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Abstract: Polymer-infiltrated ceramic network (PICN) materials have gained considerable attention
as tooth-restorative materials due to their mechanical compatibility with human teeth, especially with
computer-aided design and computer-aided manufacturing (CAD/CAM) technologies. However, the
designed geometry affects the mechanical properties of PICN materials. This study aims to study the
relationship between manufacturing geometry and mechanical properties. In doing so, zirconia-based
PICN materials with different geometries were fabricated using a direct ink-writing process, followed
by copolymer infiltration. Comprehensive analyses of the microstructure and structural properties
of zirconia scaffolds, as well as PICN materials, were performed. The mechanical properties were
assessed through compression testing and digital image correlation analysis. The results revealed
that the compression strength of PICN pieces was significantly higher than the respective zirconia
scaffolds without polymer infiltration. In addition, two geometries (C-grid 0 and C-grid 45) have the
highest mechanical performance.

Keywords: direct ink writing; yttria-stabilized zirconia; polymer-infiltrated ceramic network; manu-
facturing design; mechanical properties

1. Introduction

Additive manufacturing (AM), or 3D printing, is the process of joining materials to fab-
ricate objects from 3D model data, usually layer by layer, which is distinct from machining,
casting, and forming [1]. It is a well-established and suitable technology for constructing
restorative materials, particularly following the significant advances in computer-aided
design and computer-aided manufacturing (CAD/CAM) technologies [2]. AM allows
dental pieces to have shape complexity while reducing waste material and capital costs for
fabrication. To date, there are several AM techniques, such as fused deposition modeling [3],
stereolithography [4,5], binder jetting [6,7], selective laser sintering [8,9], and direct ink
writing (DIW) [10,11]. Among these, the DIW technique, an extrusion-based AM method,
is a simple, adaptable, and economical approach appropriate for patterning and depositing
various materials. This approach has been widely used to develop dental prostheses, dental
models, and temporary crowns [12,13].
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At present, 3D-printable ceramic restorations have been implemented in dentistry
due to their excellent biocompatibility, aesthetics, and mechanical properties [2]. Zirconia,
especially doped with 3 mol.% yttria, has emerged as the primary material for 3D-printable
ceramics in the application of prosthetic fields, including crowns, bridges, endodontic posts
and cores, abutments, and dental implants [14,15]. However, there are still clear limitations
of the material that prevent its use as a one-piece biomedical prosthesis, such as its high
brittleness and hardness, which is incompatible with enamel and dentin [16].

Aiming to overcome this drawback and design restorations with an actual tooth-
like function, polymer-infiltrated ceramic network (PICN) materials have been recently
developed [17]. PICNs have a dual-network structure comprising a ceramic skeleton and
infiltrated resin phase, generally fabricated by infiltrating the polymerizable monomers
into the pre-sintered ceramic skeleton and curing by heat-induced polymerization [2,18,19].
PICNs were expected to have a good combination of strength, ceramics esthetics, and
polymers’ machinability.

Zirconia is considered a promising ceramic matrix for PICN material. The mechanical
properties of zirconia-based PICNs, such as hardness and Young’s modulus, are similar
to human enamel [20,21]. Zirconia-based PICNs have potential applications in tooth-
restorative materials. Ikemoto et al. [21] fabricated zirconia-based PICN networks for
dental restorative materials via slip casting. The results highlighted that a zirconia-based
PICN displayed higher strength than commercial resin composites and PICN. Hodasova
et al. [10,22] prepared 3D-printable PICNs by combining 3D-printed ZrO, with 50% infilled
macropores and biocompatible adhesive copolymer for dental implants. These PICNs
possessed excellent compression strength with moderate hardness. On the other hand, it is
found that the final performance of PICN materials is affected by the properties of a porous
ceramic matrix, which is, in turn, is influenced by the geometry of the printed parts [23-25].
It means that altering the geometry can leverage specific properties of the matrix for better
performance, which is crucial in tailoring PICNs for particular applications. To the best of
our knowledge, there are no reports on the impacts of the manufacturing design of zirconia
scaffolds on the mechanical properties of zirconia-based PICNs.

