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A B S T R A C T   

Additive manufacturing techniques have gone beyond their reputation for rapid prototype production and are 
increasingly adopted for the manufacture of functional components comprising high-end materials and intricate 
lattice structures. Silicon nitride, renowned for its exceptional mechanical properties and thermal stability, has 
emerged as a promising candidate for lightweight structural applications. Nonetheless, its high refractive index 
and density have limited the fabrication of highly complex structures using extrusion and photopolymerization 
based techniques. In this work, a highly reactive silicon nitride-based ink with high solid loading is developed for 
the fabrication of ultra-lightweight, truss-based structures. By employing a robot UV-assisted direct ink writing 
process, it is possible to control the printing head orientation, thus overcoming the limited curing depth of silicon 
nitride-based inks. The failure behavior of the sintered lattice beam structures under 4-point bending loading has 
been modeled by applying a linear elastic fracture mechanics (LEFM) based approach to the results of finite 
element (FE) simulations.   

1. Introduction 

Truss-based structures are known for their excellent strength-weight 
ratio and are an integral part of various engineering applications; in fact, 
their lattice-like framework offers exceptional specific mechanical per-
formance while minimizing material usage, making them ideal for 
lightweight design solutions in aerospace, automotive and structural 
engineering [1–3]. 

Traditionally, the fabrication of truss-based structures has posed 
significant challenges, particularly when employing conventional 
manufacturing methods such as subtractive or formative manufacturing 
methodologies. Specifically, subtractive methods comprehend all 
controlled machining processes that are able to shape a solid block of 
material by removing parts of it through grinding, cutting or drilling [4]. 
On the other hand, formative techniques include all those processes 
which are based on the application of a mechanical stress (i.e., 
compression, tension or shear) able to cause the deformation of the 
material into the desired shape (i.e., casting, molding) [4]. Thanks to 
their well-established procedures, subtractive and formative techniques 

have been widely employed for the shaping of different materials (i.e., 
polymers, ceramics, metals) with relative low costs and large production 
volumes [5]. Yet, the fabrication of complex shapes, fine features and/or 
intricate geometries is restricted by the technologies themselves: tools 
employed by the subtractive techniques are limited in the allowed 
movements and tool wear, while a significant amount of material is 
being wasted in the process; formative ones requires for the precise 
optimization of the molds design and their filling [5,6]. Another po-
tential approach to fabricate truss-based structures which overcome 
such limitations is represented by the assembling of individual truss 
elements to construct the desired structure [7]. While this approach 
offers advantages in terms of design flexibility, low cost and rapid 
throughput scalable production, it also presents challenges. The fabri-
cation process can be time-consuming, particularly for intricate designs, 
and may require the development of automated processes through ro-
botic arms to expedite production for the trusses disposition. Addition-
ally, optimizing the connection joints between truss elements is essential 
to ensure structural integrity and mechanical performance [8]. 

The rapid development of additive manufacturing (AM) technologies 
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has revolutionized the production of complex geometries, offering 
unparalleled design freedom and efficiency [9]. Indeed, contrary to 
subtractive and formative methods, AM technologies are based on the 
fabrication of the desired object by the layer-wise addition of the 
selected material without need of molds or tools. Nonetheless, the spe-
cific printing process requirements and the layer-by-layer approach of 
traditional AM techniques have been limiting their unique advantages in 
terms of design freedom and especially of the achievable surface quality: 
due to the introduction of interfaces between successive layers, the 
structural integrity and mechanical performance can be compromised, 
especially under load-bearing conditions. 

With these premises, AM technologies able to overcome the layer-by- 
layer method would represent the best solution in order to control the 
orientation of the trusses and promote a better load performance of the 
lattices [10]. A promising approach resides in the combination of two or 
more AM technologies in a single hybrid manufacturing technique: by 
exploiting the so called “1 + 1 = 3” effect, the advantages associated to 
each of the coupled methodologies are exploited, their related draw-
backs overcome, and novel capabilities can be unlocked [11]. An 
example is the UV-assisted Direct Ink Writing (UV-DIW) process, which 
is a concurrent, assisted hybrid process where a photocurable suspen-
sion is extruded through a nozzle and consequently cured by an external 
UV source. Our previous works [10,12] demonstrated that proper 
optimization of the ink reactivity and the use of a 6-axis robot arm allow 
to deposit the material along the direction of the trusses, hence fabri-
cating freeform stretch-dominated structures with enhanced mechanical 
properties. 

In this context, the use of technical ceramics holds a significant 
promise for the fabrication of high-performance truss-based structures. 
Silicon nitride, for example, is a non-oxide ceramic material of particular 
interest for structural applications. It has excellent hardness, strength, 
and thermomechanical properties, as well as chemical inertness, wear 
resistance, and both thermal and electrical insulation properties 
[13,14]. Moreover, compared to other advanced ceramics such as 
alumina and zirconia, it possesses a lower density and a lower thermal 
expansion coefficient. Therefore, it is particularly used in machining and 
bearing applications, automotive engines parts, aerospace components 
and medical devices [15–17]. Several AM techniques have been pro-
posed for the fabrication of silicon nitride components [18], including 
Selective Laser Sintering (SLS), Fused Filament Fabrication (FFF), Direct 
Ink Writing (DIW) and Digital Light Processing (DLP) [19–22]. None-
theless, the high density and weak Coulomb repulsion forces charac-
terizing the Si3N4 powders limit its dispersion both in slurries [23,24] 
and thermoplastic matrices [25], thus making processes such as DIW, 
DLP and FFF rather complex. In addition, the strict rheological re-
quirements and the limitations in producing suspended features and/or 
severe overhangs with DIW and FFF restrict the range of printable 
shapes to either bulky monoliths or thin-walled structures (i.e., scaf-
folds, honeycombs) [26,27]. While DLP could represent the best alter-
native in terms of printing resolution [28], the light-particle interaction 
plays a major role – due to the high refractive index possessed by Si3N4 – 
as it hinders light penetration and activation of the photocurable moi-
eties, leading to exceedingly long exposure times to guarantee adequate 
bonding between the cured layers [22,23]. 

