W) Check for updates

Received: 9 April 2021
DOI: 10.1002/jbm.b.34930

Revised: 4 August 2021 Accepted: 22 August 2021

Society For
RESEARCH ARTICLE [iin WILEY

Mechanical properties and in vitro bioactivity of silicon nitride
ceramics with SiO,, CaO, and MgO additions
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in view of biomedical applications. In the current study, samples with four different
compositions were pressureless sintered at 1750 € for 1 h under a nitrogen atmo-
sphere. The samples were evaluated concerning densification, microstructure,
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mechanical properties, and in vitro bioactivity. Microstructures with elongated
B-SizN4 grains dispersed in an intergranular phase and with densities from 78.77 to
97.14% of the theoretical density were obtained. Higher contents of SiO, resulted in

o . the best densification and mechanical properties. Besides, replacements of CaO by
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MgO in the initial compositions affected Young's modulus and in vitro bioactivity.
Considering the samples with relative density higher than 94.14%, those with lower
values of Young's modulus had lower SiO,/MgO ratios. After immersion in SBF
(Simulated Body Fluid), the samples with high porosity and/or partial replacements of
CaO by MgO had their surfaces coated with a layer rich in calcium and phosphorus,
morphologically similar to hydroxyapatite. Hence, producing silicon nitride ceramics
with the potential to be used as orthopedic implants must consider ideal amounts of
additives. In this article, the best combination of mechanical properties and minerali-
zation capability was reached by the composition with low content of MgO, and high
content of SiO, and CaO.
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1 | INTRODUCTION

However, as most clinical applications require bioactivity, that is,

bonding between implanted material and neighboring tissue, bioinert

Due to their excellent mechanical properties, noncytotoxicity, and
osteointegration capacity, silicon nitride based ceramics have been
widely considered for different applications in the medical field.1*
The success of their use as intervertebral spacers in spinal arthrodesis
has encouraged researchers to carry out several studies to expand
their application to other components and medical devices, such as
hip prostheses as well as plates and pins for bone fixation. These stud-
ies address investigations on the tribological behavior of this ceramic,
in vitro cellular response, antibacterial function, and production of

porous parts for bone filling.3°

materials such as silicon nitride have been combined with bioactive
materials to induce specific biological activity. Hydroxyapatite coated
silicon nitride based ceramics obtained by the biomimetic or sol-gel
method, together with silicon nitride composites containing Bioglass
and hydroxyapatite as a second phase, had the bioactivity demon-
strated by the formation of a bone-like hydroxyapatite layer on their
surfaces after immersions in SBF (Simulated Body Fluid).*1-13

On the other hand, silicon nitride presents a low diffusion coeffi-
cient due to the covalent chemical bond, which becomes it challenging

to be densified by solid-state diffusion. Thus, the material
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densification should occur through liquid-phase sintering, which
involves the addition of sintering aids. These additives remain in the
material's grain boundaries and triple points as a secondary phase.'*

The reaction of the sintering aids with SiO,, which is always pre-
sent on the surface of a-SisN, particles, promotes the solution/
precipitation process followed by the a — B-Si3N4 transformation.
Understanding the role of the sintering aids on the final properties of
the material is essential because the intergranular secondary phase
affects the final properties of the material.1>-1”

For structural applications at high temperatures, rare earth oxides
have been highlighted as silicon nitride sintering aids. These oxides
form a viscous liquid phase ables to promote the solution/
precipitation process and be crystallized during the cooling step or
after specific heat treatments.'® However, besides promoting the lig-
uid-phase sintering process, the used additives must result in an inter-
granular glassy phase with a proper biological response. Some
therapeutic ion oxides such as Li*, Sr?*, Zn?*, Ca®*, Mg?*, Cu?*, Ti*",
and Si**, able to stimulate tissue regeneration processes, can be
efficient to produce silicon nitride bioceramics. Studies using SrO,
MgO, and SiO, (together) as sintering aids of SisN4 have shown that
the simultaneous combination of these oxides results in materials with
low bacterial affinity as well as good proliferation ability and differen-
tiation potential of pre-osteoblasts cells.*® Other researches'”?° have
evaluated the densification, mechanical properties, and in vitro biologi-
cal behavior of silicon nitride ceramics containing SiO, and CaO with
or without Al,O5 or TiO, as sintering aids. The results showed that
the density of sintered materials, cell proliferation ability, and bioactiv-
ity in SBF can be improved depending on the amount of each oxide in
the initial composition. However, in general, it was possible to obtain
dense and bioactive silicon nitride ceramics suitable to stimulate in
vitro cell growth.

