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A B S T R A C T

This study aimed to evaluate the potential of silicon nitride as a material for dental implants, focusing on its key 
properties, including high mechanical strength, chemical compatibility, excellent imaging characteristics, and 
antibacterial activity. Therefore, samples of silicon nitride ceramics with SiO2 and CaO as additives were pres
sureless sintered at 1800 ◦C for 1 h, and then characterized in terms of microstructure, mechanical properties, 
and biological behavior. Additionally, the mechanical behavior of a Si3N4 implant under masticatory loads was 
simulated using the Mohr-Coulomb criterion to assess risk of failure. The results showed that the prepared silicon 
nitride ceramic was non-cytotoxic and exhibited density, Vickers hardness, fracture toughness, compressive 
strength and Young’s modulus of 3.10 ± 0.01 g/cm3, 12.17 ± 0.35 GPa, 7.54 ± 0.78 MPa m1/2, 1497.42 ±
74.06 MPa, of 211.23 ± 63.81 GPa, respectively. It demonstrates that the material is a promising ceramic for 
dental implants, especially when compared to conventional biomaterials typically used in implant applications. 
Supported by the experimental results, numerical simulations using the finite element method suggested that the 
Si3N4-based ceramic developed in this work was able of withstanding masticatory loads of up to 400 N (under 
normal, compressive loads) and 350 N (under occlusal loads), without risk of failure, within the simulation 
parameters adopted in this study.

1. Introduction

Many materials have emerged as key solutions in orthopedic and 
dentistry to address health issues resulting from injuries, fractures, and 
degenerative diseases. These materials play a crucial role in applications 
such as prosthetics, implants, and bone grafting [1–3]. Titanium and its 
alloys remain the most used materials for dental implants due to its 
biocompatibility and strength and durability. Despite their widespread 
use, the high prevalence of bacterial-origin peri-implant diseases char
acterized by inflammation of the surrounding mucosa and, in some 
cases, progressive loss of supporting bone, often requires the implant 
retrieved [4,5].

The corrosion products of titanium tend to increase the implant 
failure rate and immunologically mediated reactions in the surrounding 

tissues due to the accumulation of metal particles [5,6]. Additionally, 
dental clinics are experiencing a daily increase in patient demand for 
metal-free dental rehabilitation that provides superior aesthetic results 
[4,5]. Metallic implants can disturb the distribution of light reflected 
through the crown, leading to reduced translucency. A grayish halo can 
also be created in the gingival margin of the implant as a result of a 
thinner gingiva or even bone loss [3]. Several factors can help to mini
mize bone loss and address the associated issues, with customized im
plants being one of them. By being tailored to the patient’s specific 
needs, customized implants can reduce the risk, but cannot fully elimi
nate the possibility of failure [7]. To overcome the limitations of the 
grayish halo, patient rejection of metal implants, and the problem of 
corrosion products, metal-free dental implants have been introduced to 
the market, with ceramic implants already in use. Zirconia is the main 
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ceramic material owing to biocompatibility, strength, corrosion resis
tance and aesthetic which makes it particularly suitable for visible areas, 
such as the front teeth, where appearance is essential [4,5,8]. The most 
significant advantage of zirconia is the crack propagation resistance 
attributed to the volume expansion of grains during the tetragonal to 
monoclinic (t→m ZrO2) phase transformation. However, this trans
formation can also lead to implant failure due to the stress from repeated 
loading and environmental exposure to body fluids, such as blood or 
saliva. Moreover, the high radiopacity of zirconia makes it challenging 
to visualize the surrounding bone tissue in postoperative imaging exams 
[3].

New ceramic materials for dental applications have been extensively 
investigated, with silicon nitride (Si3N4) emerging as a promising 
candidate [9,10]. This potential is largely due to prior studies on its use 
in high-performance technical applications, such as cutting tools, bear
ings, and engine components, owing to its exceptional wear resistance, 
thermal shock tolerance, high mechanical strength, and relatively high 
fracture toughness [11,12,13,14]. Building on these properties, silicon 
nitride has been explored for biomedical applications, including hip and 
knee endoprosthetic implants, as well as plates and pins for bone fixa
tion [6,10]. This material has been shown to not induce inflammatory 
reactions when implanted in animals. While the remodeling process is 
similar to that of titanium, it is more pronounced around silicon nitride. 
Furthermore, bone formation on the implant surface within the marrow 
cavity of rabbit tibias highlights the osteoconductive properties of sili
con nitride. Since 2008, silicon nitride has been utilized in fusion cages 
for cervical and thoracolumbar spinal arthrodesis. In the dense form, 
silicon nitride presents a high Young’s modulus in comparison to 
metallic and polymeric implants. However, it can confer clinical benefits 
in its porous form.