Here we explore the fabrication of ultra-lightweight silicon nitride 
truss-based structures via robot UV-assisted direct ink writing. Despite 
its potential, the current state of the art has not fully harnessed the ca-
pabilities of the UV-DIW hybrid system, particularly for the fabrication 
of technical ceramic components. This research seeks to extend the 
hybrid AM approach to silicon nitride, whose challenging features could 
offer the opportunity to further validate and optimize the UV-DIW 
approach. To this aim, a photocurable suspension containing 50 vol% 
of silicon nitride is obtained by modifying the particles surface and 
selecting a high-functional acrylate. The freeform ability of the ink is 
confirmed by analyzing the ink rheology and curing behavior, ulti-
mately confirming that truss-based structures can be fabricated despite 

the limited curing depth of Si3N4. After having experimentally tested the 
sintered lattice beam structures under 4-point bending loading, the 
failure behavior and maximum loads have been estimated by applying a 
linear elastic fracture mechanics (LEFM) based approach to the results of 
finite element (FE) simulations. The LEFM approach consists in a com-
bination of the averaged Strain Energy Density (SED) [29], which is 
particularly suitable when dealing with the static failure of brittle ma-
terials, with the Peak Stress Method (PSM) [30,31], which is a rapid, FE 
based method to estimate the parameters of the local, singular stress 
fields. 

2. Materials and methods 

2.1. Particles surface modification 

The silicon nitride powder was supplied by Kyocera Fineceramics 
Precision GmbH (Germany) and consisted of Si3N4 particles with Al2O3 
and Y2O3 as sintering aids (Figure SI 1 (a)). The particle surface was 
modified to decrease the overall viscosity of the ink and increase powder 
dispersion. Therefore, 6.3 wt% of the powder mixture was firstly 
dispersed in water with 1 wt% of an amino alcohol-based cationic 
dispersant (Dolapix A88, Zschimmer & Schwarz, Germany) and 1 wt% 
of 3-glycidyloxypropyl trimethoxy silane (Dynasylan® GLYMO, Evonik, 
Germany); weight amounts are calculated with respect to the solid 
content. To allow for the absorption of the silane agent onto the particle 
surface, the slurry was mixed by ball milling at 1800 rpm for 15 min and 
the procedure was repeated for a total of 15 cycles. After drying at 80 ◦C 
for 20 h, the powder was manually pestled to break down any ag-
glomerates that might have formed. Finally, the surface-modified silicon 
nitride powder was sieved (< 90 µm). 

2.2. Ink preparation and characterization 

The ink results from the addition of the surface modified Si3N4 
powders to a mixture of trimethylolpropane triacrylate (TMPTA, Sigma 
Aldrich, Germany), i.e., the photopolymer, and 2-phenoxyethanol (POE, 
TCI Chemicals, Japan), i.e., the solvent; due to the wavelength of the UV 
LEDs and to its radicals forming efficiency, bis (2, 4, 6-trimethyl 
benzoyl)-phenyl phosphine oxide (Omnirad 819, IGM Resins, 
Netherlands) was selected as the photoinitiator and later added into the 
mixture. The ink composition is listed in Table 1. 

To promote better homogenization and dispersion of the solid par-
ticles into the liquid mixture, the required amounts of the two Si3N4 
powder size ranges distributed following the Bolomey equation (see 
Supporting data), were added in a stepwise process (36 – 75 µm and 75 – 
90 µm, in sequence). Each step was followed by a mixing step of 4 min at 
2000 rpm using a centrifugal mixer (DAC 250.4 VAC-P LR, Hauschild 
SpeedMixer®, Germany), and ABS balls with a diameter of 6 mm were 
introduced into the container during the mixing step to further facilitate 
the dispersion of the solid particles and prevent their agglomeration. 

The obtained ink was then stored under dark conditions and added to 
a syringe. Prior to printing, a defoaming step at 2200 rpm for 5 min 
(ARE-250, THINKY, Japan) was performed to release the air entrapped 
during the syringe loading procedure, thus preventing discontinuity of 
ink extrusion during printing. 

The rheological behavior of the ink was analyzed using a rotational 
rheometer (Kinexus Lab+; Netzsch, Germany). The instrument was 

Table 1 
Silicon-nitride-based ink composition.  

Reagent Relative amount [vol%] 

Si3N4 functionalized powders  49.6 
TMPTA  37.3 
POE  12.4 
Omnirad 819  0.7  
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equipped with a 40 mm plate-plate geometry and a gap of 0.7 mm; 
measurements of shear stress and viscosity were performed over a shear 
rate range of 0.1 to 150 s− 1. For photo-rheological characterization, a 
UV-plate system accessory (KNX5007, Netzsch, Germany) with a 40 mW 
cm 2 UV lamp was used. The analysis employed an 8 mm parallel plate 
geometry and a gap of 0.5 mm. A three-interval thixotropy test (3ITT) 
was conducted to monitor shear viscosity evolution: (i) 0.5 % strain for 
30 s at 1 Hz, (ii) 100 s− 1 shear rate for 30 s, and (iii) 0.5 % strain for 5 
min at 1 Hz. During the last step, the UV light was switched on for 1 s at 
varying light intensities (70 mW cm− 2, 150 mW cm− 2 and 270 mW 
cm− 2). 

The UV light intensity was measured using a UV power meter console 
(PM400, Thorlabs Inc., USA) coupled with a photodiode power sensor 
(S120VC, Thorlabs Inc., USA). 

