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Abstract

Geometrically-complex and lightweight ceramic parts manufactured via 3D printing are prospective structures that 
seem to provide excellent thermal, wear and dielectric performance. In the present work, binder jetted parts based on 
synthetic lightweight ceramic hollow microspheres were manufactured and evaluated under di�erent testing conditions 
in order to characterize their mechanical performance. The resulting structures were assessed in terms of quasi-static 
�exural and compressive strength, and density. Furthermore, microscopy analyses highlighted the composition of the 
�nal structures and fracture mechanisms. The printed system mainly consisted of aluminum silicon dioxide, �y ash and 
traces of metal. The samples yielded similar strength as that achieved on conventional bulk-based 3D printed ceramic 
structures. It was observed that the strength of the printed microspheres increased by sintering the parts to near-fusion 
temperatures due to viscous �ow of material during sintering. The combination of the proposed process and feedstock 
represents an attractive manufacturing method for fabricating lightweight structures for applications like composite 
tooling molds, electromagnetic devices, and biomedical implants.

Keywords Additive manufacturing · Binder jetting · Microspheres · Ceramics · Lightweight ceramics

1 Introduction

Ceramics are attractive material systems employed in a 
diversity of industries given the unique mechanical, die-
lectric and thermal properties under corrosive, high tem-
perature and harsh environmental conditions [1, 2]. More 
speci�cally, lightweight ceramics are bene�cial for both 
the aerospace and automobile industries, in which weight 
reduction is paramount for fuel e�ciency. However, these 
industries simultaneously require durability, energy 
absorption, both thermal and acoustic insulation [1]. On 
the other hand, lightweight ceramic powders, used as 
feedstock in several additive manufacturing processes, are 
hard to process due to their low speci�c gravities and high 
melting points, particularly for geometrically-complex 3D 

printed ceramic structures [2]. Despite these challenges, 
signi�cant research is focused on exploring the simul-
taneous bene�ts of ceramic materials in the context of 
additive manufacturing [1, 3, 4]. All seven sub-processes 
of additive manufacturing as described by the ISO/ASTM 
F52900 standard [5] have demonstrated the fabrication of 
ceramic parts with varying degrees of success [6–18] and 
the remaining challenges are related in obtaining dense 
parts and avoiding cracking.

The most e�ective technologies used in additive manu-
facturing for producing ceramic parts is via binder jetting 
printing, stereolithography, material jetting and selective 
laser sintering [7, 18, 19]. All of these additive techniques 
use ceramic powder as the feedstock and are based on 
a similar building process where fabricating the printed 
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structure occurs in a layer-by-layer fashion according 
to a sliced CAD model. The manufacturing process of 
printed part is achieved by either selectively depositing 
a binder during the building process or using other direct 
sources of energy to fuse the powder with or without the 
requirement of post-processing sintering [19, 20]. Pro-
cessed ceramics are one of the interesting materials for 
industrial applications due to thermal stability. Among 
such materials, hollow microspherical powders with thin 
walls appear to represent an attractive ceramic systems 
for cast furniture, naval cements and gaskets [21]. In addi-
tion to their broad applications, the microspheres have a 
low density which represents a light mass in contrast to 
using solid ceramics powders. The cavity feature in these 
powders enables the 3D printing of lightweight ceram-
ics [22]. Ceramic Hollow Microspheres are primarily used 
as raw material, additives, coatings, abrasions, dispersing 
agents and �llers in masonry mixtures [1, 23–27]. Tao et al. 
[24] studied the mechanical behaviour of unimodal and 
bimodal Al ceramic-hollow microsphere syntactic foams 
that were produced via melt casting and concluded that 
the powders were a suitable choice for energy absorption 
applications. The usage of microspheres shows a higher 
strain on densi�cation. Additional studies have investi-
gated the high energy absorption capabilities of alumina 
hollow microspheres under ballistic conditions [28–30]. It 
was also seen that the strength and non-dependent strain 
bearing properties depend on the wall-thickness-to-diam-
eter ratios [29, 30] in which greater cavity diameters o�er 
better performance. It has also been demonstrated that 
ceramic hollow microspheres can be used as lightweight 
thin microwave absorbers by coating the printed ceramic 
structure with ferrites as well as with a conductive Co-Fe 
thin layer [4, 31]. The usage of Co-Fe �lm enables easy 
magnetization of ceramic particles. Fly Ash hollow spheres 
(FAHS) fabricated by stack-sintering and gel-casting tech-
niques have shown noticeable increase in compressive 
strength despite thin walls, highlighting the suitability of 
the material for applications such as thermal and acous-
tic insulators, �uid �lters and matrix foams [32]. Alumina 
based thin-walled hollow spheres were also investigated 
for applications in deep sea modules as these structures 
display a strong compressive performance accompanied 
with lightweight [33].