Hence, the previous positive results found for silicon nitride bio-
ceramics with SiO, + CaO, SiO, + CaO + Al,Os, SiO, + TiO,, and
SiO, + SrO + MgO encouraged us to investigate new additives com-
binations with SiO, + CaO + MgO and SiO, + MgO. The current
article aims to understand the densification, mechanical properties,
and in vitro bioactivity in SBF of silicon nitride containing therapeutic
ion oxides (SiO,, Ca0, and MgO). During the implantation in vivo, the
silicon introduction in the biomaterial stimulates bone mineralization
around the implant.21 At the same time, calcium can assist the osteo-
blast and osteoclast activity contributing to bone growth,?? and
finally, magnesium favors the adhesion and proliferation of osteoblas-

tic cells.z®

2 | MATERIALS AND METHODS

Commercial a-SisN4 powder (UBE, SN-E10), MgO (periclase, Vetec,
94.12% purity), SiO, (quartz, 99.9% purity, Sigma-Aldrich), and CaCO3
(P.A., Vetec) were used as starting powders. From properly weighed
raw materials, four different compositions (designed as SN1, SN2,
SN3, and SN4 in Table 1) were projected to have 20 wt. % additives
and consequently form enough volume of intergranular phase to

ensure the liquid sintering process and bioactivity. The amount of
each oxide was selected to evaluate the effect of SiO, and CaO silicon
nitride ceramics. All compositions were inspired by the good sintering
and biological results found for samples with 12 wt. % SiO, and 8 wt.
% CaO obtained in previous study.? Also, the amounts of MgO were
selected considering the magnesium stored in tissues and organs, esti-
mated at 5 mg/g.%*

Hence, in SN1 and SN2 compositions, the content of SiO, was
kept at 12 wt.%, while that of CaO was partially or entirely replaced
by MgO. SN3 and SN4 were prepared to have 8 wt. % CaO while
SiO, was partially replaced by MgO, resulting in a total amount of
12 wt.% (MgO + SiO,). Next, the powders were ground in a ball
mill for 24 h using isopropanol as the solvent and alumina balls as
media. After drying at 90°C using a rotatory evaporator, the pow-
ders were compacted by uniaxial (50 MPa) and cold isostatic
(200 MPa) pressing. Samples soaked in a powder bed of silicon
nitride were pressureless sintering at 1750°C for 1 h using a graph-
ite resistance furnace (Thermal Technology) in a high purity nitro-
gen atmosphere.

The apparent density and porosity of the sintered samples were
determined using the Archimedes' method, using distilled water as the
immersion liquid, while the relative density (RD) was determined con-
sidering the theoretical density estimable using the rule of mixture.
After sintering, the crystalline phases were identified by X-ray powder
diffraction (XRD; Bruker D8) with CuKa radiation. Microstructural
observation of the samples was performed on the polished and
plasma etched surfaces, using SF¢ and O,, by scanning electron
microscopy (SEM; PHILIPS—XL30).

The Young's modulus was determined by a nondestructive
dynamic method (ASTM E 1876-15)%° with the resonant frequency of
the specimens measured in the flexion mode using the Grindosconic
instrument. Flexural strengths of the ceramics were tested by three-
point bending according to ASTM C1161-13,2¢ while the hardness
and fracture toughness were determined by the Vickers indentation
method (Buhler VH1150 Durometer) with a load of 100 N. The
lengths of the impression diagonals and surface cracks were measured
so that the fracture toughness could be calculated using the equation

of Anstis et al. (Equation 1)%”:

ENY2\ P
K|C—OA016.<<HV> - (1)

where Kic is the fracture toughness, Hy is the Vickers hardness, E is
Young's modulus, ¢ is the half-length of radial crack, and P is the
applied load.