The potential of silicon nitride for dental applications is attributed to 
its osseointegration, superior tribological properties as well as moderate 
radiolucency. The high mechanical properties can allow the material to 
withstand the repetitive forces faced during mastication. This last 
characteristic ensures good implant compatibility with important med
ical imaging techniques, including X-rays, magnetic resonance imaging, 
and computed tomography [6,9,10,12,13]. Although long-term data on 
silicon nitride dental implants is still limited, early studies suggest they 
have the potential to last as long as titanium implants, primarily due to 
their resistance to wear, corrosion, and their excellent 
strength-to-weight ratio. Also, its inherent bacteriostatic properties help 
prevent peri-implantis, reduce the risk of implant loss and discomfort 
during the healing process [4]. Silicon nitride exhibits superior perfor
mance against bacterial adhesion and biofilm formation compared to 
other implant materials like titanium alloys. For example, Wu et al. [15] 
demonstrated that silicon nitride significantly reduces colony-forming 
units (CFUs) of both Staphylococcus aureus and Escherichia coli, with its 
chemical properties playing a crucial role in its ability to effectively 
resist bacterial colonization. This unique combination of features is not 
present in titanium and zirconia, thereby explaining the increasing in
terest in silicon nitride as dental implants although bone grafts may be 
necessary particularly in older individuals to provide mechanical sup
port and stimulate bone regeneration, similarly to other biomaterials 
[16].

The superior biological behavior of silicon nitride ceramics over 
zirconia and titanium was well demonstrated by Wu et al. [15]. The 
authors observed that human bone mesenchymal stem cells (hBMSCs) 
adhered and proliferated more effectively on polished Si3N4 compared 
to titanium and zirconia and noted its improved osteogenic activities 
and superior antibacterial properties. To further enhance the biological 
response of biomedical zirconia, Marin et al. [17] applied a Si3N4 
coating to zirconia substrates. The results revealed that, compared to 
uncoated zirconia, the silicon nitride coating significantly improved 
cellular adhesion and promoted bone tissue formation, with higher 
levels of maturity and overall better quality. Moreover, experiments 
with SaOS-2 cells performed by Pezzottiet al. [18] showed that a Si3N4 

coating significantly enhanced osteogenesis, when deposited on 
zirconia-toughened alumina (ZTA). In a related study, Ozodogan et al. 
[9] evaluated porous Si3N4 aiming use in all-ceramic restorations, and 
its performance was compared to commercial ZrO2 ceramics. The find
ings show that Si3N4 exhibited excellent mechanical properties, 
including a flexural strength of 418 MPa and a hardness of 10.9 GPa. 
Through controlled porosity, ceramics with a suitable color shade for 
restorative applications were achieved. The radiolucent properties of 
Si3N4 also allow clear imaging of both the restorations and surrounding 
tissues using plain radiography.

In recent years, studies on numerical simulations using the finite 
element method (FEM) to evaluate the mechanical properties of ceramic 
materials have received great attention. Numerical simulation of the 
mechanical properties of ceramic dental implants has been studied in 
different studies focusing on ceramics based on yttria-stabilized zirconia 
or ceramic composites containing zirconia in their composition [19–21]. 
This particular interest in simulations of zirconia implants is justified by 
the existence of commercial products already available in the dental 
market, in addition to the intrinsic characteristics of tetragonal zirconia, 
such as excellent aesthetics, flexural strength and fracture toughness. 
Numerical simulations of properties of silicon nitride based ceramics 
have been published focusing on phenomena related to the liquid phase 
sintering process [22], or mechanical properties in usual applications, 
such as structural ceramics and as machining tools [23,24]. In
vestigations regarding their fracture toughness and respective fracture 
mechanisms have also been performed [25]. Although researches on the 
numerical simulation of the mechanical behavior of silicon nitride im
plants are limited, a study simulating a Si3N4 prototype for an osteo
fixation system demonstrated good mechanical stability for 
osteosynthesis of the frontal bone [26].

