter defined in the range 0.1-50 μm. The final 164 
packing was contained inside a cubic periodic box having a volume equal to W and dimensions that 165 
were automatically computed by the algorithm to circumscribe the N spheres, each of which was 166 
characterized by a volume equal to Vi. The relative density of the jammed configuration was 167 
computed as in Eq. 3: 168 
𝜌𝜌𝐿𝐿𝐿𝐿 = ∑ 𝑉𝑉𝑖𝑖𝑁𝑁

𝑖𝑖=1 𝑊𝑊⁄     (3) 169 
Several simulations were conducted to mitigate the dependence of the results from the initial seed 170 
conditions of the cluster by changing the total number of particles and their diameters. An average 171 
density equal to ρLS,F = 68.4% and ρLS,XF = 68.9% were computed and the mean coordination 172 
number, i.e. the mean number of spheres in contact, was 5.31 and 4.63 for powder F and XF, 173 
respectively. A sketch of the simulated jammed configuration is shown in Figure 1 with respect to 174 
the real arrangement of the powder grains. Powder XF shows an improved packing density because 175 
its powder size dispersion is larger than powder F, as can be observed from the d90/d10 ratio, which 176 
is 5.4 and 4.6 for XF and F, respectively. 177 
The simulated volume fraction overestimates the tapped density shown in Table 3 with an error 178 
close to 15% (powder F) and 30% (powder XF): this was most likely because the LS approach is 179 
based on a spatial and geometrical filling optimization, which could not be properly generalized 180 
dealing with real powder packing problems that are strongly characterized by physical effects as 181 
gravity, mechanical properties of powder grains, Van der Waals forces, etc [41]. The inaccuracy 182 
grows larger as the real average diameter decreases due to the predominant effect of these 183 
interactions. The LS algorithm, without other correction mechanisms, could be an efficient 184 
predictive instrument for well-flowing powder, where the compaction due to gravity would prevail 185 
on other phenomena. 186 
 187 

  188 

Figure 1 Visual representation of the powder packing simulation obtained by LS algorithm: A) 189 
Powder F, B) Powder XF. 190 

A better evaluation of the packing behaviour was reached thanks to DEM simulations by 191 
considering the Al2O3 powder mechanical properties reported in Table 2 [41]. A cloud of particles 192 
characterized by the relevant PSD was generated inside a prismatic box having a volume equal to 193 
0.7×0.7×3.2 mm3: these dimensions were defined to mitigate the wall effects and maintain an 194 
acceptable simulation time. The gravitational action was reversed several times to reproduce the 195 
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tapping effect induced by the rheometer and allow the particles to better interlock each other. The 196 
previous operation was repeated until a uniform particle bed was obtained (see Figure 2). The 197 
simulated packing density, which was averaged out over the results obtained by changing the initial 198 
particle seed conditions, was equal to ρDEM,F = 60.9% and ρDEM,XF = 61.2%, while the mean 199 
coordination numbers were 5.28 (F) and 4.66 (XF). 200 
For powder F, the volume fraction is closer to the experimental tapped density than the one 201 
predicted by the LS algorithm, but the error remained not completely negligible (~7%): this was 202 
probably because Van der Waals effects were not considered here, and the constitutive behaviour 203 
was simplistically assumed with reference to a non-cohesive elastic-frictional contact model. Again, 204 
these inaccuracies become more relevant when the diameter is reduced, as in the case of powder XF, 205 
thus highlighting the need for a more complete review of the inter-particles interactions considered 206 
during the simulation. However, a little improvement of the material flowability, which always 207 
occurs with larger and heavier powders, would make this modelisation more accurate and useful. 208 
 209 

  210 

Figure 2 Example of visual representation of the powder packing simulation obtained by DEM 211 
simulation. 212 

Table 2 Mechanical properties and parameters employed in the DEM simulation. 213 
ρbulk 

 

g᛫ cm-3 

E 

 