In this work, 3Y-ZrO, powder was used to fabricate PICN scaffolds with different
geometries infiltrated by a biocompatible polymer. The aim was to evaluate the effect of
manufacturing design on the structural and mechanical properties of PICNs. Six different
geometries have been designed. The resulting microstructures and mechanical properties
have been investigated. PICNs’ behavior under compressive testing in conjunction with
digital image correlation (DIC) analysis was detailed. They were linked to the nature and
characteristics of defects within the samples. Accordingly, the influence of such defects on
the mechanical properties was discussed in detail.

2. Materials and Methods
2.1. Materials

Zirconia powder stabilized with 3 mol% yttria (3Y-ZrO;) was purchased from Tosoh
Corporation (TZ-3YSB-E, Tosoh, Japan). Table 1 shows the manufacturing values of
3Y-ZrO, from Tosoh Inc. (Tokyo, Japan) [26]. Pluronic® F-127, 3-(trimethoxysilyl)
propyl methacrylate (y-MPS), bisphenol A glycerolate dimethacrylate (Bis-GMA), (tri-
ethylene glycol dimethacrylate) (TEGDMA), and benzoyl peroxide (BPO) were all sup-
plied by Sigma-Aldrich (Madrid, Spain). All chemicals were used as received without
further purification.
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Preparation of PICN DIW of zirconia scaffold

3Y-ZrO, powder

Table 1. The properties of starting 3Y-ZrO, powder.

Typical Properties 3Y-ZrO,
Particle size (nm) 90
Specific surface area (m?2/ g) 7+2
Density pt (g/ cm®) 6.05
Bending strength ! (MPa) 1200
Hardness 2 (HV 10) 1250

1 Three-point bending test. 2 Applied load of 98.07 N.

2.2. Preparation of Zirconia-Based PICN

Zirconia-based PICNs were fabricated via direct ink writing of zirconia scaffolds,
followed by a polymer-infiltration process. The details of each step are as follows.

2.2.1. Preparation of Zirconia Scaffolds via Direct Ink Writing Method

The detailed procedure for scaffold preparation has been recently reported in our
previous work [25]. Figure 1 presents the principle of printing zirconia scaffolds via DIW.
First, Pluronic® F-127 hydrogel was prepared from 25 wt.% Pluronic® F-127 powder and
75 wt.% distilled water. Once the mixture was prepared, it was subsequently cooled
down at 4 °C for 24 h to dissipate the defects as air bubbles induced during the mixing
process. Afterward, 3Y-ZrO, powder (73 wt.%) was mixed with hydrogel (27 wt.%) using a
SpeedMixer (DAC a50.1 FVZ-k) at 3500 rpm for 5 min. The optimal ceramic content here
was obtained elsewhere [27]. The prepared inks were then transferred into plastic syringes
(10 cc) with a nozzle diameter of 840 um (EFD, Nordson, OH, USA).

Pluronic® F-127 solution

Ceramicink DIW process Sintering process Sintered sample

Sintered zirconia 7y - MPS solution Bis-GMA/TEGDMA Curing process PICN

(1h/RT) (1h/RT) 115 °C (10h)

Figure 1. Schematic diagram of direct ink writing of scaffolds and preparation of PICNs.

Zirconia scaffolds with the desired geometry (based on 3D digital models) were then
continued to be printed using a DIW prototype (Fundacié CIM-UPC, Barcelona, Spain).
The printing process was performed at room temperature. The parameters selected to
fabricate the samples, printing speed, and pressure were 2 mm/s and 4-6 Bar, respectively.
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3D
Models

Infill pattern

C-rectilinear

Rectilinear

The printed samples were left in a closed box for 5 days with a relative humidity of
50%. Then, a two-step sintering process (700 °C for 1 h and 1450 °C for 2 h) was performed,
and sintered zirconia scaffolds were obtained. Heating and cooling rates were held constant
at 3 °C/min.