A micrometer screw gauge was used to determine the curing depth of 
the suspension and the thickness of the cured section of ink droplets 
irradiated by the UV-LEDs at varying exposure times (with the light 
intensity fixed at 70 mW cm− 2) or varying light intensities (at 1 s and 5 
s). The corresponding energy densities were calculated as the product of 
light intensity and exposure time. 

2.3. UV-DIW setup and printing process 

The UV-DIW printing setup consists of a dispensing unit – comprising 
of an extruder (vipro-HEAD 3, ViscoTec Pumps and Dosing Technology 
GmbH, Germany) and a UV-blocking nozzle tip (interior Ø 0.84 mm, 
Vieweg GmbH, Germany) – installed as the end-effector on a 6-axis in-
dustrial robot (RV-4FRL-D, Mitsubishi Electric Corporation, Japan), 
using an aluminum support. A syringe barrel (30 cc, Vieweg GmbH, 
Germany) containing the material, under a gas pressure of 2 bar, was 
connected to the dispensing unit and fed into the extruder. 

To allow for the rapid curing of the photocurable ink exiting from the 
nozzle during printing, the dispensing unit was equipped with an array 
of 15 UV diodes (UV5TZ-400–15, Bivar Inc., USA) attached to a custom 
printed circuit board (PCB), with an intensity of 70 mW cm− 2, measured 
at a wavelength of 400 nm, at the point of extrusion. Such UV-LED di-
odes are evenly distributed around the nozzle tip using a custom 3D 
printed add-on (Figure SI 3). 

An extensive description of the system architecture is presented in 
our previously published work [10] and summarized in the Supporting 
data (UV-DIW setup). Specifically, the fabrication of components 
through the UV-DIW setup is enabled through the use of a custom 
graphical user interface (GUI) that allows simultaneous control of the 
robot movements and switching operations related to the extruder and 
UV-LEDs using the robot software RT Toolbox 3 (Mitsubishi Electric 
Corporation, Japan) and a PLC (EK1100, Beckhoff Automation GmbH & 
Co. KG, Germany) with its modules (for the extruder and UV-LEDs 
respectively, EL7370 and EL2808, Beckhoff Automation GmbH & Co. 
KG, Germany). 

2.4. Heating treatments 

To remove the organic phase and achieve complete densification, all 
samples were debinded at 560 ◦C for 1 h in air and then sintered at 
1780 ◦C with a holding time of 2.5 h in a nitrogen atmosphere. For both 
thermal treatments, custom-made furnaces from FCT Systeme GmbH 
(Germany) were used. 

2.5. Samples characterization 

A comparison between the printed samples and the starting CAD 
model was performed measuring the thickness and inclination of hori-
zontal, vertical and diagonal beams from optical stereomicroscopy im-
ages (AxioCam ERc 5 s Microscope Camera, Carl Zeiss Microscopy, 
Oberkochen, Germany) using a Java-based image processing program 
(ImageJ, NIH, USA) [32]. The images were collected from 12 different 

lattice structures, for a total of 36 beams analyzed. The cross section of 
the printed filaments was also observed. 

Thermogravimetry analysis (TGA/DSC 3 +, Mettler-Toledo S.p.A., 
Italy) on printed (extruded and cured) filaments was carried out in static 
atmospheric air from room temperature to 900 ◦C, with a heating rate of 
10 ◦C min− 1. 

The bulk and apparent densities of the components were calculated 
according to the Archimedes principle by using an analytical electronic 
balance having a resolution of 0.1 mg (Sartorius 1801, Sartorius GmbH 
Göttingen, Germany). The values were obtained from measuring 23 
different sample weights under dry and immersed conditions, using 
distilled water as liquid medium [33]. 

The sintered components were observed by scanning electron mi-
croscopy (TESCAN SOLARIS, TESCAN, Czech Republic) at 5 keV and 
magnifications of 15000X and 72500X. 

X-ray diffraction analysis (Bruker AXS D8 Advance, Bruker Corp., 
Italy) was performed on the silicon nitride powder and on the sintered 
samples. The voltage and current settings of the diffractometer were set 
to 40 KV and 40 mA, respectively. The scan angle ranged from 10◦ to 80◦

with a scan speed of 1 scan s− 1 and step size of 0.05◦. 
The mechanical properties of the sintered lattice beam structures 

were tested in a 4-point bending test using a universal testing machine 
(Schenck Trebel, Darmstadt, Germany) with a crosshead speed of 0.7 
mm/min until the failure of the sample. Load-deformation curves have 
been obtained considering the relative movement of the loading pins in 
the vertical direction, starting upon contact between the pins and the 
specimens, detected at a minimum load of 5 N. 

A total of 11 samples were tested; their fracture load was registered 
and then processed to calculate the flexural strength; the variability of 
flexural strength was analyzed using the two-parameter Weibull distri-
bution [34]. 

2.6. Linear elastic fracture mechanics (LEFM) based approach combined 
with finite element structural simulations to estimate the experimental 
fracture loads 

The fracture load of the sintered lattice beam structures under 4- 
point bending loading was estimated by applying a linear elastic frac-
ture mechanics (LEFM) based approach and compared with those 
derived from experimental tests. To this aim, 4-point bending tests of the 
lattice beam structures were simulated by adopting the Ansys® Me-
chanical Finite Element (FE) code. An isotropic, linear elastic material 
behavior, having E = 300000 MPa and ν = 0.3 (i.e., typical for silicon 
nitride), was given as input to Ansys® FE code. 

The ideal CAD geometry of the lattice beam structures, which was 
updated to account for the final dimensions after sintering, was 
analyzed; moreover, also the pins of the 4-point bending fixture were 
included in the FE model to properly simulate the load transfer to the 
lattice structure. A 3D, tetrahedral, 10-node, SOLID 187 finite element 
was adopted to discretize the lattice beam structures; while, a 3D, brick, 
20-node, SOLID 186 was used for the pins. 