Alumina-silicate powders have been extensively stud-
ied for high density applications due to their exceptional 
properties in applications such as: electrical insulators, 
high frequency furnaces, turbine engine components, 
and infrared transparent windows [34–37]. These materi-
als have been 3D printed, and subsequently infiltrated 
with metals in order to form interpenetrating phase 
composites (IPC’s) [6, 38–40]. Spoerk et al. [41] used glass 
microspheres, which are essentially alumina-silicates, 

to enhance the interfacial adhesion and printability of 
polypropylene parts during the material extrusion print-
ing process resulting in an increased impact strength. 
Additional studies have demonstrated that adding small 
amounts of metal oxides such as titania, ferrous oxide 
and zirconia to aluminum-silicates can increase their 
mechanical properties as a result of dendritic growth [42, 
43]. The present work describes the mechanical proper-
ties of 3D printed hollow lightweight ceramic structures 
composed of alumina-silicate microspheres (see Fig. 1). 
The present study also provides a thermal and physical 
analysis of the hollow ceramic printed parts with the 
purpose of providing the foundation of fabricating com-
plex lightweight ceramic parts that can be employed in 
the automotive, aerospace, tooling and surface coating 
refractory industries.

This paper is outlined as follows: Sect. 1 presented 
the literature review on 3D printed ceramics. Section 2 
focuses on the printing technique and parameters used 
in this work, as well as on the description of the analytical 
techniques here used. Section 3 presents the experimen-
tal results and discussion of the thermal and mechanical 
performance of the investigated material. Included in 
this section, is the comparison of the studied 3D printed 
samples against other works based on either alternative 
3D printed ceramics or bulk samples produced through 
traditional manufacturing processes. Finally, the conclu-
sions of the study are presented in Sect. 4.

Fig. 1  Example of detailed lightweight and high-temperature 
printed parts based on hollow ceramic spheres
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2  Experimental methodology

2.1  Materials

Synthetic lightweight ceramic hollow microspherical 
powder from SphereOne, Inc. (Chattanooga, TN) with an 
average particle size of 75 microns was used in this work. 
The powder was described to provide �ame retardancy, 
refractory behavior, corrosion and abrasion resistance. The 
speci�c gravity of the powder was reported as 0.75 g/cm3 
and the bulk density 0.40 g/cm3. The initial XRF analysis on 
the as-received material showed that the spheres are com-
posed of oxides of aluminum (Al–32%), silicon (Si–42.5%) 
with trace amounts of  Fe2O3,  CaO2,  TiO2.

2.2  Manufacturing process

An ExOne Innovent + binder jetting printer was used in 
this work for printing the samples in the X, Y, Z directions 
following the ASTM 52921, as represented in Fig. 2. All 
samples were printed using a furan-based aqueous binder 
(#7100037CL, BA005, ExOne, PA) and using parameters: 
60% binder saturation with 5 mm/sec roller traverse speed, 
and 150 μm layer thickness aided by a drying time of 20 s. 
From the literature, near full density parts were obtained 
from 60% binder saturation and relatively lower traverse 
speeds and layer thickness of approximately double the 
particle size [44, 45]. Here, binder saturation is de�ned as 
the ratio of volume occupied by the binder to the volume 
of open pores in the powder [44]. Therefore, in this case 
60% of the void volume is occupied by the binder with the 
assumption of powder packing of 100%. The printed parts 
were initially cured (green state) in a conventional furnace 
for six hours at 180 °C for hardening the binder. Subse-
quently, the parts were post-processed in air at 1275 °C 

at a heating ramp rate of 7 °C/min and a dwelling time of 
30 min (sintered state). After the dwelling time, the sam-
ples were air cooled to room temperature. The purpose of 
investigating the green state was to establish a baseline 
on the physical and mechanical performance of the sin-
tered parts. Green parts are commonly characterized to 
evaluate the e�ect printing parameters such as tap density 
and binder saturation, which have a direct impact on the 
performance of sintered parts [46, 47].