In the present work, six sets of samples were considered to evaluate microstructural
and mechanical properties and be able to investigate geometry effects on microstructural
features and mechanical properties. They were named based on geometry: cube (C),
cylinder (CY), or hexagon (H), followed by its infill pattern, Figure 2. Samples with 100%
infill were also produced to compare with the porosity ones. In this regard, samples with
100% infill and different printing geometries were prepared, named C-100%, CY-100%, and
H-100%, respectively.

C-grid 45

C-concentric

Archimedean

Concentric

Chords

Triangles

Dimensions

(mm)

15x15x9.1

1.5x1.5x9.1

1.5x1.5x9.1

1.5x1.5x9.1

1.5x1.5x9.1

1.5x17.3x9.1

Infill density

35%

70%

70%

40%

50%

60%

Fill angle

0°

0°

45°

30°

Layer thickness|
(mm)

0.76

0.76

0.76

0.67

0.67

0.76

Figure 2. Three-dimensional models of samples shaped by DIW with different manufacturing
designs.

2.2.2. Preparation of the Polymer-Infiltrated Ceramic Networks

The preparation of PICNs was performed in two different steps, as reported in [22]. In
the first one, the 3D-printed porous scaffolds were treated with y-MPS solution (24 mmol
of liquid silane in 100 mL of 3:1 ethanol-water volume ratio) for 1 h to active the zirconia
surface with the silane coupling agent. In the second step, the silane-activated pieces were
immersed in a viscous solution (39.5 wt.% of Bis-GMA, 59.5 wt.% of TEGDMA monomers,
and 1 wt.% of BPO initiator) for 1 h, followed by the removal of the solution. The prepared
hybrid system was placed in a vacuum oven in an aluminum foil-covered glass Petri dish
to complete the curing process at 115 °C for 10 h, Figure 1.

2.3. Characterization

The 3Y-ZrO, powder and grain size were characterized through field-emission scan-
ning electron microscopy (FESEM, Carl Zeiss Neon 40, Oberkochen, Germany). The
scanning was performed at 5 kV. Thermal etching was employed on the sintered samples
at 1300 °C for 1 h to analyze the grain size. The linear intercept method was applied to
ascertain the grain size number distribution.

Crystalline structures of the 3Y-ZrO, powder and sintered samples were identified
by X-ray diffraction (XRD, Bruker D8 Advance Diffractometer, Billerica, MA, USA), using
Cu Ko radiation (40 kV and 40 mA) within the 26 range from 10° to 90° with an angular
step of 0.02° at 10 s per step. The monoclinic phase content (V;;) was calculated using
the equations provided in Ref. [28], while Debye-Scherrer’s formula was employed to
determine the crystallite size [29].

Dimensions of sintered samples were measured using a digital caliper along three
perpendicular axes. The x and y axes were parallel to the printing plane, and the z-axis
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was perpendicular to the printing direction. The shrinkage rate (S) in each direction was

calculated according to:

Lo— L
0

where Ly and L; are the sizes of the original 3D model (from SolidWorks 2016) and the
sintered samples, respectively.
Density was evaluated based on the Archimedes method in distilled water, whereas the
density of zirconia powder was taken from the manufacturer’s specifications (6.05 g/cm?).
The scaffolds porosity (Pscaffo14) was determined through the division of the scaffolds’
weight (1,5 7014) by the theoretical weight of a scaffold with 100% infill (meoreticar), as
follows [10]:

S(O/o) = x 100% (1)

Mseaf fold >
P, =(1————— | x100% 2
scaf fold < Miheoretical ( )
Mtheoretical = £ X Vscaffold 3)

where p is the density of material (6.05 g/cm?) and V, ffold is the volume of scaffold,
obtained from the dimensions of the sample. Five measurements per sample were made to
get statistical significance.

The pore distribution of zirconia 3D-printed scaffolds was assessed by optical mi-
croscopy using an Olympus BX53M (Shinjuku, Tokyo, Japan).

