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Graphical/Tabular Abstract (Grafik Özet) 

In this study, ZrO2-Si3N4 ceramics were brought together to use the strengths of both materials. 
Optimum density and mechanical property values were achieved with the addition of 5% Si3N4. Due 
to the low sintering temperature, β-Si3N4 was not transformed. /Bu çalışmada ZrO2-Si3N4 
seramikleri her iki malzemenin güçlü yönlerini ön plana çıkaracak şekilde bir araya getirilmiştir. 
En uygun yoğunlaşma ve mekanik özellik değerlerine %5 Si3N4 ilavesi ile ulaşılmıştır. Düşük 
sinterleme sıcaklığı nedeniyle β-Si3N4 gözlemlenmemiştir. 

 
Figure A: Distribution of ceramic phases via EDS mapping, properties and XRD analyses /Şekil 

A: Seramik fazların EDS haritalama ile dağılımı, özellikler ve XRD analizleri  

Highlights (Önemli noktalar)  
 ZrO2-Si3N4 ceramics were produced 1500°C under a nitrogen atmosphere. /ZrO₂-Si₃N₄ 

seramikleri 1500°C'de azot atmosferi altında üretilmiştir. 
 The density values decreased from 5.66 to 3.68 g/cm3 /Yoğunluk değerleri 5,66’dan 3,68 

g/cm³’e düşmüştür. 
 The major phase found in all samples was t-ZrO2, Si3N4 was detected.  /Tüm numunelerde 

başlıca faz t-ZrO₂ (tetragonal zirkonya) olarak tespit edilmiştir. 
Aim (Amaç): This study aims to produce ZrO2-Si3N4 ceramics with varying Si3N4 amounts. The 
effect of Si3N4 amount on the phase-microstructural development, hardness and fracture toughness 
were investigated. /Bu çalışmada, farklı oranlarda Si3N4 kullanılarak ZrO2-Si3N4 seramiklerinin 
üretilmesi amaçlanmıştır. Si3N4 oranının faz-mikroyapı gelişimi, sertlik ve kırılma tokluğu 
üzerindeki etkisi incelenmiştir. 

Originality (Özgünlük): ZrN formation is undesirable in the production of ZrO2-Si3N4 ceramics 
due to their mechanical properties. In order to prevent the formation of this phase, sintering was 
performed at a relatively low level. /ZrO2-Si3N4 seramiklerinin üretiminde ZrN oluşumu 
malzemenin mekanik özelliklerini zayıflatmasından dolayı istenemektedir. Çalışmada fazın 
oluşumunu engellemek amacıyla sinterleme görece düşük sıcaklıkta yapılmıştır.  

Results (Bulgular): The density values decreased from 5.66 to 3.68 g/cm3, the hardness values of 
samples reduced from 11.7 to 2.6 GPa by the entity of Si3N4 content from 5 to 20 wt. /Yoğunluk 
değerleri, %5 ve %20 Si₃N₄ içeren numunelerde sırasıyla 5,66’dan 3,68 g/cm³’e, sertlik değerleri 
ise 11,7'den 2,6 GPa değişmiştir. 

Conclusion (Sonuç): Si3N4 addition restricted consolidation and open porosity increased from 3 
to 27 for 5 and 20 wt.% of Si3N4 addition.  XRD results indicated that ZrO2 was detected as the 
major phase. Due to the low sintering temperature, α→β-Si3N4 phase transformation could not be 
observed. Both hardness and fracture toughness of the samples diminished with Si3N4 addition. 
/Si3N4 ilavesi yoğunlaşmayı kısıtlamış ve açık gözeneklilik, %5 ve %20 ağırlık oranlarında Si3N4 
ilavesi için %3'ten %27'ye yükselmiştir. XRD sonuçları, ZrO2'nin ana faz olarak tespit edildiğini 
göstermiştir. Düşük sinterleme sıcaklığı nedeniyle α→β-Si3N4 faz dönüşümü gözlenememiştir. 
Numunelerin hem sertliği hem de kırılma tokluğu, Si3N4 ilavesiyle azalmıştır. 
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 Abstract 