The literature indicates that the microstructure and mechanical 
properties of silicon nitride ceramics using CaO and SiO2 as sintering 
aids enhances bioactivity and improve bone tissue interaction due to the 
formation of a glassy phase [27,28]. A slight dissolution of the glass 
phase may occur in physiological fluid on the material surface, but the 
released cations could be beneficial to new bone formation. This high
lights the importance of selecting appropriate sintering additives that 
form the glass phase [29]. In view of this information, the objective of 
the study was to develop and characterize a ceramic composition based 
on silicon nitride (Si3N4) with mechanical and biological properties 
suitable for use as a dental implant. Moreover, it was performed the 
simulation of the mechanical behavior of a Si3N4 implant geometry 
subjected to different masticatory loads. For this purpose, the 
Mohr-Coulomb criterion was used to determine the risk of failure of this 
implant as a function of masticatory loads.

2. Experimental procedure

2.1. Sample preparation

As starting materials, α-Si3N4 (Höganäs M11, >90 % α-Si3N4), SiO2 
(Sigma-Aldrich, quartz, 99.9 % purity), and CaCO3 (Vetec, 97 % purity) 
were used. The powders were dosed to prepare a composition (SNSC 
code) containing 80 wt % Si3N4,10 wt % SiO2, and 10 wt % CaO, which 
were milled in a ball mill for 24 h, using isopropyl alcohol as liquid 
medium. After milling, the slurry was dried in a rotary evaporator at 
70 ◦C and green compacts were formed using uniaxial (30 MPa) and cold 
isostatic pressing (200 MPa), respectively. The green compacts were 
sintered in a graphite resistance furnace (Thermal Technology) at 
1800 ◦C for 1 h, using a heating rate of 10 

◦

C/min, in a controlled ni
trogen atmosphere.

2.2. Structural characterization

The sintered samples were evaluated for density and apparent 
porosity using the Archimedes’ method, with measurements taken from 
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five specimens. The secondary crystalline phases and the α→β trans
formation were analyzed by X-ray diffraction with Cu-Kα radiation 
(XRD, Brucker D8). The grain shape and distribution, as well as the 
porosity present in the samples, were evaluated using scanning electron 
microscopy (FEG-SEM, JSM-IT700HR) of polished samples etched with 
sodium tetraborate.

2.3. Mechanical properties

Vickers hardness and indentation fracture toughness tests were 
performed using a hardness tester (Buehler VH1150), applying a 98 N 
load for 15 s on a polished surface, with eight indentations made. The 
diagonals and cracks length were measured using optical microscopy. 
Therefore, Vickers hardness was determined using Equation (1) [30]. 

Hv =
1.8544xP

a2 (1) 

“P” and “a” parameters are the applied load and indent diagonals, 
respectively. The fracture toughness values were calculated using 
Equation (2) provided by Asntis et al. [31], as follows. 

KIc =0.016x
(

E
Hv

)1
2
x

P

c
3
2

(2) 

Herein, “KIC” is the fracture toughness, “c” the crack length, “HV” the 
hardness and “E” Young’s modulus.

The Young’s modulus (E) was estimated using nanoindentation tests 
with a Shimadzu DUH-211S ultra-microhardness tester (Japan), equip
ped with a diamond Berkovich indenter. In this characterization step, 15 
indentation measurements were performed, using an indentation load of 
1960 mN, with maximum penetration depth of 10 μm. Data analysis was 
conducted following the Oliver and Pharr method [32,33]. Compressive 
strength (10 specimens) was measured using an Instron 4400 universal 
testing machine, with a loading speed of 4.0 mm/min.