Following the LEFM-based approach provided in the Supporting 
data, the maximum element size which can be adopted to generate the 
mesh pattern is dmax = a/3 = 0.2 mm, with a being the beam diameter 
which equals 0.6 mm. Therefore, for comparison purposes two different 
element size d were adopted to generate the mesh pattern, i.e., d = 0.1 
mm and 0.2 mm (shown in Figure SI 5) for which a maximum opening 
peak stress σpeak = 622 MPa and 454 MPa, respectively, is expected at 
failure according to equation (SI 1). Afterwards, the boundary condi-
tions were applied as sketched in Figure SI 6, where:  

• the remote displacement Uy was applied to the surface of the upper 
pins; 

• the surfaces of the lower pins were fully constrained, i.e., displace-
ments Ux, Uy and Uz were set to zero; 
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• frictionless contact surfaces were defined between the upper pins 
and the neighboring beams as well as the lower pins and the 
neighboring beams. 

Then, the FE model was solved. After the solution, the load applied to 
the lattice structure was calculated as the reaction force Ry generated at 
the lower fixed pins. The applied displacement Uy was iteratively 
modified until the maximum principal stress σpeak, calculated at the 
critical point of the structure was coincident with that derived from 
equation (SI 6) for the relevant element size d. The corresponding re-
action force Ry was defined as the numerically estimated failure load 
compared with the experimental ones. 

3. Results and discussion 

3.1. Ink design, printing and freeform ability 

As previously described, the printing process of the UV-DIW tech-
nique is based on the extrusion of a photocurable ink. Specifically, for 
the work presented here, the ideal feedstock is represented by a well- 
dispersed suspension of silicon nitride particles; it should possess a 
shear thinning behavior, even at high particle loading, thus ensuring a 
stable flow through the nozzle at moderate shear rates during printing; 
at the same time, it should reacts rapidly upon irradiation and retain the 
extruded shape [35,36]. 

According to the power law model, the rheological behavior of a non- 
Newtonian fluid can be described according to: 

σ = Kγn (1)  

where σ and γ represent the shear stress and shear rate, while K and n are 
respectively the consistency index and the power law index of the fluid 
equation [37]. Fig. 1 shows the viscosity and shear stress profile of the 
silicon nitride-based ink: by interpolation with (1) it is possible to obtain 
characteristic values of K = 2.6 ± 0.3 Pa sn and n = 0.11 ± 0.01 (R2 =

0.99), thus indicating an ink possessing a significant shear-thinning 
behavior (i.e., n < 1), well aligned with the process requirements. 

The rapid consolidation of the ink, however, depends on the pho-
topolymerization of the polymer network, which usually consists of a 
mixture of acrylate monomers and/or oligomers with photoinitiators. 

The reactivity of the photocurable part is correlated to the critical 
light energy dose required to start the polymerization reaction, which 
directly influences the curing depth of the ink. This effect can be 
described by considering the relationship proposed by Griffith and 

Halloran based on the Beer-Lambert law [38]: 

Cd α d
ϕ

1
Q

ln
(

E0

Ec

)

(2)  

where the curing depth (Cd) of a loaded photocurable suspension is 
proportional to the average particle size (d) and the exposure energy 
dose (E0), while it is inversely proportional to the volume fraction of the 
ceramic particles (ϕ), the critical energy (Ec) and the scattering ability of 
the suspension (Q). As the acrylate mixture represents the main solvent 
in which the ceramic particles are suspended, Q represents the refractive 
index (RI) difference between the ceramic particles and the photoc-
urable phase (Q α Δn2 = (nceramic – nsolution)2). From equation (2), since 
adequate solid loadings are necessary to readily sinter dense ceramics, it 
follows that high penetration depths can be achieved only by fine 
matching the RI of the reagents. In addition to that, a limited mismatch 
of the RI is also associated to a good dispersion of the particles in the 
solvent phase. In fact, the Van der Walls forces which govern the 
attraction between two identical particles [39] can be expressed as: 

FVdW =
− Aa
6πh

,with A = f
(

ε2,Δn2) and ε = f(n) (3)  

where ε is the dielectric constant and n the refractive index. When 
particles and medium matches their refractive indexes, both terms of A 
become negligible, thus minimizing the Van der Walls attraction forces; 
hence, as a minimum in free energy at the equilibrium thickness is 
reached, particles agglomeration is avoided and so is a dramatic increase 
in the ink viscosity [40,41]. However, it should be considered that the 
tuning of the RI mismatch of silicon nitride-based inks is not trivial: due 
to the higher RI value possessed by Si3N4 with respect to the one of 
acrylates (i.e., nSi3N4 = 2.03 and nacrylates = 1.46), the curing depth is 
negatively affected by Q. In addition to that, it should be noted that, due 
to their grey color, silicon nitride particles have also a large absorbance 
value, thus negatively affecting the curing behavior [42]. 

Starting from such considerations, the ink design strategy followed 
two different routes. On one hand, TMPTA was selected as the photoc-
urable phase: due to its high functionality, its curing mechanism can 
more easily compete against the absorption of the light by the dark Si3N4 
particles, thus promoting the creation of a strong polymer network in the 
ink upon curing [43,44]. On the other hand, a silane coupling agent was 
introduced in the starting suspension, which is adsorbed on the surface 
of silicon nitride particles and keeps them separate through steric hin-
drance. Indeed, Liu et al. [22], demonstrated that Dynasylan® GLYMO 
decreases the overall viscosity of the Si3N4 based ink by increasing the 
particles dispersion thanks to the chemical adsorption of the silane agent 
onto the particle surfaces. Covering the surface of Si3N4 particles with 
silanol groups results also in an enhanced curing depth thanks to the 
tweaking of the refractive index (GLYMO has a RI of 1.43): as reported 
by Huang et al. [45], a similar effect could be also achieved by oxidation 
of the silicon nitride powders, thus forming an amorphous SiO2 layer on 
the surface. Finally, POE was added to the ink as non-photocurable 
solvent: thanks to its hydroxyl group, it acts as a solvation agent by 
interacting with the OH groups covering the surface of the modified 
Si3N4 powders, thus facilitating the dispersion of silicon nitride particles 
[40]. This strategy allowed to maximize the silicon nitride content in the 
ink up to 50 vol% (corresponding to 73.9 wt%) while preserving ho-
mogeneity and UV reactivity. Such value is significantly higher 
compared to other previously published works on the vat photo-
polymerization (i.e., 40 vol% [46]) and UV-DIW (i.e., 50 wt% [47]) of 
silicon nitride-based components, and is expected to increase the final 
density of the components after sintering. 