To investigate the apatite mineralization and predict the bioactiv-
ity of the materials for potential application in clinical orthopedics,
immersion testing of the sintered samples was performed in SBF with
similar ion concentrations to human blood plasma. The samples were
soaked at pH = 7.20, and 37°C with the solution exchanged every
60 h. After 2.5, 7.5, 14, and 24 days in SBF, the concentration of Ca?
+, Mg?*, and P into the solution was analyzed by plasma-optical emis-

sion spectrometry (ICP-OES, Spectro ARCOS), and the samples
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surfaces were observed by scanning electron microscopy (SEM,
Hitachi TM-3000 SEM). High-resolution field-emission gun scanning

electron microscopy and energy dispersive spectroscopy (FEG-SEM,
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JEOL JSM-6701F, and EDS, Thermo 6706C-3UUS-SN) were used to
evaluate the samples surfaces after 24 days of immersion.

3 | RESULTS AND DISCUSSION
The X-ray powder diffraction results of the sintered samples show
that all compositions exhibited diffractograms (Figure 1) containing
peaks of B-SizN4 phase, exclusively. The exclusive presence of -SisNy4
as a crystalline phase demonstrates that the sintering aids formed a
liquid phase that could dissolve the a-SizN4 particles, precipitated as
B-SisN4. After the cooling step, this liquid phase was kept in the mate-
rial as glass, as related by.2® The SEM images in Figure 2 illustrate the
B-SizN4 grains with a needle-like morphology dispersed in the second-
ary glassy phase. The needle-like 3-SisN,4 grains are responsible for
favoring the crack deflection toughening mechanism that, together
with the composition of the intergranular glassy phase, improve the
mechanical properties of the final material.>*>

Table 1 shows the values of density and apparent porosity of the
current sintered samples and those studied in other works.'??° From
this table, it is evident that SN1, SN2, and SN3 coded samples
exhibited low values of porosity and high values of density, demon-
strating that the amount and combination of additives as well as the
sintering temperature of 1750°C were suitable to promote the

15 20 25 30 35 40 45 50 55 60 65
26 ()
FIGURE 1 X-ray diffraction patterns of the silicon nitride samples
(B is p-SizNa)
FIGURE 2 SEM images of (A) SN1, (B) SN2, (C) SN3, and (D) SN4 coded samples
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pressureless liquid-phase sintering of silicon nitride. This successful
sintering can be attributed to some factors such as the high content
of silica presented in those compositions, which probably contributed
to form a low viscous liquid phase at relatively low temperatures, from
1400 to 1600°C, according to the CaO-MgO-SiO, phase diagram
described by Park et al.2? Moreover, the highest value of relative den-
sity found for SN2 coded sample suggests that the density can be
increased using compositions with higher contents of MgO besides
SiO,, probably because of changes in the liquid phase viscosity The
positive effect of MgO can be observed comparing the density of
SN2 sample with those samples also containing CaO and SiO, but
without MgO (SSC-12 and SSC-12A, Table 1'°). It means that MgO
additions may be more significant in the sintering process than the
temperature since the samples studied before!® were sintered at a
higher temperature (1815°C) than that used in the present study
(1750°C).

For Pedone et al.,>® when CaO is replaced by MgO in the network
of the 45S5 Bioglass, the melt viscosity is reduced due to the lower
number of shared edges between MgQOs and SiO4 polyhedra in com-
parison to CaOg-SiO4 ones, which increases the number of larger rings
in the silica matrix. On the other hand, the poor densification reached
by SN4 sample, revealed by its high porosity and low density, can be
related mainly to the very high liquid temperature of around 2200°C,
also identified by analyzing the phase diagram of the CaO-MgO-SiO,
system.??

The initial samples compositions influenced the hardness of sili-
con nitride samples because the additives composition affects the
hardness of the glassy phase and the densification process, as earlier
discussed. Comparing the results of SN1, SN2, SN3, and SN4 samples
shown in Table 1, we can see that SN3 and SN4 reached values of
hardness lower than those found for SN1 and SN2 samples as a con-
sequence of the highest content of SiO,. In addition, similar values of
hardness were reached by SN1, SN2, SSC-12,%° and SSC-12A sam-
ples, containing the same content of silica as well as CaO
and/or MgO.

Besides higher contents of SiO,, the effect of the total content of
the intergranular glassy phase on the hardness of the materials can be
noticed by analyzing the data in Table 1. In general, silicon nitride
ceramics with less glass are harder, as happened with samples with
lower content of additives obtained in our previous study,?° coded as
SSCT-1 and SSCT-4. They presented increased values of hardness
than all others with similar relative densities in Table 1 due to their
composition characterized by a high content of SisN4 (90 wt. %).