Yttria stabilized tetragonal zirconia polycrystal (Y-TZP) has been used in dental applications 
because of its superior mechanical properties, aesthetically pleasing appearance, low tendency to 
plaque accumulation and excellent biocompatibility. However, there are some drawbacks of 
zirconia which are related to low temperature degradation and its radiopaque property. In this 
study, to overcome these drawbacks by combining of beneficial properties of silicon nitride that 
is its antibacterial behavior, partial radiolucency, stability in aqueous environment and those of 
zirconia which are superior mechanical properties and translucency in visible region were studied. 
ZrO2-Si3N4 ceramics (Si3N4 content varies between 0-20 wt.%.) were produced 1500°C under a 
nitrogen atmosphere. As the amount of Si3N4 in ZrO2 was increased, densification was inhibited 
and the bulk density decreased gradually. The density values decreased from 5.66 to 3.68 g/cm3 
for the samples containing 5 and 20 wt.% Si3N4. Phase content of samples was determined by X-
ray diffraction (XRD) technique. The major phase found in all samples was t-ZrO2, Si3N4 was 
detected in α-form due to low sintering temperature. Peak merging in specific 2θ values in ZrO2 
shows the presence of c-ZrO2. Microstructure of samples was analyzed by scanning electron 
microscopy (SEM). The porosity formed with Si3N4 addition was also determined by SEM. 
Hardness and fracture toughness values of samples were characterized by Vickers hardness test. 
Hardness and fracture toughness also decreased against the increasing amount of Si3N4.  
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 Öz 

İtriya stabilize tetragonal zirkonya polikristali (Y-TZP); üstün mekanik özellikleri, estetik açıdan 
hoş görünümü, plak birikimine düşük eğilimi ve mükemmel biyouyumluluğu nedeniyle diş ile 
ilgili uygulamalarda kullanılmaktadır. Fakat zirkonyanın, diş ile ilgili uygulamalarda düşük 
sıcaklık bozunumu ve radyoopak özelliği ile ilgili bazı dezavantajları vardır. Bu çalışmada, 
silisyum nitrürün (Si3N4) faydalı özellikleri olan antibakteriyel davranışı, radyo dalgalarına karşı 
kısmi geçirgenlik, sulu ortamdaki kararlılığı ile zirkonyanın faydalı özellikleri olan üstün 
mekanik özellikleri ve görünür bölgedeki yarı saydamlığını birleştirerek bu dezavantajların 
üstesinden gelmek için çalışılmıştır. ZrO₂-Si₃N₄ seramikleri (Si₃N₄ içeriği ağırlıkça %0-20 
aralığında değişmektedir.) 1500°C'de azot atmosferi altında üretilmiştir. Si₃N₄ miktarının artması 
yoğunlaşmayı engellemiş ve yığınsal yoğunluk aşamalı olarak azalmıştır. Yoğunluk değerleri, 
%5 ve %20 Si₃N₄ içeren numunelerde sırasıyla 5,66’dan 3,68 g/cm³’e düşmüştür. X-ışınları 
kırınım (XRD) yöntemi ile numunelerin faz içerikleri belirlenmiştir. Tüm numunelerde başlıca 
faz t-ZrO₂ (tetragonal zirkonya) olarak belirlenmiş, düşük sinterleme sıcaklığı nedeniyle Si₃N₄ ise 
α formunda tespit edilmiştir. ZrO₂’de belirli 2θ değerlerinde görülen pik birleşmeleri, c-ZrO₂ 
(kübik zirkonya) varlığına işaret etmektedir. Numunelerin iç yapısı ise taramalı elektron 
mikroskobu (SEM) ile incelenmiştir. Si₃N₄ ilavesiyle oluşan gözeneklilik SEM ile de 
gösterilmiştir. Sertlik ve kırılma tokluğu ise Vickers sertlik testi ile karakterize edilmiştir. Si₃N₄ 
miktarındaki artışa bağlı olarak sertlik ve kırılma tokluğunda düşüş görülmüştür.  