Fig. 2 (a) reports the experimental values of curing depth of this ink 
as function of the exposure time using a light intensity of I = 70 mW 
cm− 2. Most literature on the DLP of Si3N4 components reports really 
poor curing depths caused by the RI mismatch, limiting the printability 
[23,43,48]; the values measured in our work are about 5–40 % higher Fig. 1. Viscosity and shear rate profile as a function of shear rate with inter-

polation by the power law model. 
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when compared to other inks with similar Si3N4 volume concentrations 
[23,47,49]. Indeed, this can be attributed to the introduction of GLYMO: 
while on one end the polymer chain is adsorbed on the particle surface, 
on the other chain end the epoxy group reacts with the acrylate, creating 
a bridge that lowers the Q parameter in (3), consequently increasing the 
curing depth [22]. As expected, an increased curing time result in an 
increased cured thickness; however, two distinct plateaus in the curing 
depth are detected – 60 µm for t < 1 s and 100 µm for t > 5 s –, suggesting 
a non-linear correlation and thus limiting the use of the Jacobs equation 
typically employed for predicting the characteristic curing values for the 
ink (i.e., critical energy dose and penetration depth) [50]. Similar ob-
servations were reported by Shen et al. [51], Li et al. [52] and Chartier 
et al. [53], which attributed such plateaus to a secondary monomer-to- 
polymer conversion process promoted by the light scattering. Specif-
ically, they suggest that even if the UV light does not penetrate below a 
certain depth, further exposure of the cured layer can lead to a decaying 
of the light which extends the polymerization to the un-cured part of the 
ink [54]. The phenomenon depends not only on the amount of un- 
reacted monomers present underneath the polymerized layer, but 
especially on the energy dose. This was verified by measuring the evo-
lution of the curing depth as a function of the light intensity for two 
different exposure times. As shown in Fig. 2 (b), a higher curing depth 
(150 µm) compared to the ones previously reported could be reached 
only after 5 s of exposure at 270 mW cm− 2; such high intensity values 
can be difficult to replicate during the printing process from the hard-
ware setup point of view. 

The viscosity behavior of the Si3N4 ink upon curing was assessed 
using the three intervals thixotropy test (3ITT), which mimics the 
different phases occurring during the printing process. Specifically, they 
correspond to (i) the ink being at rest inside the syringe, before extru-
sion, (ii) the extrusion of the ink through the nozzle tip, and (iii) the ink 
after extrusion once the applied force is removed. In Fig. 3 the 3ITT test 
is reported for two different scenarios, being (i) a conventional DIW 
printing process with no UV light (black dots), and (ii) the hybrid UV- 
DIW printing process, with the UV lamp being switched on for 1 s and 
set at three different light intensities, 70 mW cm− 2, 150 mW cm− 2 and 
270 mW cm− 2 (red, blue and green dots, respectively). As shown in 
Fig. 3, if the UV light is not switched on during the third interval, the ink 
shows a strong thixotropic tendency by slowly recovering its initial 
viscosity value (~103 Pa s) only after 40 s. This behavior is consistent 
with the one conventionally reported for DIW inks [55] and it is prob-
ably linked to the high solid fraction (i.e., 50 vol%) and to the liquid- 
particle interactions. When the UV light is switched on, the viscosity 
profile gradually increases as the light intensity increases: since the 
exposure time was kept constant, the higher the UV intensity, the 
quicker the energy dose overcomes the critical energy required for the 

polymerization [54]. Nonetheless, the initial viscosity of the ink is 
reached and exceeded almost instantly for all tested UV intensities, thus 
suggesting that a UV LEDs array with an intensity of 70 mW cm− 2 is 
enough to ensure the freeform ability of the system. 

The development of a silicon nitride ink suitable for the UV-DIW 
technology serves to further validate one of the main advantages of 
this hybrid process, i.e., a limited influence of the RI mismatch and of the 
curing depth on the freeform ability of the technology. In fact, as re-
ported in our previous works, low transmittance and low curing depth of 
the ink do not significantly influence the free-standing ability of the 
process [10,35]. Indeed, the hybrid UV-DIW technique does not require 
a full cure of the extruded filament in order to guarantee its shape 
retention; the polymerization of the outer skin does suffice. 

3.2. Lattices fabrication and characterization 

With the aim to investigate the mechanical properties of the lattices 
through flexural testing, a beam structure was designed with dimensions 
(after sintering and consequent volumetric shrinkage measured from 
sintered samples from preliminary tests) according to the normative EN 
843–1:2006 [56]. The structure was designed with a zig-zag pattern 
(Fig. 4 (a)) similar to what proposed by Warren et al. for the construction 

Fig. 2. Curing depth of the silicon nitride ink as a function of (a) exposure energy density (logarithmic scale) and (b) UV light intensity; 1 s (blue line, triangles) and 
5 s (red line, circles). 