2.4. Cytotoxicity tests

Cell culture: Murine fibroblasts, NIH/3T3 cell line (ATCC CRL-1658), 
were cultured in 5 mL of RPMI 1640 medium, pH 7.4 (Gibco, Grand 
Island, USA), supplemented with 10 % fetal bovine serum (Cultilab), 2 
g/L sodium bicarbonate (NaHCO3, Sigma-Aldrich), and a 1 % solution of 
penicillin and streptomycin (10,000 U/10,000 μg/mL, Gibco) in sterile 
plastic cell culture flasks with 25 cm2 culture area (Corning), kept in 
incubators with controlled atmosphere and temperature (5 % CO2, 
37 ◦C), until confluence was approximately 60–70 %, as estimated by 
visual inspection, with medium changes every 48 h. Subsequently, the 
culture medium was removed; the adherent cells were washed with 
sterile phosphate-buffered saline (PBS) at 37 ◦C and treated with a 0.25 
% trypsin solution with 0.02 % disodium EDTA (Sigma-Aldrich) to 
obtain completely dissociated cell suspensions. Only viable fractions, 
identified by the lack of trypan blue dye (0.4 %, Life Technologies) 
incorporation, were considered for subculture or experimentation.

Ceramic extracts: Specimens of the ceramics were immersed in cul
ture medium for 24 h at 37 ◦C to produce extracts corresponding to 
1500 mg/mL. After, the extracts were sterilized by filtration (0.22 μm) 
and diluted in culture medium to obtain the experimental dilutions.

Cytotoxicity/Cell Viability Assay: To determine the toxic and non- 
toxic concentrations of the ceramic extracts, cells were trypsinized and 
seeded (10,000 cells/well, 100 μL/well) in a 96-well plate and allowed 
to adhere for 24 h in an incubator as described. Then, the medium was 
removed, and 100 μL of control solutions and ceramic extracts were 
added in quadruplicates and left in culture for the subsequent 24 h. 
Positive control wells were treated with dimethyl sulfoxide (DMSO, 
Sigma-Aldrich) at 10 % and diluted in a culture medium. Negative 
controls received NaCl at a final concentration of 0.045 %. Additionally, 
cells cultured in RPMI 1640 medium without any added compounds 

were used as the basal control (CC). After 24 h of incubation, the culture 
medium was removed, and the cells were washed with 100 μL of PBS 
(37 ◦C) to remove any test substance residues. An MTS solution (2 mg/ 
mL PBS, Promega) and PMS (0.92 mg/mL PBS, CAS 299-11-6, Sigma- 
Aldrich) in medium were added (100 μL/well). Absorbance (490 nm) 
was measured using a microplate reader (Multiskan EX, Labsystems) 2 h 
after incubation in the incubator.

Result analysis: The cell viability of each test group was calculated 
based on the control CC (% of controls). Cytotoxicity values for each 
sample and control were compared to the basal controls (CC) using one- 
way analysis of variance (One-way ANOVA), and differences between 
groups were evaluated using the Bonferroni post-test.

3. Finite element modelling

3.1. Implant geometries and mandible model

In this study, it was used a geometric model referring to a commer
cial implant [34] with 9.8 mm in height and diameter ranging from 4.8 
mm (implant head) to 4.1 mm (thread region), with a thread pitch of 0.8 
mm. Moreover, the implant was assumed to be anchored in the region of 
the human mandible referring to the positioning of the second-molar 
tooth (SM). Fig. 1 shows details of the design of the implant and the 
mandible, indicating the implant positioning. It was considered a slice of 
the mandible of an adult male aged 40 years old closer to the implant 
region.

During the creation of the 3D model, it is possible to choose to use 
tetrahedral or hexahedral elements in numerical simulations. Tetrahe
dral elements were used in this work due to the geometric complexity of 
the model. In regions with irregular surfaces or small details, the 
tetrahedral mesh usually shows better adaptability and generates a more 
robust filling without the need for geometric simplification. Further
more, it allows for faster and more stable mesh generation for numerical 
simulations, compared to hexahedral elements, which generally require 
more regular geometries to maintain good quality. They allow auto
matic meshing algorithms that can handle complex geometries as 
described by Schneider et al. [35].