2.3  Microstructural properties

The particle size distribution of the as-received micro-
spheres were characterized using a CILAS 1190 laser par-
ticle size analyzer. The density of the cured and sintered 
parts, as well as the shrinkage of the sintered samples 
was also investigated. The powder was tested with X-ray 
tomography to study the crystallinity of the material 
before and after printing on a Bruker Prospector CCD Dif-
fractometer, which includes a 40 kV X-ray source. In addi-
tion, the sintered and fractured parts were observed under 
a Keysight FE-SEM equipped with EDS to investigate their 
structure-performance relationship.

2.4  Mechanical and thermal characterization

Quasi-static mechanical testing of the sintered parts was 
carried out on a Universal Instron machine. The ASTM 
C1424 and C1161 were followed for determining the 
compressive and �exural strengths, respectively, by test-
ing four samples of each con�guration. The compression 
and �exural testing of the samples was implemented at a 
cross-head displacement rate of 0.5 mm/min. The fracture 
toughness of the parts was also analyzed on the aforemen-
tioned equipment at a strain rate of 0.5 mm/min using a 
three-point bending �xture following the ASTM C1421. 

Fig. 2  (a) Schematic diagram of parts printed in di�erent directions. (b) Green and sintered parts
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Here, the samples were polished with a 400 grit sandpa-
per to remove surface defects. A 0.005 mm thick blade 
was used to introduce a Single-edge-notch, resulting in a 
“a/w” ratio of 0.4 and a “g(a/W)” function of the ratio (a/W) 
reported to be 0.7. After introducing the notch, the sam-
ples were observed in a high magni�cation microscope 
to ensure a uniform notch without construction errors. 
Vickers Hardness was also carried out on the sintered sam-
ples using a United Vickers Hardness Testing System with 
10 kg force following the ASTM C1327. The samples were 
ground and polished to obtain a smooth surface for hard-
ness testing. Finally, a TA Instruments Q400EM was used to 
determine the Coe�cient of Thermal Expansion (CTE) for 
the sintered parts following the ASTM E831-06. The parts 
were subjected to a load of 0.2 N from a temperature of 
25 °C up to 500 °C with a ramp rate of 5 °C/min. An abrasive 
wear test on six sintered samples was also performed on a 
Struers Planopol grinder at 150 rpm, with an applied force 
of 10 N, using a 600 μm grit sized SiC grinding paper. The 
dimensions of the samples were examined at the 5, 15, 
30 and 60 min intervals to evaluate their degree of wear.

3  Results and discussion

The particle size analysis of the as-received material is 
shown in Fig. 3. It was observed that the spherical particles 
had an average diameter of 34.2 μm. Spherical morphol-
ogy, in conjunction with low speci�c gravity, are important 
features for enhancing the �owability of the particles dur-
ing the printing process [47]. Unlike other small sized pow-
ders, these spherical particles had a good spread-ability, 
which was bene�cial for printing complex parts. XRD anal-
ysis of the microspheres resulted in a composition based 
on 40.34% Alumina, 42.5% Silica, 6.2% Titanium Dioxide 
and traces of other metal oxides of K, Ca, Fe with 9.7% of 

crystallinity. It was also determined that the printed green 
parts had a density of 0.34 g/cm3, while the sintered parts 
yielded a density of 1.002 g/cm3; a value that is almost 3 
times higher than the observed on the green parts.