GPa 

Poisson’s  

Ratio 

Friction Angle 

Particle-Particle 

° 

Friction Angle 

Particle-Walls 

° 

Mass Scaling 

Factor 

Damping 

Coefficient 

3.9 350 0.22 24 8 4.4 × 108 0.75 

3.2. Powder Characterization 214 

The size distribution of the powders XF and F are shown in Figures 3A-3B: the frequency curves 215 
expressed in terms of particles count (D50 = 1.7 - 3.8 μm) are strongly shifted toward smaller radii 216 
with respect to normally employed powders in printing by binder jetting tests. The distribution of 217 
the powder is unimodal, although it must be noted the presence of small submicron-sized peaks in 218 
the relative distribution curves, in particular for powder F. This fraction may be explained as the 219 
result of the brittle rupture of larger particles that produces a small size debris or as nanoparticles 220 
that have not agglomerated during the production of the larger spherical granules. From a 221 
volumetric standpoint this fraction can be neglected, therefore its effect on the filling of the powder 222 
bed should be minimal; however, its effect on the sintering rate could be relevant.  223 
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Both powders display an extremely accentuated circularity and shape homogeneity (Figure 3C-3D), 224 
in particular powder F. This is of great importance to promote the ordered packing of the powder 225 
and maximize the contact points between particles.  226 

227 

  228 

Figure 3 Granulometric analysis of Al2O3 powders: A) cumulative distributions; B) relative 229 
distributions; C) circularity; D) aspect ratio. 230 

The flowability of both powders is scarce, as demonstrated by the values listed in Table 3. 231 
Considering powder F, even though the tapped density value is above 50%, the apparent density is 232 
low, thus the Hausner ratio is above 1.2, which is considered the upper acceptable limit for 233 
free-flowing powders. Regarding powder XF, the Hausner ratio seems to be improved, however the 234 
values of apparent and tapped density clearly show that the packing behaviour of this material is 235 
worse than the F powder one. Indeed, it seems that the flowability is so scarce that compaction does 236 
not occur even after tapping. Overall, the reasons for the poor performance of alumina in 237 
comparison with metal powders, for example, are likely its low density, which prevents the powder 238 
compaction under its own weight, and its reduced average diameter that favours mechanisms of 239 
aggregation of nearby particles, due to Van der Waals interactions and humidity-induced capillarity. 240 
As a result, deposition of free-flowing powder leads to trapping of numerous air bubbles inside the 241 
material. 242 

Table 3 Apparent density, tapped density and Hausner ratio of α-Al2O3 powder F and XF. 243 
 ρapp1 

% 

ρtap1 

% 

H 
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Powder F 36.8 ± 3.3 53.8 ± 1.2 1.5 ± 0.1 

Powder XF 30.7 ± 1.6 37.8 ± 0.6 1.2 ± 0.1 
1 expressed as a percentage of solid state α-Al2O3 bulk density.  244 
 245 
The SEM images of the as-received powder F in Figure 4A-4B show that most of the particles have a 246 
nearly perfect spherical shape. The diameters range from about 1 μm to 20-30 μm, as declared by 247 
the supplier. It is interesting to analyse the fractured surface (Figure 4B) of a large particle, which 248 
seems to be obtained by the sintering of sub-micron sized particles and to have an extremely 249 
reduced internal porosity. 250 
On the contrary, powder XF is much more irregular and reduced in size than powder F. Most of the 251 
particles are in the sub-micron range, with few larger aggregates that are clearly visible in Figure 252 
4C-4D. It should be considered that the granulometry results are based on a projection in a 253 
three-dimensional space of 2D images taken for each particle, thus the analysis in Figure 3C-3D 254 
considers equally spherical particles that are close to being spheres and flatter particles with a 255 
nearly circular section. This may explain why the powders aspect differs more than predicted from 256 
granulometric measurements. 257 
 258 

  259 

  260 
Figure 4 SEM images of A-B) powder F and C-D) powder XF. 261 

Powder F features a highly uniform spherical shape from sub-micron sized particles to the larger 262 
ones (Figures 3C-3D). Instead, powder XF is much more irregular and reduced in size, which 263 
explains the very limited flowability and poor packing behaviour. In our work, we only employed 264 
powder F for printing because it granted sufficient spreadability on the bed, but we performed 265 
numerical simulations on both material to better evaluate the compatibility of the models to the 266 
actual behaviour of the particles. 267 