The structure and overall architecture of 3D-printed zirconia scaffolds were analyzed
with an X-ray computed microtomography (micro-CT, SkyScan 1272, Bruker, Kontich,
Belgium). The measurements were conducted at a source voltage of 100 keV and a current
of 100 pA, with a pixel size of 4.6 um. Three-dimensional (3D) reconstruction and image
analysis were received from Nrecon (version 1.7.0.4) and CTAn software (1.16.9.0) from
Bruker, respectively.

The polymer Infiltration (I) into the pores was derived from the following equation:

1= [ PICN_ ) o 100 = MpICN x 100 4)
MpICN(T) PPICN(E) X VPICN

where mpjcy is the weight of PICN composite, mpjcn(r) is the theoretical weight of PICN
specimen with 100% pores infiltrated, ppjcn () is the density of PICN composite, and
Vpicn is the volume of PICN, figured out from the dimension data. pp;cn(p) was estimated
from Equation (5):

P, Id Pscafold
PPICN(E) = <1 - Scfgj(;o > X Pzirconia + ( Si{gg ) X PCopolymer (5)

where pzirconia and Pcoporymer are the density of zirconia (6.05 g/ cm?) and copolymer
(1.18 g/cm?), respectively.

Compression tests of printed scaffolds and PICNs were conducted using an Instron
8500 universal testing machine under a load rate of 20 N/s. The samples were compressed
in the direction of layer-by-layer growth. A digital image correlation (DIC) system was
utilized to record compression experiments and obtain the deformation information. As a
non-contact measurement method, DIC examines the entire-field deformation over the side
surface of the samples by capturing images with a digital camera during load conditions.
It begins with an initial image before loading and subsequently captures additional ones
during the object’s deformation. The deformed pictures display a different pattern dot
than the first one. With computer software, these differences between patterns can be
calculated by correlating all the pixels of the first image and the deformed images. Then,
the surface displacement and strain field can be created [30-32]. This is an established
approach [33,34] and has been incorporated for the analysis of various materials’ behavior
(e.g., composites [35], aluminum foams [36], mild steels [37], and porous ceramics [38]).
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Before the test, samples were covered by white paint, followed by black speckles for image
analysis. Failure behavior under compression pressure was recorded in real time by a
camera (Basler acA2440-75 um) at a speed of 2 frames each second. Vic 2D software (version
6, Correlated Solutions Inc., Irmo, SC, USA) was used to acquire displacements and strains.
The area of interest was divided into 25 x 25 pixel subsets, with each subset having a step
size of 7 pixels. In this work, the high-stress areas and crack propagation were recorded in
real time until the sample cracked or until a maximum applied force of 10 kN was reached.

3. Results and Discussion
3.1. Microstructural Characterization

The suitability of zirconia particles for direct ink writing mainly relies on several
powder properties, including powder particle size and morphology [24]. In Figure 3, the
morphology of 3Y-ZrO, powder was compared to that achieved after the printing and
sintering processes. The zirconia powder was found to have a spherical morphology, Fig-
ure 3a. A particle size distribution histogram was determined and showed that the average
size of zirconia powder was around 33.90 £ 13.62 um, Figure 3b. This was in contrast with
the supplier’s size value, which indicated particles deriving from agglomeration. In this
work, nozzles with an adequate diameter (840 um) were used to prevent clogging and
blockage during printing. A representative SEM micrograph of microstructures, taken from
the polished and thermally etched printed samples, is shown in Figure 3c. The average
grain size was approximately 300 nm, which was consistent with the data reported in the
literature [22]. No pores were visualized, implying that the microstructure is not expected
to alter the copolymer infiltration of macropores.

~33.90:13.62um

00— 1 Y 1 f 1
20 30 40 50 60 70 80
Diameter (um)

300+£102nm

o

100 200 300 400 500 600
Grain size (nm)

Figure 3. (a) SEM micrograph of 3Y-ZrO, powder; (b) Particle size distribution histogram from the
SEM image; (c) SEM micrograph of sintered zirconia sample; (d) Grain size distribution obtained
from image (c).