Shrinkage analysis was also performed on the printed 
parts after being sintered, and it was observed that the 
samples yielded 28.80, 26.72 and 32.48% of reduction in 
the X, Y and Z directions, respectively. The standard devia-
tion of the shrinkage was seen to be 1.99%, 3.73% and 
2.65% for X, Y and Z directions respectively. The larger 
degree of shrinkage in the Z-direction, can be associated 
to the spacing that is created by the powder-binder inter-
action, in such direction. Indeed, the two reasons that lead 
to porosity are (i) jetting of binder on the build powder 
surface, where powder is removed by a ballistic e�ect, and 
(ii) viscous �ow during the sintering process [48, 49]. A sim-
ilar behavior has been reported by Myers [50] and Parab 
et al. [50, 51] after sintering 3D printed  SiO2 parts. Myers 
in his work, observed the samples shrinked at least 13% 
in Z direction and 10% in X–Y surface when used powder 
of particle size 48 μm [50]. This shrinkage appears to be 
lower than the reported on the present work; however, the 
investigated spheres are hollow particles which resulted 
in a higher degree of shrinkage. Liravi et al. [52] showed 
that the shrinkage and porosity also depend on the speed 
of the roller and rheology of the binder on the powder 
surface. As smaller droplets from a medium viscous �uid 
can reduce the displacement of powder particles reduc-
ing porosity.

Figure 4a and b show  some degree of porosity in both 
green and sintered states. However, the sintered parts 
showed 9.6% less porosity than the samples in the green 
state. It has been reported that in powders like aluminum-
silicates with traces of metal oxides, the higher the sinter-
ing temperature (approaching the fusion temperature), 
the lower porosity, and the higher the strength achieved 

Fig. 3  Micrograph of the as-received microspheres and their particle size distribution
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on the system [43]. This reduction of porosity seems to 
be associated with the particle di�usion mechanism. It is 
interesting to note that the average particle size on the 
green and sintered state increased from 47.5 to 67.9 μm. 
These features were observed via SEM micrographs and 
quanti�ed using Image J. The observations revealed that 
smaller particles have di�used within large diameter par-
ticles (see Fig. 4). The sintered samples were then trans-
formed into grayscale images and analyzed through the 
MATLAB function “graythresh” using the “im2bw” com-
mand. The �nal output image was constituted by 1′s and 
0′s representing the solid and porous areas respectively 
[53]. Here, a default threshold value of 0.5 was used for the 
image conversion [53]. This analysis resulted in about 32% 
of porosity on the sintered parts. This modeling approach 
has been previously corroborated and validated by Kyle 
et al. [54], with a modeling error of 10% when predicting 
the mechanical performance of ceramic based materials.

XRD analysis of the sintered and green parts were also  
performed (see Fig. 5). From the �gure, it is observed that 
the sintered samples display an increased degree of crys-
tallinity to 15.1%, as a result of the annealing process. The 
composition of the sintered parts was 63.4% Alumina, 
27.5% Silica with carbon, titanium and potassium oxides 

forming the remaining 9%, and transforming from silli-
manite to mullite phase with an orthorhombic crystalline 
structure [55].

The samples for determining mechanical performance 
were printed in different directions while considering 
the shrinkage. Right angled cylinders of 12.5 × 12.5 mm 

Fig. 4  Micrographs of the 
printed ceramic spheres. (a) 
Green state. (b) Sintered state. 
(c) Magni�ed picture of the sin-
tered state showing a necking 
between large particles

Fig. 5  XRD graph of the green and sintered samples revealing 
increase in crystallinity on the sintered parts (XRD peaks in the sin-
tered state show higher intensity than in the green state)
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(height x diameter) for compressive testing and rectan-
gular bars of 40 × 6 × 5 mm (length x breadth x height) 
for flexural testing and 30 × 5 × 4 mm (length x breadth 
x height) for fracture toughness determination were 
printed. After sintering, the samples were tested for their 
compressive and flexural strength. The sintered parts 
resulted in a compressive strength 88% higher than the 
observed in their green state. Compressive strength in X, 
Y and Z directions yielded an average value of 29.7 MPa, 
with an overlapping on the error bars, suggesting no 
statistical difference across the printing directions (see 
Fig. 6a). The parts printed in the Y direction, showed the 
highest averaged compressive strength, which could be 
associated with stronger diffusion particles in the colum-
nar direction [56].