 

1. INTRODUCTION (GİRİŞ) 

Transformation toughening mechanism was gained 
to partially stabilized ZrO2 (PSZ) new perception of 

usage areas specifically in biomedical applications 
[1-4]. 3 mol% yttria partially stabilized tetragonal 
ZrO2 (3-YSZ) is the commercial form of ZrO2 ‘n 
dental area [5]. ZrO2 ceramics provided the all needs 
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for crowns, bridges, fixed-all dental restorations and 
implants thanks to the low radioactivity, optical 
appearance, biocompatibility, improved mechanical 
properties. One of the most significant advantages 
of ZrO2 ceramics for biomedical applications is its 
superior biocompatibility. ZrO2 ceramics are 
chemically inert, do not show local or systemic 
adverse reactions [5,6], allow good cell adhesion [5-
7]. In addition, peri-implant soft tissues around 
ZrO2 repaired itself faster than titanium [8]. ZrO2 
ceramics show translucency, tooth-colored shade, 
they are advantages for dental applications [9]. 
Although transformation toughening mechanism 
improves the mechanical resistance of ZrO2, it 
restrains the usage of ZrO2 through low-temperature 
degradation known as aging [5]. After prolonged 
exposure to water vapor at a temperature range of 
100-500°C or body fluids at 37°C, progressive, 
spontaneous tetragonal to monoclinic phase 
transformation occurs with 4% volume increment. 
Reduction in strength, toughness, density and 
increase of monoclinic phase content are the 
detrimental effects of aging [6]. This may result in 
inflammatory responses [5, 7].  

Si3N4 ceramics have been developed for structural 
applications as a result of high thermal, mechanical 
and chemical properties, by 21st century, their use in 
medical applications was discovered [10].   The 
mechanical strength of Si3N4 is significant in 
medical applications. Dense ones have been mainly 
investigated as load-bearing orthopedic applications 
for joints such as the knee, hip and spinal fusion 
implants. Additionally, porous form of Si3N4 has 
been studied in bone replacements. The first usage 
of Si3N4 ceramics as spinal fusion devices was 
begun in 1986. The use of Si3N4 as spinal vertebral 
body replacement device was started in 2006 and 
Si3N4 spinal fusion cages have been introduced 
since 2008 [11-13]. Non-cytotoxicity and 
biocompatibility properties of Si3N4 confirmed both 
in vitro and in vivo studies. In addition to non-
toxicity, it improves cell adhesion, proliferation and 
differentiation [14-15].  Furthermore, wear particles 
of Si3N4 are soluble body fluids, it provides cell 
proliferation and does not cause infection [16-18]. 
Bacterial lysis is occurring as a result of the its 
surface chemistry and play an important function as 
a candidate material in dental applications [15,18]. 
When β-Si3N4 is implanted into an aqueous 
solution, ammonium ions (NH4

+) are produced and 
show a pH-buffering effect [10-19]. The 
surrounding acidic gel is transformed to the alkaline 
values because of this effect. These alkaline values 
prevent adhesion and biofilm generation of bacteria. 
Furthermore, it has low wetting angle and high 

hydrophilicity with a negative charge. When same 
charge 

d bacteria meet Si3N4, membrane is degraded and 
cell of bacteria is died [18]. Si3N4 is a radiolucent 
material visible on plain radiographic images [15]. 
Si3N4 provides significant benefit; it does not distort 
images and serves exact imaging of the implant 
during the surgical process owing to the 
radiolucency. According to the researchers, the 
radiographic behavior is the same as enamel and 
does not show artifacts, thus distinguishing 
surrounding tissue [20]. The chemical stability of 
Si3N4 was proved when exposed to accelerated 
aging due to research that preserved its superior 
flexural strength and its usage in vivo [18]. 

To improve the properties of ZrO2 in dental 
applications, Si3N4 can be preferred as a secondary 
phase in ZrO2. High toughness, chemical stability in 
aqueous environment resistance, radiographic 
response and antibacterial behavior of Si3N4 can be 
combined with high fracture toughness, optical 
translucency and radioopacity of ZrO2. A 
comparison of the remarkable properties of ZrO2 
and Si3N4 ceramics is listed in Figure 1. 

 

 

Figure 1. A comparison of the remarkable 
properties of ZrO2 and Si3N4 ceramics (ZrO2 and Si3N4 
seramiklerinin önemli özelliklerinin karşılaştırılması) 
 
This study aims to produce ZrO2-Si3N4 ceramics 
with varying Si3N4 amounts at a moderate 
temperature to prevent formation of ZrN. The effect 
of Si3N4 amount on the phase-microstructural 
development, hardness and fracture toughness were 
investigated.  
 