It is widely acknowledged that the tetragonal phase is more mechanically stable
than the monoclinic and cubic phases. The phase transformation can be active by aging,
hydration, and high temperature [39,40]. Detailed XRD analysis was performed for the
as-received powder and printed samples; the results are given in Figure 4. The monoclinic
phase can be identified at 28.1° and 31.2°, corresponding to the (111)y, and (111)y,, and the
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tetragonal phase was identified for (101); at 30.1°, which correlated to those of the Joint
Committee on Powder Diffraction Standards for tetragonal (t-ZrO,; JCPDS #50-1089) and
monoclinic (m-ZrO,; JCPDS #37-1484) zirconia. The analysis revealed that 3Y-ZrO, powder
comprised both tetragonal and monoclinic phases at a volume content of 68% and 32%,
respectively, Table 2. After the sintering process, the tetragonal phase was predominant
(around 100%), whereas the monoclinic one markedly decreased [41]. Moreover, the peak
(101) remained unboarded, implying that there was no presence of other phases (such as
the rhombohedral one) [42].

Additionally, the crystallite size growth of the tetragonal crystalline domains within
the polycrystalline material has been observed after the sintering process (30 nm for zirconia
powder and 48 nm for the sintered sample, respectively). This can be attributed to the
rearrangement of monoclinic nanocrystallites to form the tetragonal phase.

Table 2. Phase composition and crystalline size for 3Y-ZrO, powder and sintered samples.

Phase Vx (%) 20 (°) B (rad) cos (0) D (nm)
Tetragonal ~68 30 0.005 0.965 30
Powder  Nonoclinic  ~32 28 0.006 097 2
Sintered Tetragonal ~100 30 0.003 0.966 48
samples Monoclinic - - - - -
whd
=
o -
=] ¥~ t
-~ —~
No
(=4
A. S
=
© =
8 e E = 3Y-ZrO, Powder
- — ° -
0 = T lom+t J\ m +t
..°=3 e
o t-ZrO, PDF# 50-1089
1l || Il 1 |
m-ZrO, PDF# 37-1484
|II T ‘ hll I|.. I IIII I." 1 ||| el T :
20 30 40 50 60 70 80
20 (deg.)

Figure 4. XRD spectra of zirconia powder and 3D—printed zirconia scaffold. t: tetragonal ZrO,, m:
monoclinic ZrO, phases.

3.2. Characterization of Zirconia Scaffolds
3.2.1. Structure Characterization

Three-dimensional-printed scaffolds with controlled dimensions and hollow structures
were successfully developed by direct ink writing after the optimization of the printer
trials, Figure 5. All samples displayed a well-defined architecture, indicating the six
structures’ reliable printability. Parallel printed filaments were still preserved in all cases.
The overlapped filaments had a good interpenetration, which was ideally deposited layer-
by-layer. This was further confirmed by tomography characterization, which will be
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discussed later. However, it is important to point out that the filaments were not completely
straight, especially for C-rectilinear ones, indicating they can deform slightly under their
weight before drying. In addition, there was excessive material at each direction reversal of
the roads, which was the defects caused by the printing process.

#

imama> f‘-.'i.f
“sEemmmEn s ENEe
TEEEES (Fewemwel
asEEEnRnN sseewd
TaEEm- i senenel
. YT LA RN

Figure 5. Top view of the sintered zirconia samples with different manufacturing designs: (a) C-
rectilinear, (b) C-grid 0°, (c) C-grid 45°, (d) C-concentric, (e) CY-A. Chords, and (f) H-triangles p.

3.2.2. Shrinkage and Density

Sintering promotes material migration, forming necks between ceramic particles and
allowing 3D part consolidation and densification. This process induces shrinkage. Table 3
illustrated that specimens presented shrinkage between 27% and 31%. No significant
difference was observed for the pieces with different designs.