Fig. 3. Three intervals thixotropy test (3ITT) on the Si3N4-based ink with 
different UV exposure intensities. 
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of suspended truss-made bridges [57]. Its nominal dimensions were 80 x 
8 x 8 mm3 (l x h x w) with an overall porosity of 91 % and resulted from 
the repetition of BCC unit cells (h x w) – alternatively mirrored along the 
beam length direction – with a strut thickness of 0.84 mm, corre-
sponding to a theoretical aspect ratio ν of 0.105 (ν = Φ/h). 

Fig. 4 (b) shows a lattice beam after printing and consisting of 58 
different trusses, each of which was printed at 0.7 mm s− 1 (v) and with 
an orientation of the printing head with respect to the vertical direction 
of 25◦ (α). The relatively low printing speed was selected in order to 
assure the fast increase of the ink rigidity through the printing process, 
thus allowing for the fabrication of all the different support-less features 
composing the beam structure (i.e., 90◦, 0◦ and 45◦ inclined trusses with 
respect to the vertical direction) [58]. As per the head orientation, 
despite the high degree of freedom offered by the robot arm, it was not 
possible to perfectly match it with the truss axes, as it would have 
resulted in its collision with either the rest of the printed structure or the 
building plate [10]. 

Fig. 4 shows a good resemblance of the as-printed structure with the 
CAD model: the measured truss thickness is 0.87 ± 0.04 mm, while the 
angle formed by the inclined trusses is 45.4 ± 0.6◦, thus confirming an 

adequate matching between the printing speed, ink flow rate and curing 
rate. 

Fig. 5 reports the cross-section of 3 trusses printed (extruded and 
cured) at different inclinations, i.e., 90◦, 0◦ and 45◦ (Fig. 5 (a-c)). As 
expected, while freeform ability was demonstrated, all cross-sections 
reveal the presence of an outer skin with a thickness that corresponds 
to the measured curing depth. Moreover, differences in the cured 
thickness can be detected, suggesting a non-uniform irradiation of the 
filaments during printing; the phenomenon is particularly visible in the 
case of the horizontally inclined trusses (i.e., 90◦, Fig. 5 (a)). Indeed, this 
is the result of the constant orientation of the printing head with respect 
to the vertical direction (i.e., α = 25◦) and, additionally, on the top-down 
projection of the UV light emitted by the diodes: since the printing head 
cannot rotate upside-down, the upper part of the filament (i.e., referred 
to the half of the cylindrical surface of the extruded filament closer to the 
UV diodes) will be constantly irradiated through the printing path, while 
the curing degree of the other half of the filament surface (hereafter 
referred to as bottom) will depend on the angular distance between the 
truss axis and the printing head. In particular, the higher the angle, the 
farther away will be the UV light with respect to the bottom surface of 

Fig. 4. Comparison between (a) CAD model, (b) as-printed and (c) sintered truss-made beam.  
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the filament and, consequently, the less homogeneously cured will be its 
cross-section. 

Indeed, a similar result has been also recently discussed by Clarkson 
et al. [47]: by using a 3-axis UV-DIW printing setup and following a 
planar printing path, the curing depth on the bottom of the filament will 
be lower compared to the one on the top due to the high angular distance 
(i.e., 90◦). Similarly to what described there, the horizontally inclined 
trusses reported in this work shows a differential curing between top and 
bottom of the filament cross-section (as highlighted in Fig. 5 (a)), while 
the vertical and 45◦ inclined trusses present an outer skin with a uniform 
thickness, as the angular distance is reduced (i.e., 65◦, 25◦ and 20◦ for 
the horizontal, vertical and inclined trusses, respectively). Despite such 
non-uniform thickness, the successful fabrication of the truss-beam 
demonstrates that the curing depth is not a limiting factor for the UV- 
DIW technique, but it is rather the rapid reaction of the ink to UV 
light exposure that constitutes the critical parameter (Fig. 3). 

3.3. Heating treatment and mechanical behavior 

After printing, debinding and sintering treatments were performed to 
remove the organic phase (TMPTA, POE) and reach complete densifi-
cation. As is well known, the post treatment of green samples is the most 
critical step in the fabrication of ceramic components starting from 
photocurable suspensions [59,60]. The TGA curve of the silicon nitride 
ink was taken as a reference to optimize the heating profile (Figure SI 7). 
As confirmed by the peaks in the derivative curve, the total weight loss 
(25.8 %) of the sample occurs in three steps: the first peak at 160 ◦C 
corresponds to the evaporation of POE, while the further loss in weight 
(~16 %) can be attributed to the condensation of the silanol groups of 
GLYMO (370 ◦C) and to the almost complete removal of TMPTA, which 
presents a 96 wt% loss at 450 ◦C) [61,62]. The resulting ceramic yield 
(74.2 wt%) is close to the theoretical one (74.7 wt%) and corresponds to 
the initial amount of silicon nitride (73.9 wt%) plus the carbonaceous 
yield of TMPTA (0.8 wt%, i.e., 4 wt% of the initial amount of acrylate). 

Fig. 4 (c) shows that the sample retained a good shape after the heat 
treatment, indicating that the removal of the organics and sintering did 
not lead to sagging or distortions of the beam structure. 

Density and open porosity of the component were calculated ac-
cording to the Archimedes principle; the values are reported in Table 2. 
The measured apparent density is of 3.05 ± 0.05 g cm− 3, which corre-
sponds to a relative density of 95 % with respect to typical values for 
silicon nitride (i.e., 3.2 g cm− 3). This can be attributed to the limited 
curing depth of the silicon nitride ink highlighted in the previous section 

and showed in Fig. 5 (a-c): only a small fraction of filament cross-section 
actually cures during the printing process, thus leaving the core part of 
the truss still with un-reacted monomers. During the debinding step, the 
residual photoinitiator can act as a thermal initiator, thus leading to 
polymerization of the residual monomers in the core part of the truss 
[60]. In this way, additional heat is generated (the reaction is 
exothermic), causing a local increase in the temperature and the sub-
sequent higher decomposition rate of the inner part with respect to the 
outer shell. As a result, the gases from the degradation of the monomers 
remain partially blocked inside the cured skin, leading to enclosed po-
rosities which cannot later be completely eliminated during sintering. 
This was further confirmed by analyzing the cross-section of sintered 
filaments through SEM analysis: as reported in Fig. 6 (a), a discrete 
gradient of porosity is visible by moving from the (dense) skin of the 
filament to the (more porous) center, thus proving the inhibited gas 
release in the un-cured part. 