2. MATERIALS AND METHODS (MATERYAL 
VE METOD) 
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2.1. Sample Preparation (Numune Hazırlama) 

Si3N4 powder (UBE SN-E10, Japan.) and ZrO2 

powder (Inframat Advanced Materials, USA) were 
preferred as the starting powders. Their properties 
are given in Table 1.  

Table 1. General properties of starting raw 
materials (Başlangıç hammaddelerin özellikleri) 

RAW MATERIALS VALUE 

Si3N4 powder   

α phase  > 95 wt.% 

Oxygen Content  <2 wt.% 

Specific Surface Area  9-13 m2g−1 

ZrO2 powder   

Purity  ≥ 99.9 wt.% 

Yttria Stabilized ZrO2(YSZ)  3 mol % 

 

3.46 wt.% Y2O3 (Grade C, H.C. Starck, Germany) 
and 3.46 wt.% CeO2 (Inframat, USA) were used as 
sintering agents. Three compositions were prepared 
with the addition of 5, 10 and 20 wt.% of Si3N4 into 
ZrO2 powder. The sample labels and their 
compositions are given in Table 2.  
 

Table 2. Composition labels and contents 
(Kompozisyon isimlendirmesi ve içerikleri) 

 

SAMPLE 
LABELS 

CONTENTS 

Z ZrO2 + 6.16 wt.% Y2O3  

S Si3N4 + 3.46 wt.% Y2O3 +  3.46 
wt.% CeO2 

ZS5 95 wt.% Z + 5 wt.% S 
ZS10 90 wt.% Z + 10 wt.% S 
ZS20 80 wt.% Z + 20 wt.% S 

 

Wet-milling of Si3N4 containing mixtures was done 
in a 500 cm3 polypropylene jar with Si3N4 balls and 
a ball-to-slurry ratio was selected as 4:6. Separately, 
Z powder was produced by using ZrO2 balls. Slurry 
was milled at 185 rpm in ethanol for 24 hours. The 
homogenized forms were dried in a drier at 110°C 

for 1 day. The produced powders were ground and 
sieved. Uniaxial dry press (MSE Technology) was 
used for forming. Powder mixtures were compacted 
as disk shape (radius: 10 mm, thickness: 1 mm) at 
25°C and under 50 MPa.   

Samples were sintered in a tube furnace (GSL-
1700X, MTI Corporation, USA) under a nitrogen 
atmosphere at 1500°C with a hold time of 60 
minutes. The heating and cooling rates were 5°C per 
minute to stabilize the tetragonal phase at room 
temperature. 

 2.2. Characterization (Karakterizasyon) 

The density measurement was provided by 
Archimedes’ displacement method. Phase 
identification was characterized by X-ray 
diffraction (XRD) (Rigaku MiniFlex) analysis by 
using Cu Kα radiation at 40 kV and 15 mA, X-ray 
scanning range from 10 to 70 degrees. Polished 
surfaces of samples were characterized by scanning 
electron microscopy (SEM) (Hitachi SU5000, 
Japan) with an energy dispersive spectrometer 
(EDX) (Oxford X-MaxN 80). Vickers hardness 
testing method determined the samples' hardness 
(Shimadzu HMV-G, Japan) under a load of 10 N for 
10 s. Five indents were taken from each sample. The 
fracture toughness was identified by the 
measurement of the diagonal crack length from the 
Vickers hardness indent [21].  