The hardness is critical for materials to be used in some biomedi-
cal applications because they are often accompanied by an increased
wear resistance what minimizes the debris formation from the sliding
between bone and implant surfaces. The presence of wear debris at
the bone/implant interface is responsible for phenomena such as
aseptic loosening and periprosthetic osteolysis, increasing the need
for revision surgeries.>?

Also, it is possible to observe from Table 1 that SN1, SN2, and
SN3 coded samples presented higher fracture toughness, Young's

modulus, and flexural strength than SN4 mainly because of their more

Y sk WILE Y-St

significant densification. This behavior also suggests that the additives
compositions with CaO, MgO, and high content of SiO, allowed
obtaining silicon nitride ceramics with great mechanical performance,
diminishing the risk of failure, therefore increasing the survival rate of
orthopedic implants. We can observe from this table that the fracture
toughness has been very close for SN1 and SN2 coded samples, and
the values of around 6.8 MPa.m*/? were greater than that of 4.9 MPa.
m*/2 found for samples with similar compositions (designed as SSC-12
and SSC-12A in Reference 19), but without MgO. These results sug-
gest that the presence of MgO tends to improve the fracture tough-
ness of silicon nitride ceramics, probably because of replacements of
Ca atoms by Mg in the glass network, which become structures with
MgO more stable due to the higher bond energy of Mg-O than that of
Ca-0.32 Such behavior was very similar to that of Chen et al. 3 who
found higher values of flexural strength and fracture toughness for
the bioceramic of MgO-SiO,-Ca0 system with the highest Mg/Ca
molar ratio. Moreover, the results showed in Table 1 indicates that
the presence of MgO in compositions containing CaO and high con-
tent of silica can increase the fracture toughness of silicon nitride
ceramics to values higher than that reached by SSCT-1 and SSCT-4
samples, previously studied,?° whose additions of TiO, promoted the
formation of TiN as a reinforcement phase.

The data in Table 1 also shows that both densification and addi-
tives compositions influence on values of Young's modulus (E). The
influence of porosity can be verified by the lowest Young's modulus
found for sample SN4, with the highest porosity among all samples.
As well as this, despite the presence of the strong Mg-O bonds in the
glassy phase, it is possible to observe that E also tends to decline with
increasing MgO. This behavior is showed comparing the results of
samples with 12 wt. % SiO,, that is, SN1, SN2, SSC-12'? and SSC-
12A.2° Some works have also investigated the influence of MgO on
Young's modulus of silicate glasses. Studying the structure and elastic
properties of Na,O-MO-4SiO, glasses (M = Mg, Ca, Sr, Ba), Lin
et al.®* found reduced values of Young's modulus in glasses with
M = Mg). They related this result to more abundant Q* species
(three-dimensional SiO, network) besides the possible presence of
silicate-rich/M-clusters interfaces. Pedone et al.*° investigating the
effect of MgO (from 0.5 to 26.9 mol%) on 4555 Bioglass have con-
cluded that E decreased with the increase of MgO content, but the
value reached a minimum for the glass with 10 mol% and increased
again. Hand & Tadjiev®® also observed lower values of E for silicate
glasses with increased contents of MgO. However, they related this
behavior to the small size of Mg that leads it to adopt a former net-
work role instead of a modifier, increasing the network connectivity.
However, it is essential to consider that Young's modulus close to
those of cortical bone (7-25 GPa) is required to reduce the probability
of implant failure due to the stress shielding phenomenon.3¢ Although
the values of E have been high compared to the cortical bone, we
must keep in mind that this work can direct other studies with
improved compositions or processing of the samples.

Changes in Ca?t, Mg2+, and P concentrations in SBF as a function
of time are shown in Figure 3. Variations of Ca?* and P contents in

the solutions indicate competition between the consumption of these
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FIGURE 3 Variation of Ca%", Mg?", and P ions concentration in SBF after 2.5, 7.5, and 14 days of immersion of the (A) SN1, (B) SN2, (C) SN3,

and (D) SN4 samples

ions to form the Ca-P surface layer and their release from the inter-
granular glass present in all samples. For SN1 and SN3 samples
(Figure 3A,C), we can see that the Ca?* ions into the solution were
significantly reduced during the initial 2.5 days of immersion. After
that, the content of these ions increased up to 7.5 days, followed by a
reduction up to the 14th day. This last stage was more prominent for
SN3 sample, showing the highest Ca-P layer growth rate. Still consid-
ering the same samples, it is possible to observe that the P concentra-
tion was initially reduced with a slight increase after 7.5 days for SN3.