3.3. Green Body Characterization 268 
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All the samples produced by binder jetting on powder F resulted resistant and compact enough to be 269 
handled, after the curing process.  270 
The average relative density of the cubes obtained with a binder saturation of 55% was 61.2% and 271 
decreased after debinding by ~1% (see Table 4). The decrease can be attributed to the volatilization 272 
of the binder solvents. It can be noted that these results well fit with those obtained by the 273 
previously described simulations, in particular with the DEM analysis that predicted a powder 274 
packing of 60.9%. This may be due to two possible factors: 275 

• the absence of walls in the printing box, differently with respect to the rheometer, 276 
thus the reduced overall friction between the particles and the surface of the apparatus; 277 
• the deposition and spreading layer by layer which may favour the accommodation of 278 
particles, while tapping on the whole block of powder might obstruct the air flow path. 279 

This is an important indication that DEM modelling is a useful tool for predicting the powder bed 280 
packing and that low flowability of small size particles is not as detrimental to the printing process 281 
as suggested by rheometric measurements. 282 
In Table 5, the comparison between the parallelepiped samples obtained from binder saturation of 283 
55% and 75% is shown. The values of relative green density for BS = 55% are better than those 284 
reported in literature for a unimodal alumina powder distribution deposited by a BJ printer (see 285 
Table 1), to the authors’ knowledge, and among the best even if other materials are considered. This 286 
is a useful indication that the geometrical features of the powder (particle size, shape, and 287 
distribution) may improve packing density more than its flowability, if sufficient material spreading 288 
on the printing bed is granted. 289 
Better results were previously obtained only by Kunchala et al. [27]; however, it must be noticed 290 
that in their case the binder employed was a denser slurry with alumina nanoparticles (5-15wt.%) 291 
and the samples were manually produced to reproduce BJ, not actually printed.  292 
It can also be noticed that the same printing conditions produced denser specimens when the size 293 
was smaller (cubes, Table 4). This could be possibly due to the increased risk of improper layer 294 
filling or non-homogeneous powder distribution when increasing the specimen size, especially when 295 
doubling the height (i.e. the number of layers). A confirmation is given by the relative error of the 296 
actual specimen size with respect to the reference dimensions: the excess is about ~8% for the 297 
thickness (z-direction), while ~5-6% for the length and width (x, y-directions). Instead, when 298 
comparing parts printed with different binder saturations, the difference in the green density 299 
recorded between them is larger (3.21%). The increase of the polymer amount could result into 300 
larger voids during elimination of the volatile binder component, thus leading to a final density 301 
decrease. This could also be due to a loss of geometrical accuracy when the liquid phase in the 302 
powder bed is increased. Indeed, binder droplets, after deposition, permeate through the powder 303 
bed due to capillary forces which are equally generated in all directions, also sideward [42–44]. 304 
When the amount of binder is larger, the liquid penetrates deeper toward the bottom of the layer, 305 
but also on the sides. The result is larger volumes of the printed components, thus lower densities, 306 
and less precise geometry, as can be seen from the values reported in Table 5. 307 
 308 

Table 4 Relative density values of cubes printed with a layer thickness of 50 μm and a 309 
binder saturation of 55%. 310 
 Relative Density / % 

 Green Brown1 
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1 

2 

3 

4 

5 

6 

Avg. 

St. Dev. 

62.5 

61.9 

60.1 

60.0 

59.8 

62.9 

61.2 

1.3 

-2 

60.7 

59.0 

58.9 

58.8 

61.8 

59.8 

1.2 
1 The browns are obtained by treating at 470 °C 311 

2 The sample suffered from damages prior to the debinding process, thus its brown density was not measured 312 
 313 

Table 5 Average values of relative density, length, width, and thickness for “green” 314 
parallelepiped specimens printed with a layer thickness of 50 μm and variable binder 315 

saturation (BS). 316 
BS Relative Density / % Length / mm Width / mm Thickness / mm 