The density of all printed samples was above 5.66 g/cm?, representing 94% of the
theoretical value, Table 3. During the sintering process, pores appeared within printed
filaments due to binder decomposition and water vaporization, promoting decreased
density. In addition, it is interesting to note that the relative density values were obtained
for all the samples, which were similar to the shrinkage results.

Table 3. Properties of 3D-printed zirconia scaffolds and the ones with copolymer infiltrated.

3D-Printed Zirconia

3D-Printed Zirconia Scaffold with Copolymer
Sample Infiltrated (PICN)
Shrinkage Density (g/cm?®) Infiltration (%)

C-rectilinear 314 4+33 5.79 + 0.04 89.6 £ 0.7
C-grid 0 314+1.2 5.72 +0.13 93.0 + 0.5
C-grid 45 28.9 + 0.8 5.66 &+ 0.15 913+ 1.3
C-concentric 293 +15 5.75 £ 0.02 90.7 + 0.2
CY-A.chords 273+ 2.8 5.72 + 0.07 949 4+ 3.5

H-triangles p. 30.6 £ 1.3 5.74 + 0.04 84.7 9.6
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3.2.3. Characterization of Macropores

Pore size is an essential factor for defining accuracy when shaping ceramic scaffolds.
Comparing the standard deviation of the pore size in different samples shows how much
the porosity fluctuated during the build. This may indicate how well-controlled the
manufacturing process was during a particular build at the specific settings used [43].
Moreover, macropore size and shape are critical in polymer infiltration inside ceramic
scaffolds. The overall distribution of the pores observed by optical microscopy is shown
in Figure 6. Millimeter-sized open pores were formed between adjacent struts extruded
in each layer. In the C-rectilinear sample, the pores represented a regular square shape,
which was also the case for C-grid 0 and C-grid 45. A similar average pore size was
determined for C-rectilinear, C-grid 0, C-grid 45, C-concentric, and CY-A.chords. However,
a higher deviation was observed in the C-concentric and CY-A.chords samples, which can
be attributed to the printing process and manufacturing design. That was further confirmed
by the H-triangles p. sample, which displayed the highest deviation among all the samples.

Figure 6. The pore size of the sintered zirconia scaffolds with different manufacturing designs:
(a) C-rectilinear, (b) C-grid 0°, (c) C-grid 45°, (d) C-concentric, (e) CY-A.chords, and (f) H-triangles p.

3.2.4. Tomography Characterization

X-ray computed tomography (X-ray CT) was used to detect the marginal and internal
gaps of zirconia scaffolds within the range of a few micrometers, Figure 7. It was found that
the obtained scaffolds were very stable in the Z-direction. It was possible to visualize the di-
rection of the filament deposition, as indicated in the dashed orange lines in Figure 7(al,cl).
However, some features became connected, leading to the closure of the voids due to the
presence of excessive material, as seen in the areas marked in red in Figure 7(b1,c1). The
crossover interconnection was not built, as in the areas marked orange in Figure 7(b2,e2).
Moreover, for the concentric ones, Figure 7(c2,d2), the central part has become an ink
column due to the large diameter of the nozzles. Despite this, it is evident that the main
structural features were well-preserved in the additive manufacturing process, especially
considering the structural complexity of the designs. It is essential to point out that, for the
C-grid 45 sample, macro-pores were not visible at this observation scale.
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Figure 7. Tomographic analysis of sintered zirconia samples with different manufacturing designs:
(al,a2) C-rectilinear, (b1,b2) C-grid 0°, (c1,c2) C-concentric, (d1,d2) CY-A.chords, and (el,e2) H-
triangles p.
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3.3. Characterization of PICN Hybrid Material

The PICN pieces, with zirconia scaffold voids filled by the copolymer adhesive, were
observed in Figure 8. The biocompatible adhesive filled the pores. After the copolymer poly-
merization, the proper polymer infiltration was measured by gravimetry, Table 3. Although
the pores’ size and angle differed, the infiltration process was compatible. The polymer
infiltration in all six geometries exceeded 80%, reaching 90% in the C-concentric and CY-
A .chords, which is comparable with the data reported in [10]. The level of infiltration by
the same pieces has been relatively constant, except for the CY-A. chords and H-triangles.
It is also demonstrated that the PICN hybrid materials were successfully developed.