Additionally, differences between the bulk and apparent density 
(Table 2) suggest the presence of open porosity. This was confirmed by 
analyzing the surface around the nodes of the structure. As shown in 
Fig. 6 (b), cracks formed in different parts of the structure, particularly 
in correspondence of the connection points between trusses. Indeed, this 
could be associated to the densification process during the sintering 
phase: since the geometry is constrained, the stresses generated during 
the sintering step and shrinkage of the sample will create a differential 
stress status between the nodes and the trusses, thus leading to the 
cracks. Moreover, it should be pointed out that Si3N4 particles and the 
glassy phase formed by the sintering aids (i.e., Al2O3 and Y2O3) repre-
sent the main contribution to the final ceramic yield; in this sense, no 
additional source is able to compensate for the high volumetric 
shrinkage (i.e., 49.1 ± 7.8 %), thus leading way to the formation of 
defects. A possible solution to this problem could be the one proposed by 
Clarkson et al. [47], which introduced a carbon-rich SiC forming pre-
ceramic polymer in a silicon nitride suspension: thanks to its excellent 
ceramic conversion, lower shrinkage (17.6 – 27.9 % assuming isotropic 
shrinkage [47]) and higher ceramic yield can be reached, ultimately 

Fig. 5. Cross-section of different (extruded and cured) trusses of the beam structure: (a) horizontal, (b) vertical, (c) inclined (45◦); for all reported pictures, the z axis 
is parallel to the cross-section and pointing upwards. Graphical representation of the differential curing during printing (d). 

Table 2 
Density, porosity, mass loss, and shrinkage of sintered silicon nitride 
components.  

Bulk density 
(g cm− 3) 

Apparent density 
(g cm− 3) 

Mass loss 
(%) 

Volumetric shrinkage 
(%) 

2.97 ± 0.08 3.05 ± 0.05 27.8 ± 2.4 49.1 ± 7.8  
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resulting in a 99 % relative density after sintering. 
The XRD profile of the sintered sample reported in Figure SI 1 (b) 

shows the presence of β-Si3N4, Y2O3 and Al2O3 phases, resulting from the 
precipitation and dissolution of the α-phase in a glassy matrix filled with 
acicular grains [63]. The sintering process of silicon nitride is a viscous- 
sintering process which is driven by the presence and reaction between 
the sintering aids (i.e., yttrium and alumina oxides) with the silicon 
oxide present on the surface of the silicon nitride particles [64]. Such 
interaction creates a liquid phase which coats the β-Si3N4 grains and 
remains as secondary phase after sintering, as confirmed by the SEM 
image shown in Fig. 7. 

Once sintered (Fig. 4 (c)), lattice-beams were subjected to 4-point 
bending test. Samples having cross-section were placed on two sup-
porting pins equally distanced (L/4, with L = 40 mm) from two loading 
pins which were moved down at a constant rate of 0.7 mm min− 1 until 
failure of the sample. 

The measured fracture load (F) can be described through the Weibull 
distribution (4), which represents the probability density function for 
strength variables: 

f
(

F
F0

)

=
m
F0

(
F
F0

)m− 1

exp
[

−

(
F
F0

)m ]

(4)  

Where m is the Weibull modulus and F0 is a normalizing parameter. 
Through the linear-regression method [65] it is possible to plot the 

fracture load values as a function of their probability of failure (P), thus 

Fig. 6. SEM images of (a) the cross-section of a sintered filament (with black arrows pointing to pores between the skin and core of the filament) and, (b) the 
connection point between a horizontal and an inclined truss (with blue arrows pointing to cracks at the connection points between struts); the position of the building 
plate, the printing direction and the interface between the bottom and inclined trusses are highlighted. 

Fig. 7. SEM images of the surface of a sintered filament at 15000 X (left) and 72500 X (right).  

Fig. 8. Weibull graph from bending test performed on 11 lattice 
beams samples. 
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obtaining the graph shown in Fig. 8, which reports the statistical dis-
tribution of the measured failure load of 11 different samples. By fitting 
of a linear curve, it is possible to estimate m (i.e., slope of the curve) and 
F0 – instead, representing the characteristic failure load – which is the y- 
intercept at P = 63.2 %, thus obtaining characteristic values of m = 2.5 
± 0.2 and F = 18.4 ± 0.7 N (R2 = 0.95). As the Weibull modulus is a 
measure of the mechanical reliability of the tested specimens, high 
values (i.e., m ~ 20) should be preferred, thus indicating a narrow de-
fects size population [66]. Nonetheless, as previously reported, the dif-
ferences associated with printing deviations from the CAD file, the 
presence of closed pores from air/gas pockets (Fig. 5) and/or cracks in 
correspondence of the connection points (Fig. 7) all make the distribu-
tion of defects quite wide and non-homogeneous, resulting in significant 
variance in the critical load and final deformation of the samples (see 
Figure SI 4). Moreover, as demonstrated by Keles et al. [67], low values 
of m (i.e., m < 10) are generally expected for highly porous (i.e., > 50 %) 
ceramics – as the lattice beams here investigated. 