For SN4 sample (Figure 3D), a rapid increase of Ca®" jons concen-
tration up to 7.5 days is observed, followed by their reduction. The
release rate of Ca%" ions from the intergranular phase was higher than
the consumption rate from the SBF solution, owing to the high con-
tent of CaO in the sample composition (8 wt.%). Furthermore,
although the phosphorus content has shown an initial reduction, its
increase after 2.5 days suggests the dissolution of the Ca-P layer
formed up to 7.5 days. On the other hand, SN2 sample (Figure 3B)
promoted a significant Ca?* and P ions consumption from SBF up to
7.5 days to form the Ca-P layer. After that, the increased concentra-
tion of these ions into the solution suggests a fast dissolution of the
formed Ca-P layer.

The release of Mg?* ions from the bioceramics to their respective
solutions occurred up to 7.5 days of immersion. It increased with the

increase in the content of MgO in the initial composition of the sam-
ples. However, from 7.5 to 14 days, the magnesium concentration in
each solution was reduced, indicating its incorporation into the Ca-P
layer.

Figure 4 illustrates SEM images of the studied samples after the
immersions in SBF. According to this figure, it is clear that from 2.5 days
of immersion onwards, particles are present on almost all samples. These
results associated with those of ionic variation in SBF (Figure 3) indicate
that such particles are crystals of Ca-P as a consequence of apatite
nucleation on the surfaces. However, SN4 composition seems to have
presented the ideal surface for apatite nucleation and growth up to day
2.5 of immersion (Figure 3M). This can be justified by the samples'
porosity, which tends to assist in transporting ions from the intergranular
vitreous phase towards the growing apatite crystals and the consequent
high release rate of Ca* ions, shown in Figure 3D.

On day 7.5 (Figure 4B,F,J,N), it is evident that the number of apa-
tite crystals was higher in SN4 sample, followed by SN3, SN1, and
SN2, respectively. The slow apatite nucleation and growth processes
in SN2, in this time, can be related due to its low porosity and high
content of MgO, which led to the increased release of Mg?™ into the
solution (Figure 3B).

From the 14th day, SN1 sample had a layer with scattered small
crystals (Figure 4C). In contrast, on SN3 and SN4 (Figure 4K,0), a
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FIGURE 4 SEM images of the samples surfaces up to 24 days of immersion in SBF solution. (A) SN1/2.5 days, (B) SN1/7.5 days,
(C) SN1/14 days, (D) SN1/24 days, (E) SN2/2.5 days, (F) SN2/7.5 days, (G) SN2/14 days, (H) SN2/24 days, (I) SN3/2.5 days, (J) SN3/7.5 days,
(K) SN3/14 days, (L) SN3/24 days, (M) SN4/2.5 days, (N) SN4/7.5 days, (O) SN4/14 days, and (P) SN4/24 days

dense superficial film with numerous crystals with a spherical mor-
phology typical of bone-like apatite was formed. Comparing SN3 and
SN4 samples after 14 days of immersion, we can also notice that the
highest apatite growth rate was found for SN3 sample, indicating its
high reactivity over time, probably due to a more stable apatite layer
which could continue to consume Ca* from SBF.

In addition, on the 14th day of immersion, SN2 sample
(Figure 3G) had only part of its surface covered by a thick film
(Figure 4G). On the 24th day (Figure 3H), the apatite layer has been
completely dissolved or detached what is demonstrated by a surface
morphology with no film or scattered particles (Figure 4H). These
findings correlate well with the ICP analysis, which shows a significant
increase of Ca?* and P ions concentration into the solution after
7.5 days of immersion.