Figure 8. Photograph of 3D-printed PICN with different manufacturing designs: (a) C-grid 45,
(b) C-concentric, and (c) H-triangles p. The pores represent the Bis-GMA /TEGDMA copolymer
coating and filling materials.

3.4. Mechanical Characterization

The effect of polymer infiltration and manufacturing design on mechanical properties
was inspected using compression tests. The compression strength of the PICN pieces
was compared with zirconia scaffolds and the samples printed with 100% infill. DIC was
applied to record the experiments and obtain deformation information during the loading
process, which consists of a digital camera and computer software. Strain—stress curves for
the studied samples were graphed by correlating computed strain data and the measured
stress. Due to the morphology of the 3D-printed samples, it was not possible to obtain
homogeneous height curves. Therefore, the data were recorded until a breakage or load
limit of ~10 kN.

It can be observed that specimen geometry and copolymer infiltration had a notewor-
thy influence on compression strength, Table 4. Therefore, this section summarizes the
findings from the results and analysis based on the following parts: the effect of copolymer
infiltration and the effect of specimen geometry.

3.4.1. Effect of Copolymer Infiltration

Copolymer infiltration drastically alters the specimen’s mechanical behavior, which
agrees with the results reported in [10,22]. In this sense, PICN samples displayed increased
mechanical integrity compared to the respective scaffolds and parts with 100% infill. It
is believed that the copolymer infiltrated in PICN could absorb the energy, reducing the
intrinsic fragile behavior of ceramics. The speculation of the flexibility of the copolymer
material was sustained by the response recorded using the DIC system, which will be
discussed in detail later.
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3.4.2. Effect of Specimen Geometry

For zirconia scaffolds with macropores, lower mechanical properties were found
compared to samples with 100%. Introducing porosity into the geometry has decreased the
strength and reduced the structural integrity of the zirconia.

On the other hand, the PICN pieces with different geometries have been investigated,
Figure 9. The stress increased with the strain, and the stain-stress curves showed an
approximate straight upward trend. A brittle failure mode was evidenced for all samples.
Moreover, higher compression strength (160.1 & 2.7 MPa) was achieved for the sample
PICN CY-A.chords, followed by the PICN C-concentric and PICN H-triangles p. ones.
Similar values were determined for the PICN C-grid 0 and PICN C-grid 45 samples. The
lowest value (65.4 + 6.8 MPa) was observed for the PICN C-rectilinear one. It is essential to
point out that the C-grid 0 and C-grid 45 geometries maintain their structural integrity up
to the maximum load limit of the equipment used, 10 KN.
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Figure 9. Stress—strain curves for PICN specimens with different geometry.

Figure 10 displays the calculated vertical (eyy) strain distribution maps of the three
representative samples under 2% strain. It pointed out that, regarding the C-rectilinear
sample, the maximum strain area was developed at the bottom of the piece, being one of
the edges. Failure initiates in a filament at the bottom and extends to the top face very
quickly, as indicated by the red color in Figure 10a. Each layer had the filaments in one
direction, which caused the strain to be heterogeneous. The complete breaking occurred
under 65 MPa of compression strength. On the contrary, the multiple filament directions
increased the deformation resistance of the samples, which contributed to homogenous
strain distribution up to higher stress. At this point, the surface remained nominally intact
for the CY-A.chords and H-triangles p. ones. The following section will give a detailed
inspection of the fractured surfaces.
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Low deformation High deformation

Figure 10. Strain distribution under 2% strain for PICN specimens with different printing designs
obtained from DIC: (a) C-rectilinear, (b) CY-A.chords, and (c) H-triangles p.

Table 4. Stress—strain data from the compression test of 3D-printed zirconia scaffolds and the ones
with copolymer infiltrated.