3.2. Model assembly and finite element meshing

For all finite element simulations, it was used the commercial soft
ware ABAQUS/Standard version 6.9, in a Xeon 5690 3.47 GHz dual- 
processor, 24-core, 32 Gb RAM workstation. As a strategy to save CPU 
time, simplified assembly finite element models were proposed during 
the pre- (meshing) and post-processing steps. Fig. 2a illustrates the 
complete assembly of the second-molar (SM) implant in the mandible. 
Highlighted in this figure, the brown regions correspond to the simpli
fied assembly models. The finite element analysis comprises two models 
representing the dental implant region (second-molar) and the implant 
base material (silicon nitride). The simplified assembly models were 
discretized using 4-nodes 1st-order tetrahedral elements that is, the 
condition of the implant bonded to the mandible, denoted as C3D4 ac
cording to ABAQUS terminology. The mesh size of the mandible was set 
to 0.5 mm, while a smaller size of 0.25 mm was adopted in the dental 
implant elements. The element sizes of 0.25 mm and 0.5 mm were 
defined based on the level of detail required in critical regions of the 
model. The smaller size was applied where there were high stress gra
dients, in this case in the implant. The larger size was adopted in regions 
of less impact, i.e., in the mandible, to optimize processing time. These 
values were defined according to the implant dimensions and tested 
numerically until the values converged and there was no further need for 
mesh refinement. Moreover, it was the mesh size which resulted in the 
best value to balance processing time and accurate result, as determined 
by previous analysis [20]. Fig. 2b illustrates details of the finite element 
mesh generated using the ABAQUS CAE pre-processor for the 
second-molar (SM) region, the details of which are summarized in 
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Table 1.

3.3. Mechanical behavior and failure risk

As a premise of the finite element analyses, the mechanical proper
ties of the ceramic implants and bone materials were assumed to be 
isotropic, as described by Hooke’s generalized linear isotropic theory. 
The assumed Poisson’s ratio was 0.28, typical for silicon nitride 

ceramics [36]. The Young’s modulus and compressive strength adopted 
in the finite element simulations are listed in Table 2. In addition, two 
types of bone properties were considered in the mandible due to their 
different mechanical properties. In Fig. 3, the brown region represents 
the cortical bone, while the central grey region is the spongy bone. A 
tethered contact was assumed between the cortical and cancellous bone 
surfaces and the corresponding implant surfaces.

A prediction of the in-service failure risk of Si3N4 implants could be 
estimated using the Mohr-Coulomb isotropic yield criterion, which was 
defined in Equation (3) [37]: 
(

σ1

σut
+

σ3

σuc

)

≤ 1 (3) 

In this Equation, values of σut and σuc are the ultimate ceramic strength 
in uniaxial tension (σut = 280 MPa) [38] and compression (σuc = 1497.4 
MPa, see Table 3), respectively, whereas σ1 and σ3 stand for the maxima 
and minima values of the principal stresses.

In the finite element code ABAQUS, the risk of failure analysis was 
performed as a post-processing step from the principal stress compo
nents values (σ1,σ2,σ3) with the corresponding mechanical properties of 
the implant materials, extracted from the experimental results cited in 
the following section. The failure risk of the implant material was 
verified as the left-hand sides of Equation (3) approach unity.

Fig. 1. (a) Implant geometry (mm) used in numerical simulations in second-molar (SM); (b) Geometry of a typical human mandible with SM implant position.

Fig. 2. (a) Full assembled and simplified geometrical models of second-molar dental implant based on Si3N4 ceramic in mandible model; b) Finite element meshing 
generated for second-molar (SM) region.

Table 1 
Finite element meshing data of the models used for the third-molar mandible- 
region (First-order tetrahedral elements (4-node).

Region Elements Nodes

Si3N4 Implant 29,857 135,005
Cortical bone 23,798 103,006
Spongy bone 34,518 164,281

Table 2 
Elastic material properties of the finite element models [35–37].

Material E (MPa) ν

Si3N4-SiO2-CaO (80:10:10 wt%) 211,000 (Current work) 0.28 
Ref.[36]

Cortical bone [38] 15,000 0.30
Spongy bone [38] 1,370 0.30
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Fig. 3. Geometries of the finite element model for the second-molar (SM): (a) complete model, (b) implant and cortical bone, and (c) implant and spongy bone.

Table 3 
Density and mechanical properties of prepared based Si3N4 sample (SNSC) and biomaterials from the literature [40b, 41–44].