The �exural strength of the sintered samples yielded 
an average value of 9.9 MPa (see Fig. 6b). The flexural 
strength seemed to be 3 times lower than the compressive 
strength. This may be explained by the tensile loading on 
the bottom part of the specimens during the �exural test-
ing, weakening the sample and making it fail at an earlier 
loading stage. The strength here obtained appears to be 
comparable to those reported on sintered alumina and 
alumino-silicates [57, 58]. Myers et al. [50] reported a com-
pressive strength of 27.9 MPa for Silica samples printed via 
Binder Jetting printing. Castilho et al. [59] have shown sim-
ilar mechanical properties with strength higher in Y direc-
tion when compared to X and Z directions. This is because 
of the directionality introduced by the printing process. 
Although the samples undergo a homogenous sintering 
thermal treatment, the microporosity and the voids still 
remain in the part, but with reduced radius, the e�ects of 
print direction remain. Hence, the samples printed in the 
testing direction resulted in higher strength.

Following the compression and �exural testing, the 
fractured samples were analyzed on an SEM, and it was 
observed that parts displayed lack of plasticity, with most 
of the failure mechanism located along the di�used and 
larger spherical particles, as well as on some isolated 
hollow spheres (see Fig. 7). A similar failure mode was 
observed in the samples printed in X, Y and Z directions. It 
seems that mechanical strength of these lightweight struc-
tures was imparted by the sintering bonding. Indeed, once 
the maximum stresses exceeded the modulus of rupture, 
an unstable failure process took place along the samples.

The fracture toughness of the samples was evaluated 
following the ASTM 1421. Figure 8 shows that the samples 
printed in the X and Y direction resulted in the highest 
speci�c fracture toughness when compared to those parts 
printed in the Z direction. This could be due to the fact 
that fracture grows perpendicular to the layering printing 
process in the X and Y orientations, while in the Z- direc-
tion, the failure propagates parallel to the layering build-
ing sequence, which seems to be related to the weakest 
regions on 3D printed structures. The values presented in 
the X and Y printed direction are 30% lower than those 
reported on alumina foams composed of well packed 
macro/micro ceramic spheres [60]. These results suggest 
that the inclusion of smaller sphere particles should be 
incorporated during the printing process so these can �ll-
in the gaps left by the macro-spheres, reducing the outer 
porosity of the parts, with a probable increase on the frac-
ture toughness.

Hardness testing was also performed on the X–Y pol-
ished plane on the sintered samples (10 × 8 mm (diam-
eter x height)), and it was observed that these structures 
yielded a HV10 between 600 and 800 (see Fig. 9). This 
hardness value is 38.3% lower than that reported val-
ues in bulk mullite parts fabricated via slip casting [61]. 

Fig. 6  Mechanical properties of the printed and sintered hollow spheres. (a) Compressive Strength. (b) Flexural strength
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Figure 9 shows that standard deviation error bars over-
lap across the different printing orientations, suggesting 
that the HV10 difference is not statistically significant. 
The lower averaged hardness of the part printed in the 
Y and Z -directions is probably due to measurements 
next to a pit or a layering interface. Also, the large stand-
ard deviation in the X -direction could be influenced by 
the variations of porosity across the surface. Included 
in Fig. 9, is the Coefficient of Thermal Expansion (CTE) 
of the printed samples (6 × 5 × 6 mm (length x breadth 
x height)), which shows small variation across the dif-
ferent printing directions, suggesting that the sintered 
process appeared to have yielded a quasi-static thermal 
profile. Harrison et al. [62] have shown similar results on 
Invar printed in different directions. It is reported that 
there was no marked difference among different print 

Fig. 7  SEM micrograph of fractured samples showing fracture along the sintered spherical particles

Fig. 8  Speci�c fracture toughness of the sintered parts printed in di�erent directions along with the schematic diagrams of the printing 
directions

Fig. 9  Hardness and CTE values of the samples in di�erent print 
directions
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directions and the smaller disparity was explained by 
bulk anisotropy. In this work a slightly higher CTE was 
observed in Z direction, and it could be accounted for 
the heterogeneous distribution of particles. From Fig. 9, 
it is observed an averaged CTE value 4.8 ×  10–6  C−1, a 
value that suggests that these materials could be used 
as promising structures for composite tooling applica-
tions [63].