Sample Omax (MPa) €compression (%)

C-rectilinear 45+0.8 2.6 £0.7

C-grid 0 56.4 + 13.1 24402

. . C-grid 45 62.7 + 3.0 35+0.1
Zirconia scaffolds C-concentric 31.8 £ ** 3.2 & **

CY-A.Chords 61.7 74 23+1.0

H-triangles p. 36.0 £8.1 24+05

PICN C-rectilinear 65.4 + 6.8 3.1+0.1

PICN C-grid 0 71.6 2.2 25403

. . PICN C-grid 45 68.7 £ 0.1 26+ 1.0

PICN hybrid materials 5o o oncentric 94.6 + 0.6 2.7 £ 06
PICN CY-A.Chords 160.1 + 2.7 22+*

PICN H-triangles p. 80.9 & * 20+*

C-100% 56.0 = 7.5 3.8+0.3

Samples with 100% CY-100% 92.4 4 ** 2.2 4 **
H-100% 481 £ ** 5.7 £ **

* Values at 10 KN for unbroken pieces. ** Values without standard deviation due to errors during compression
tests.

3.5. Failure Analysis

The fractured samples were inspected in detail to clarify the mechanical response
as a function of geometry. Although the samples were stacked layer upon layer from
the exterior, different levels of bonding between the successive layers were found. In the
case of C-rectilinear, pronounced pores and the single filament direction per layer caused
poor connection from the consecutive layers. The mechanical behavior of the C-rectilinear
design is the least desirable. On the other hand, when filaments were printed in two
directions per layer, the samples showed a higher compression level, i.e., lower porosity
and increased bonding strength. The C-concentric and CY-A.chords design fractured at
the polymer—ceramic interface, Figure 11. This effect was also inspected in H-p triangles
but to a lesser extent. This finding implied that, based on the orientation of the filaments,
specific defects can set a limit on the mechanical strength. It has been noted that the two
geometries demonstrating the optimal mechanical performance, C-grid 0 and C-grid 45,
maintain their structural integrity at the machine’s maximum load.
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C-concentric CY-A.chords H-triangles p

Figure 11. Optical images of fractured PICN samples with different geometries.

Ceramics samples with complex geometries infiltrated with polymer have been de-
veloped. The introduction of the polymer network played an important role in enhancing
the mechanical properties of ceramics by retaining its structural integrity and preventing
crack propagation. However, future work needs to be conducted in order to focus on its
potential application in dental restoration. In this sense, the cell viability and reduced
bacteria proliferation should be investigated in complex 3D-printed geometry.

Within the limitations of this study, we have successfully integrated a biocompatible
adhesive copolymer with 3D-printed zirconia scaffolds with desired macropores to pal-
liate crack propagation in PICN scaffolds. The PICN samples studied displayed a good
correlation between manufacturing design and structural integrity. By adding the polymer
phase, the density of PICNs was lower than that of ceramic material with 100% infill, while
the composites exhibited a large improvement in energy absorption than the respective
scaffolds and parts with 100% infill. This improves clinical adaptation and comfort.

4. Conclusions

To assess the impact of printing design on mechanical properties, 3Y zirconia based
on PICN ceramic samples have been produced by DIW. From the experimental results
reported and discussed above, the following findings may be concluded:

(1) Phase transformation was detected after sintering, compared to as-received ceramic
powder. The tetragonal phase became predominant, accounting for approximately
100%, whereas the monoclinic one significantly decreased;

(2) The feasibility of fabricating zirconia scaffolds with dimensionally stable and various
geometries has been proven. The printing defects observed in the scaffolds mainly
depend on the type of geometry of the samples;

(3) Copolymer infiltration was more significant than 80% for all the geometries studied,
reaching 95% for CY-A.chords. The presence of polymer in the PICN samples reduced
the effect of the defects observed in the scaffolds;

(4) PICN samples were more capable of withstanding higher stresses. The C-grid 0 and
C-grid 45 geometries had the highest compression stress.
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