Properties SNSC (current work) Al2O3 ZTA Y-TZP Ti alloy PEEK Cortical bone

Density (g/cm3) 3.10 ± 0.01 3.97 4.37 6.10 4.43 1.29 1.85
Hardness (HV) 12.17 ± 0.35 19.1 19.1 12.5 3.40 0.40 0.50
Fracture toughness (MPa m1/2) 7.54 ± 0.78 4.50 5.70 10.5 75.0 2.00–8.00 2.2–6.4
Young’s modulus (GPa) 211.23 ± 63.81 435 350 210 110 4 8.0–12.0
Compressive strength (MPa) 1497.42 ± 74.06 2500 4300 2200 958 135 160

Fig. 4. (a) Simplified finite element models of the mandible in implant region (F = Load applied: 50N to 500 N): b) Displacement boundary conditions applied to the 
proposed finite element models (θ = 90◦), c) Loads applied at θ = 45◦ and rotating about the implant axis.
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3.4. Loading and boundary conditions

In the finite element model of the second-molar region, represented 
in Fig. 4, masticatory loads of 50 N–400 N were applied using load in
crements of 50 N. In addition, in the simulations a loading condition 
containing an angle of 45◦ or 90◦ in relation to the longitudinal axis of 
the implant corresponding to occlusal masticatory loads on the upper 
surface of the implant was applied. Fig. 4b and c shows the adopted 
displacement boundary conditions, which are applied to the externally 
sliced surfaces of the second-molar and central incisor finite element 
models by setting to zero the Cartesian (X, Y, Z) displacements in their 
corresponding regions. The boundary condition adopted fixed support 
without degrees of freedom on the sectioned faces in the mandible. It 
was adopted to simplify the computational processing, preventing any 
unrealistic movement or deformation at the sectioned interfaces [20]. 
Moreover, it was created TIE-type contact, that is, the condition of the 
implant “glued” to the mandible, without degrees of freedom and 
without the existence of friction.

4. Results and discussion

4.1. Microstructure and mechanical properties of sintered samples

Fig. 5a presents the XRD analysis of the Si3N4 ceramic, revealing the 
presence of β-Si3N4 and wollastonite as crystalline phases. This indicates 
that the α-Si3N4 initially present in the raw powder was completely 
transformed into β-Si3N4 during sintering at 1800 ◦C for 1 h. It is well 
known that silicon nitride is difficult to densify through solid-state 
diffusion due to its strong covalent bonding and the inherently low 
diffusivity of its constituent elements. For this reason, Si3N4 ceramics are 
typically consolidated by liquid-phase sintering, in which sintering ad
ditives react with the native SiO2 layer on Si3N4 particles to form a liquid 
phase at the sintering temperature. This liquid phase enhances particle 
rearrangement and mass transport, enabling densification. During this 
process, the α-Si3N4 particles dissolve into the liquid phase and subse
quently reprecipitate as β-Si3N4, following the classical three-stage 
mechanism of rearrangement–dissolution–precipitation [39]. The XRD 
results obtained in this study confirm that the sintering additives, i.e. 
SiO2 and CaO, were effective in promoting the densification of silicon 
nitride through this mechanism. Additionally, wollastonite was formed 
by crystallization of the liquid phase during cooling from the sintering 
temperature. The presence of secondary phase at grain boundaries is 
typical of liquid-phase-sintered Si3N4 ceramics and can influence both 
the mechanical behavior and the long-term stability of the material 
[40a, 40b].

The rod-like β-Si3N4 grains are clearly visible in the SEM image 
shown in Fig. 5b, which displays the surface micrograph the silicon 
nitride ceramic. The β-Si3N4 phase exhibits superior mechanical prop
erties compared to the α phase, making the ceramic suitable for struc
tural biomedical applications such as dental implants.

The properties of the silicon nitride ceramics, compared to the 
average properties of titanium alloy, alumina ceramics, PEEK and 
cortical bone, are summarized in Table 3 [40b,41–44]. The sample 
achieved an apparent density of 3.10 g/cm3 which corresponds to a 
relative density of 95.3 %, calculated using a value of 3.25 g/cm3 esti
mated by the rule of mixtures. This result confirms that the additives 
combination was effective in promoting the liquid-phase sintering of the 
material, favoring its strength and reliability, which is particularly ad
vantageous for dental applications, where long-term stability is 
essential.