Parts printed in Z-direction were subjected to an abra-
sive test, and the height and volume loss was recorded 
at 5, 15, 30 and 60 min intervals starting with cylindri-
cal samples of 12.6 mm high (see Fig. 10). The amount 
of material removed during the first 5 min was greater 
than the recorded after 30 or 60 min of abrasion. The 
initial material lost during the testing process could be 
associated with loosely packed particles at the surface or 
near the surface. After 1 h of abrasion the samples seem 
to have lost around 1 mm of material, which represents 
about 8% of volume lost and reached a plateau. The 
wear factor was evaluated using the following equation: 
K = W/(LF), where W is the wear mass loss in mg, L is the 
sliding distance in m, which was 5666 m for this study, 
and F, the applied load in N [64]. It was found that after 
60 min of abrasion, the wear factor was 0.0022 mg/mN, 
a value that is about 5 times higher than the reported on 
mullite coatings [64]. However, it is worth mentioning 
that the applied loads by Vishwanath and Vijayarangan 
[64] on the mullite coating were 3 to 10 times lower than 
those used in the present research work. These results 
seem to be attractive for applications such as  rotor 
brakes, where hardness, wear and lightweight features 
are critical aspects for an enhanced performance.

4  Conclusions

The mechanical and thermal properties of hollow micro 
spherical particles printed via Binder Jetting have been 
investigated. The free flowing powder with low specific 
gravity allows a successful printing process of complex 
structures via BinderJetting. An averaged 27.2% of 
shrinkage was observed during post processing of these 
microspherical specimens. The work has highlighted sev-
eral attributes to the proposed feedstock mechanism in 
obtaining strong structural components. The samples 
printed in this work reported an average compressive 
strength of 29.7 MPa, a flexural strength of 9.9 MPa and 
a fracture toughness of about 0.237 MPa  m1/2.

1. The potential of 3D printing complex and lightweight 
structures capable of withstanding relatively high 
mechanical stresses, with the benefit of corrosion 
resistance. The investigated system can be an alter-
nate material for current ceramic structures where 
lightweight features in conjunction with mechanical 
performance is required. Some speci�c applications 
include armor strike faces, coatings for re-entry vehi-
cles, machine tools spindles, forming tools and for 
epoxy in�ltrations.

2. A low coefficient of thermal expansion has been 
recorded on the investigated 3D printed material. On 
average, a CTE of 4.83 ×  10–6 ˚C−1 has been observed 
in all directions. This CTE clearly suggests a potential 
application in the composite tooling �eld, durable 
structures, low CTE, and fast leading times are attrac-
tive traits. Current tooling composite molds have a CTE 
about 18 ×  10–6 ˚C−1, a value 3.72 times higher than the 
reported on the investigated system.

3. The wear performance here reported, appeared to 
have yielded similar values to those recorded on alu-
mina coating. However, the hardness of the investi-
gated system seems to need to be improved in order 
to compete with those displayed by bulk ceramics. On 
the other hand, it is worth mentioning that the light-
weight trait of these 3D printed hollow spheres is an 
attractive trade especially in the automotive sector in 
applications such as rotor brakes.

The present study has provided the thermal and 
mechanical platform of 3D printed parts based on hol-
low alumina-silicate microspheres. It is expected that 
this kind of materials can be used as the complex light-
weight components in the automotive, aerospace, tool-
ing and surface coating refractory sectors.

The future studies are concentrated on printing 
complex structural lattices based on spatially graded Fig. 10  Abrasive wear observed on parts printed in Z-direction 

after subjecting to wear at di�erent times
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configurations and their transformation into Interpen-
etrated Ceramic composites using a reaction metal pen-
etration technology. We expect this upcoming study can 
provide outstanding mechanical performance, especially 
for impact and wear applications.
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