FEG-SEM images and EDS spectra of SN1, SN3, and SN4 sam-
ples after the 24th day of immersion in SBF (Figure 5) show that
worn-like crystals, the morphology of hydroxyapatite at high mag-
nification examination, form the globular aggregates containing

Ca, P, Na, Mg, Si, and Cl. The Si peak is due to silicon nitride sub-
strate while the presence of Ca and P peaks with high intensity
indicates that the worn-like crystals are resulting from the calcium
phosphate precipitation and have c ranging from 1.53 to 1.64
(Table 2). The atomic content ratios lower than 1.67 for hydroxyap-
atite can be associated with the occupation of some PO,°~ sites by
C032‘ and HPO,*~ in the hydroxyapatite crystals, as observed by
other works about apatite formed in SBF.®” However, replace-
ments of Ca?* by Mg?* can also contribute to the reduced Ca/P
atomic ratios found here, as shown when we compared these
values with those of (Ca + Mg)/P atomic ratios in Table 2. The
presence of Na, Cl, and Mg suggests that these ions, from the SBF
solution or additives composition, were incorporated into the cal-
cium phosphate crystals.

The mechanism of apatite formation on the current samples can
be compared to that on CaO-MgO-SiO, glasses since the inter-
granular glassy phase mainly contains CaO, MgO, and SiO,.%® This
means that during the test, a hydrated silica gel layer was probably
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TABLE 2 Ca/Pand(Ca + Mg)/P ratios obtained using EDS
analysis

Sample Ca/P (Ca + Mg)/P
SN1 1.64 1.68
SN3 1.50 1.59
SN4 1.53 1.61

firstly formed on the samples owing to exchanges of alkali or alkali-
earth ions from their surfaces with H" and H;O™" ions from the SBF.
As the newly silica gel layer acts as sites of nucleation and crystalliza-
tion of apatite, it must have absorbed Ca?" and PO,3~ ions from the
solution with subsequent formation of an amorphous calcium-
phosphate layer that incorporates CO32~ and OH™ ions from SBF, for-
ming bone-like HCA (hydroxycarbonate apatite).%”

However, it has been reported that the formation and crystalliza-
tion rates of the calcium phosphate layer on silicate glasses tend to be
reduced with high MgO concentrations, which contributes to hinder
the transformation of amorphous calcium phosphates to more stable
apatite phases.*® This can justify the low content of apatite crystals
on SN2 sample surface on the 7th day of immersion in SBF and the
partial and total absence of a film of apatite on the 14th and 24th
days of immersion.

Besides the ceramic composition, another factor that contributes
to the in vitro bioactivity is the surface morphology. Studies have
demonstrated that rough and porous surfaces favor the crystallization
of hydroxyapatite on Ca-containing bioactive glasses.41 Eqgtesadi
et al.*? for example, observed that the presence of microporosity in
robocasts of 13-93 scaffolds promotes better in vitro bioactivity than
the same dense structures. Porosity tends to support the biominerali-

zation process by accelerating the release of Ca?>" and PO,°~ and

FEG images and EDS spectra of the samples surfaces after 24 days of immersion in SBF solution. (A) SN1, (B) SN3, and (C) SN4

their supersaturation levels around the environment.*® This factor
probably contributed to the high number of aggregates on SN4
porous sample on the first days of immersion in SBF and the dense
superficial in the final days.

4 | CONCLUSIONS

In this article, different samples of silicon nitride ceramics with
SiO,, CaO, and MgO additions were obtained by pressureless
sintering at 1750°C for 1 h under a nitrogen atmosphere. All stud-
ied compositions resulted in total a — p-SizN4 transformation and
developed a microstructure with needle-like grains dispersed in an
intergranular phase. The densification behavior was affected by the
combination and amounts of additives, that is, higher content of
SiO, in the initial compositions were more able to form dense sili-
con nitride ceramics. In general, greater densification promoted
higher values of fracture toughness, Young'modulus, and flexural
strength. Still, the initial compositions also influenced the mechani-
cal properties since lower SiO,/MgO mass ratios tended to reduce
the Young'modulus and hardness. SBF immersion tests demon-
strated that the samples' bioactivity depends on the porosity and
additives composition, with the mineralization ability achieved by
samples with higher porosity and/or lower contents of MgO. Thus,
the results indicate that an additive composition with high content
of SiO, and CaO and low content of MgO may promote the forma-
tion of an apatite layer on silicon nitride ceramics after SBF immer-
sion, as well as increased values of hardness, fracture toughness,
and flexural strength. However, additional studies must be con-
ducted performing some microstructural modifications to reduce

the values of Young's modulus.
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