Another critical characteristic observed in the studied sample, 
essential for ensuring long-term stability and the overall success of the 
implant, was the Young’s modulus of 211.23 GPa. It is a low value for 
silicon nitride ceramics, which typically exhibit a Young’s modulus of 
around 300 GPa in their completely dense form [44]. The reduced 
modulus is attributed to the intergranular secondary phase present in 
the sample. On the other hand, the measured hardness of 12.17 GPa is a 
promising result for dental implant applications, since it is comparable 
to Y-TZP, a well-established and clinically successful ceramic in 
dentistry. In addition, this value is lower than those found for Al2O3 and 
ZTA (Table 3). For implants, hardness plays a minor role in masticatory 
contact, as the implant itself does not undergo occlusal wear - this 
function is performed by the prosthetic crown. Instead, hardness is 
primarily important for ensuring structural strength, mechanical sta
bility during placement, and long-term durability in the biological 
environment [45].

The fracture toughness of the studied ceramic was relatively high 
(7.54 MPa m1/2), a key metric to preview ceramics resistance to crack 
propagation. Typically, the fracture toughness of silicon nitride ceramics 
falls within the range of 5.0–7.0 MPa m1/2 [10], as a function of the 
processing methods, additives, phase composition and testing tech
niques used. The fracture toughness of silicon nitride is influenced by its 
grain morphology, i.e., elongated β-grains in a fine-grained matrix 
enhance fracture toughness. Notably, the measured value exceeds that 
of other biomaterials such as alumina, alumina–zirconia composites, 
and PEEK, as well as the performance requirements for biological 
implants.

The high compressive resistance achieved by silicon nitride 
(1497.42 MPa) ensures that this material can maintain structural 
integrity over time, reducing the risk of fractures from chewing and 

Fig. 5. (a) XRD spectrum and (b) SEM image of sintered SNSC sample.
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biting that could compromise both aesthetics and function. The global 
evaluation of Table 3 data confirms the promising behavior of silicon 
nitride based ceramic as a dental material.

4.2. Cytotoxicity evaluation

Fig. 6 illustrates the effect of various extract concentrations (1–1500 
mg/mL) of the ceramic on cell viability. The cytotoxicity tests showed 
high viability in all cultures exposed to the ceramic extracts, with cell 
viability remaining above 90 % at all extract concentrations. There were 
no significant differences in cell viability compared to the negative 
control.

Using “reference-man” calculations, which assume an adult male has 
5.3 L of blood [46], SNSC ceramic exhibited no significant cytotoxicity 
at concentrations below 22 mg/mL, corresponding to an implant weight 
of approximately 121.9 g. This amount is far beyond what would be used 
in clinical practice, indicating that the ceramic is non-toxic under con
ditions relevant for patient applications. These results support the 
biocompatibility of the material and suggest a wide safety margin for its 
use in implants.

4.3. Numerical predictions

As previously mentioned, the corresponding SM Si3N4 implant 
principal stress values were determined for the adopted failure yield 
criterion: Mohr-Coulomb (MC). The results are presented in masticatory 
loads between 50 N and 400 N, and in two distinct groups: a) Applica
tion of uniaxial loads to the axis of the ceramic implant under normal 
conditions; b) Application of occlusal loads at an angle of 45◦ in relation 
to the axis of the implant, and in four different rotation positions of this 
load in relation to the axis of the implant. Then, the numerical pre
dictions of the risk of failure are presented for Si3N4 implants under 
loading condition at every 50 N.

The results of the numerical simulation performed on the Si3N4 
implant prototype, as a function of the applied load and the angle of 
application of this load, are presented in Figures S1 and S2 and detailed 
in Table 4, as a function of the risk of failure.

It can be seen in Fig. S1 that, regardless of the value of the masti
catory load applied (100N, 200N, 300N, 350N and 400N), the critical 
regions of stress in the ceramic material are located in the region of the 
head of the implant screw. Despite this, in all the numerical simulations 
proposed in this study, under normal masticatory (90◦) loads, no values 
represented risk of failure for the implant, when implanted in the region 
of the second-molar in the human mandible, presenting reliable MC 
values between 0.0949 (MC-50N) and 0.3797 (MC-400N).