55% 

75% 

50.03 ± 1.27 

46.82 ± 3.25 

33.47 ± 0.07 

34.00 ± 0.25 

13.54 ± 0.07 

14.22 ± 0.34 

6.86 ± 0.04 

7.07 ± 0.17 

From SEM images of the green bodies in Figure 5, it is possible to observe that the distribution of 317 
powder in the body is optimal with smaller particles (even sub-micron sized) filling the gaps 318 
between the larger ones, as predicted by the software simulation. Figure 5B displays larger granules, 319 
which are the result of aggregation in a dense packing of smaller particles (obtained during 320 
production of the powders, not during curing), as observed in Figure 4B. 321 

 322 

  323 
Figure 5 SEM images of batch A green sample. 324 

Minimal mechanical strength is required for the green samples to safely handle them in between the 325 
curing and the sintering process. By performing bending tests on the green specimens flexural 326 
strength values from 3 to 10 MPa (see Figure 6 and Table 6) were measured, as already observed in 327 
other studies [23,45]. In this phase, the only bonding strength between particles is provided by the 328 
cured polymer network: this explains the small increase in flexural strength for the specimen with 329 
75% binder saturation [46]. The dispersion of results both in terms of stiffness and maximum load 330 
should be related to the irregular internal structures of the samples: low homogeneity of porosity 331 
and powder packing make the formation of defects and cracks less predictable and reliable during 332 
the test. 333 
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The binder saturation selected for further analyses was 55% since it provided the higher packing 334 
density and sufficient mechanical strength, while minimizing the risk of geometrical inaccuracy 335 
from excessive polymer amount in the sintered part.  336 
 337 

  338 

Figure 6 Stress-displacement curves from bending tests on green specimens with binder saturation 339 
of 55% (black line) and 75% (red line). 340 

 341 
Table 6 Flexural strength values calculated from bending tests on “green” specimens with 342 

layer thickness of 50 μm and different binder saturation (BS). 343 
 Flexural strength / MPa 

 BS = 55% BS = 75% 

Avg. 3.93 7.66 

St. Dev. 0.89 1.75 

3.4. Sintered Samples Characterization 344 

First, the optimal sintering cycle was determined. The occurring and the extension of the sintering 345 
mechanism was assessed by measuring the increase of relative density of cubic samples after the 346 
thermal treatments. The first cube obtained from sintering cycle A featured a relative density of 347 
60.1%, therefore shrinkage did not occur at all. The increase at 1750 °C of the peak temperature of 348 
cycles B provided better results with average relative densities of 75.4 ± 1.4 % for cubic samples. 349 
The increase of the peak temperature and the slower heating ramp in cycle B proved to be of great 350 
importance for the sintering process, with an effective densification (+14%) of the samples on 351 
average.  352 
It is possible to observe from Figure 7A and 7B that the sintering process produced different 353 
internal morphologies. Sample A displays only initial stage sintering. Indeed, it appears as if the 354 
thermal treatment was sufficient to induce coarsening with surface diffusion and neck growth 355 
between smaller particles (1 μm or below) themselves or from a small particle to a larger one. This 356 
may explain the absence of shrinkage, thus of density variation. Only cycle B was successful in 357 
inducing an effective reduction in size of the alumina component with necking between all particles, 358 
independently from their size. During this cycle, for sample B the sintering temperature was above 359 
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1700 °C for 205 minutes (25 minutes of heating ramp + 180 minutes of dwell time at peak 360 
temperature). The thermal energy provided during this interval was sufficient to promote viscous 361 
flow and bulk diffusion between powder particles, which led to internal porosity reduction, grain 362 
growth and shrinkage. However, in both cases full densification was not achieved, and an open 363 
porosity network could be found. 364 
3-point bending test was performed on the sintered samples that featured a final density of 61.8 ± 365 
1.2 %, which is lower with respect to the cubic samples. However, the densification rate is almost 366 
equal (+12%), thus underlining the importance of the initial green packing on the final properties of 367 
the component.  368 
The shrinkage rates in the three directions with respect to the green stage is about 7%, however the 369 
differences with respect to the actual CAD file sizes are almost negligible: this could greatly facilitate 370 
the proper dimensioning of components even in case of complex geometries. Details are given in 371 
Table 7. 372 
 373 