3.4. Results of the FE simulations and the application of a LEFM-based 
approach 

Fig. 9 shows the total deformation of the lattice structure subjected to 
4-point bending loading, as calculated by solving the FE model defined 
in Figure SI 6. As expected, the lattice structure mainly deforms due to 
bending loading in the XY plane; moreover, Fig. 9 highlights that the 
bending deformation on the XY plane provokes a bending deformation 
also on XZ plane due to the anisotropy of the unit cell of the lattice 
structure. 

Fig. 10 (a, b) shows the plot of the maximum principal stress derived 
by solving the FE model having element size d = 0.2 mm. The zoom 
highlights the critical location at one node of the structure, where the 
singular maximum principal stress is σ11,max = σpeak = 458 MPa, which is 
approximately equal to 454 MPa derived from equation (SI 6). The 
corresponding reaction force Ry is equal to 42.57 N, which has been 
defined as the numerically estimated failure load. It is worth high-
lighting that such critical location of the peak stress is consistent with 
the experimental result, as reported in Fig. 10 (c). 

The same procedure has been repeated also for the FE model having 
element size d = 0.1 mm: a singular maximum principal stress σ11,max =

σpeak = 619 MPa, which is approximately equal to 622 MPa derived from 
equation (SI 6), has been calculated at one node of the structure when 
the corresponding reaction force Ry resulted equal to 36.33 N. By 
considering that the parameter K*

FE in equation (SI 6) assumes a constant 
value but with a deviation of ± 15 %, it can be concluded that the 
numerically estimated failure loads are:  

• 42.57 N ± 15 %, which means between 36.18 N and 48.96 N, for the 
case d = 0.2 mm;  

• 36.33 N ± 15 %, which means between 30.88 N and 41.78 N, for the 
case d = 0.1 mm. 

The ranges of failure loads have an overlapping region; therefore the 
convergence of the results is confirmed and the average failure load can 
be estimated in (36.18 + 41.78)/2 = 39 N. Such result is higher than the 
average failure load derived from the experimental tests, being equal to 
F = 18.4 N according to Weibull’s analysis. However, this can be justi-
fied by the fact that the FE model represents the ideal geometry of the 
lattice beam structure, in terms of shape and local dimensions, thus not 
accounting for (i) the limited curing depth (see Fig. 5), (ii) the defects 
introduced by the printing method, such as discontinuities in the truss 
shape (i.e., enlarged extremities), interfaces and air gaps on nodes, as 
observed in Fig. 6, and, (iii) distortions of the beam structures due to 
thermal induced stresses; all of them being detrimental for the strength 
of the lattice structure. 

4. Conclusions 

The research presented in this paper demonstrates the successful 
formulation of a silicon nitride-based ink suitable for the UV-DIW 
technique, possessing a shear-thinning behavior and rapid consolida-
tion upon UV irradiation. Increased dispersion of the particles was 
reached thanks to the optimization of particles size distribution and the 
introduction of a silane compound to act as steric agent, thus maxi-
mizing the packing density of the system. Albeit the high refractive 
index of silicon nitride makes it hardly printable via vat- 
photopolymerization techniques, the poor curing depth did not 
compromise the fabrication of freeform geometries; this further 
demonstrated that the UV-DIW technology is able to effectively over-
come the light-particle interaction issue, thus enabling the fabrication of 
complex and ultra-lightweight truss-based structures with high fidelity. 
Nevertheless, the limited curing depth could not be fully overcome, thus 
resulting in the presence of some closed pores and cracks upon thermal 
treatment, negatively affecting the final mechanical properties of the 
sintered structures. From such perspectives, different approaches could 
be considered to overcome these issues. The first would require the 
additional optimization of the ink design: the introduction of preceramic 
precursors or the further modification of the silicon nitride particle 
surface (i.e., by oxidation) could allow the reduction of the refractive 
index mismatch and achieve a higher density of the sintered structures 
[47]. Contextually, employing a different curing mechanism could be 
beneficial to prevent the generation of cracks. Dual-curing, for example, 
combines two polymerization processes in one formulation, activated 
either simultaneously or sequentially using UV light and temperature, 

Fig. 9. Total deformation of the lattice structure calculated by solving the FE model of Figure SI 5.  
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thus allowing for the homogeneous curing of the whole truss section and 
avoiding the generation of differential decomposition rates [68]. 
Another way to overcome the high absorption of UV light of ceramics is 
the use of a near-infrared (NIR) irradiation system coupled with up- 
conversion particles (UCPs): upon irradiation at NIR wavelengths, 
excited UCPs emit UV–visible fluorescence, thus acting as internal light 
sources inside of the ink and allowing its rapid curing [69]. It should be 
noted, though, that UCPs require a high energy dose to be activated, i.e., 
high power lasers far more expensive and less compact than the UV-LED 
diodes employed in this work should be used. 

Mechanical testing and finite element simulations provided insights 
into the structural integrity and load-bearing capacity of the printed 
structures. Another reason for the low failure load obtained from the 
experimental tests, which is taken into account by the FE simulations, is 
due to the combination of the external load with a non-symmetric 
structure with respect to XY plane (see Fig. 9). In fact, bending defor-
mation on XY plane provokes bending deformation also on XZ plane due 
to the anisotropy of the unit cell of the truss-based structure. From this 
perspective, the design of a symmetric lattice is expected to increase the 
experimental as well as the numerical failure load, since it will remove 
the coupled bending deformation on the XZ plane. For this aim, the FE 
simulations coupled with the LEFM-based approach will be helpful in 
the optimization of the lattice structure design. 

Moving forward, addressing challenges related to ink composition, 
curing depth uniformity, and post-processing-induced defects will be 
crucial for enhancing the mechanical performance of printed structures 
and unlocking the full potential of this AM approach in fabricating 
complex and high-performance ceramic components for diverse engi-
neering applications especially as lightweight structures for harsh en-
vironments (i.e., supports for MEMS mirrors or other aerospace 
equipment). 
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