From Fig. S2, in which four different applications of occlusal loads at 
45◦ to the implant axis were simulated, it can be observed that the stress 
levels simulated by finite elements are still satisfactory, with MC values 
< 1, in simulations of masticatory loads of up to 300 N, indicating the 

full reliability of the implants. When the simulations were performed 
with loads of 350 N, slightly higher MC values were observed (MC be
tween 1.029 and 1.095), which is the simulated limit masticatory load 
for the application of these implants, considering a safety margin for the 
risk of failure. However, in some specific rotation positions in occlusal 
loads, the implant head suffers a little more with the masticatory forces 
applied. This behavior is justified by the difference in implant anchorage 
in relation to the anatomical mandible, as illustrated in Fig. 4c. Even so, 
using the proposed implant geometry and its positioning within the 
mandible, the application of occlusal masticatory loads does not pose a 
risk to the integrity of the implant. The transition from satisfactory 
performance at 300 N to critical MC values (1.029–1.095) at 350 N 
under 45◦ oblique loading represents a clinically significant finding that 
aligns with biomechanical principles documented in the literature.

Oblique loading consistently produces substantially higher stress 
intensities in implants, abutments, and peri-implant cortical bone 
compared to vertical loading [4,5]. Studies have identified oblique force 
directions as primary risk factors in implant biomechanics [47]. Has and 
Orbak [48] reported significant stress increases under oblique loading 
and emphasized oblique force direction as a critical consideration in 
atrophic mandibles. Comparative FEA studies of ceramic versus tita
nium implants have documented higher stresses under oblique loading, 
with stress concentrations occurring in similar implant regions regard
less of material [49]. Loads under oblique conditions are particularly 
relevant for clinical practice, as this represents parafunctional forces 
that may occur during bruxism or clenching episodes. However, recent 
studies have shown that occlusal splints can effectively reduce stresses 
for oblique loading in ceramic implant systems, suggesting potential 
clinical interventions for patients at risk of excessive loading [50]. 
Moreover, key implant design features, such as size, thread shape, 
platform configuration, and surface texture, directly affect how stress is 
distributed to surrounding bone. Larger diameters help reduce stress, 
especially in softer bone, while rough surfaces enhance early integration 
by supporting bone cell activity [48].

Hence, the results shown in Table 4 clarify that, in all cases studied, 
the Mohr-Coulomb ratio values were less than unity (MC < 1), indi
cating that the material does not present a risk of failure during the 
application of the types of masticatory loads proposed in the study. It is 
important to emphasize that the present investigation serves as a 
reference, since it is the first demonstration of the mechanical feasibility 
of silicon nitride dental implants, relating experimental results and nu
merical simulations. Hence, the search for improvements in mechanical 
properties combined with propitious biological behaviour is essential to 
ensure a high level of reliability for silicon nitride in dental applications.

5. Conclusions

The sintered Si3N4 ceramics, containing 10 wt% SiO2 and 10 wt% 
CaO as additives presented a typical microstructure with elongated 

Fig. 6. Cytotoxicity assay of SNSC sample: (a) Cell viability as a function of the extract concentrations. (b) Log-scaled concentration–response curve showing an 
estimated IC50 of 911 mg/mL.
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grains of β-Si3N4 dispersed in a secondary phase. Good mechanical 
properties, such as fracture toughness (7.54 ± 0.78 MPa m1/2), 
compressive strength (1497.42 ± 74.06 MPa) and Young’s modulus 
(211.23 ± 63.81 GPa) were found. Moreover, the material was shown 
non-cytotoxic even at an extract concentration of 1500 mg/mL. The risk 
of implant failure in critical applications (second-molar) was deter
mined by using a geometric model of a commercial ceramic implant, 
experimental values, finite element simulations, and the Mohr-Coulomb 
failure criterion. The analysis indicated the high potential of silicon 
nitride application since the ceramic implants can be used for mastica
tory loads of up to 350 N, without risk of failure, within the experimental 
limits proposed in this study. In the future, different geometries and 
positions should be studied together with the human jaw to make this 
model viable for different clinical cases.
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