Table 7 Average shrinkage values of length, width, and thickness for the sintered 374 
parallelepiped specimens, compared to the CAD file dimensions and green body size. 375 

Reference ΔL L0-1 / % ΔW W0-1 / % ΔT T0-1 / % 

CAD file 

Green 

2.77 ± 0.58 

7.76± 0.55 

1.05 ± 1.90 

7.19 ± 1.78 

0.22 ± 0.91 

7.64 ± 0.84 

 376 
The mechanical properties of the samples (see Figure 8 left) obtained from cycle B was assessed and 377 
compared to components obtained by additive manufacturing and conventional methods. The 378 
standard procedures are indicated, when specified by the authors, to allow a better comparison of 379 
the results. First, the flexural strength measured from bending test on 10 samples was 56.1 ± 11.3 380 
MPa. This result is comparable to those obtained for alumina cold-consolidated by binder jetting by 381 
Melcher et al. [30] (4-point flexural test) and by Cao et al. [23] (ISO 14704), given the similar 382 
average densification of the samples. Still, the mechanical performance is far below that of alumina 383 
obtained from conventional methods [47,48] (ASTM C 1211) or other additive manufacturing 384 
techniques such as fused-filament deposition or stereolithography [49,50] (ISO 14704). The low 385 
mechanical resistance is due to the presence of pores and flaws that locally amplify the applied 386 
stress, thus accelerating the mechanism of crack nucleation and propagation. In addition, it can be 387 
noticed that a memory effect of the division in layers is still present, as can be seen from the fracture 388 
surface in Figure 9. This also suggests that all printed components with residual internal porosity 389 
might have an anisotropic mechanical behaviour, according to the orientation of the printed layers.  390 
The Vickers hardness value measured on the section of sintered bodies is 1.95 ± 0.17 GPa, which is 391 
compatible with those obtained on sintered samples printed by binder jetting in other studies 392 
[19,23]. However, the result is about 10 times lower than for fully dense alumina [48] mainly due to 393 
the presence of extended porosity: the loading by the micro-indenter induces the collapse of the 394 
sub-surface voids, thus widening the indentation track and reducing the measured HV value. 395 
 396 
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  397 

Figure 7 SEM images of the fracture surface of the sintered components from A) cycle A and B) 398 
cycle B. 399 

  400 
Figure 8 Pictures of a bending test specimen (left) and more complex geometries (right) sintered 401 

with cycle B. 402 

  403 
Figure 9 SEM images of the fracture surface of a sintered specimen for bending test. 404 

4. Conclusions 405 

Binder jetting is a relatively recent additive process; however, it has the potential to expand the 406 
manufacturing of functional ceramics, which have numerous fields of application.  407 
In this study, our goal has been to improve the properties of alumina components obtained by 408 
binder jetting, while keeping the printing and post-printing processes as simple as possible, thus 409 
demonstrating the feasibility of this technique for industrial productions. Optimal powder size 410 
distribution has allowed to obtain extremely dense green bodies (61.2%), which have contributed to 411 
the achievement of the highest final sintered density (75.4%), as of authors knowledge, with a 412 
pressureless conventional sintering process of alumina produced by BJ. However, it must be noted 413 
that a decrease in density is observed when specimens dimensions are increased. In addition, the 414 
material has displayed good mechanical properties (FS = 56.1 MPa, HV = 1.95 GPa), considering the 415 
quite large residual internal porosity (about 40%). 416 
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Software simulations by LS algorithm and DEM model have proved to be a useful tool for the 417 
prediction of powder behaviour, although further improvements are required to correctly reproduce 418 
the flowability and packing of the material.  419 
Further improvements are still required for the full densification of manufacts produced with this 420 
technique, such as improvement of the powder packing (e.g. by introduction of a bimodal 421 
distribution), development of an automated depowdering process, optimization of the sintering 422 
process (possibly with a two-step cycle or microwave sintering [51]) or adoption of alternative 423 
treatments (as microwave or spark plasma sintering). 424 
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