 

3. RESULTS AND DISCUSSION (BULGULAR 
VE TARTIŞMA) 

3.1. Densification of ZrO2-Si3N4 Ceramics (ZrO2-
Si3N4 Seramiklerinin Yoğunlaşması) 

Fig. 2. gives the shrinkage and weight loss of 
samples. The highest shrinkage reached in Z by 
42.91% showing a higher consolidation rate. A 
gradual decrease in shrinkage was obtained with an 
increasing amount of Si3N4. The lowest value 
reached was 0.95% for sample S. The weight losses 
of ZrO2-containing samples were around 4% due to 
binder content in the initial ZrO2 powder.  
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Figure 2. Firing shrinkage and weight loss values 
of samples (∆: firing shrinkage, O: weight loss) 
(Pişme küçülmesi ve ağırlık kaybı değerleri ((∆: 
pişme küçülmesi, O: ağırlık kaybı)) 

Bulk density and apparent porosity vary with the 
Si3N4 addition. The highest bulk density was 
obtained for sample Z according to Figure 3. Amat 
et al. reached fully consolidated ZrO2 between 
1400-1600°C by using the same powder source 
[22]. Y2O3 is one of the well-known agents that 
stabilizes metastable tetragonal ZrO2 phase at room 
temperature and hence provides transformation 
toughening. Ewais et al. showed the function of 
Y2O3 and CeO2 during the sintering of Si3N4-ZrO2 
composites. Both oxides decrease or eliminate the 
risk of formation of ZrN or ZrOxNy phases through 
nitridation of ZrO2 [23]. Moreover, CeO2 reduces 
the liquidus temperature in sintering and improves 
densification at lower temperatures [24]. Therefore, 
Y2O3 and CeO2 were selected as sintering additives. 
Despite using these additives, density started to 
decline against the increasing amount of Si3N4 and 
a rapid decrease was observed from ZS5 to ZS10 
with values of 5.66 to 4.63 g/cm3. The lowest 
densification (1.55 g/cm3 bulk density with 51.55 
apparent porosity) was reached for sample S owing 
to the low sintering temperature. ZrO2 could be 
reduced to ZrN by a reaction with Si3N4 at high 
temperatures and under reducing atmospheres. To 
eliminate the risk of ZrN formation, sintering was 
carried out at a relatively lower temperature [25].   
 

 

Figure 3. Bulk density and apparent porosity of 
samples (∆: bulk density, O: apparent porosity) 
(Numuneleri yığınsal yoğunluk ve açık gözenek 
değerleri (∆: yığınsal yoğunluk, O: açık gözenek)  

3.2. Phase Analysis of ZrO2-Si3N4 Ceramics 
(ZrO2-Si3N4 seramiklerinin faz analizleri) 

XRD patterns of all samples are given in Fig. 4. 
Sample Z was composed of t-ZrO2 (PDF Card #: 00-
050-1089) and two peaks at 20 and 26.8° were 
matched with the two most intense peaks of zircon 
(PDF Card #:01-072-0402). In sample S, α-Si3N4 
(PDF Card #: 01-070-3756) phase was observed. It 
was clear that a majority of α-Si3N4 was retained 
without transformation into β-Si3N4 which can be 
related to the insufficient sintering temperature. 
Sintering additives of Si3N4 that is Y2O3 and CeO2 
peaks were not detected in the XRD pattern. This is 
because of the reaction of a part of Si3N4 with Y2O3 
and CeO2 forming a liquid phase at the sintering 
temperature. 

In ZS5, peaks of t-ZrO2 and traces of α-Si3N4 were 
detected. The intensity of adjacent peaks at 34-35°, 
50-51° and 59-60° was decreased and they merged 
into a single peak showing the mix of tetragonal and 
cubic phases. ZS10 had a slightly higher amount of 
Si3N4 than the ZS5 sample. Peak merging at 34-35° 
disappeared; they were observed as distinct peaks 
due to the presence of α-Si3N4 peaks at 34-35°. The 
entity of Si3N4 peaks is more evident in ZS20. 
Although this sample has the highest Si3N4 content, 
the peak intensity is still weak. Chockalingam and 
Amarakoon produced Si3N4-ZrO2 composites with 
varying amounts (10-40 wt.%) of ZrO2 additions. 
They also found that the peak intensities of ZrO2 
became higher after 25 wt.% addition [25]. In 
another study, TiO2-coated Si3N4-ZrO2 composites 
(80 wt.% Si3N4-20 wt.% ZrO2) was produced. Even 
though the amount of ZrO2 added is low, the most 
intense peak in XRD belongs to this phase [26]. 
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Figure 4. XRD patterns of samples (:t- ZrO2, 
:α-Si3N4, : Zircon) (Numunelerin XRD analizleri 

((:t- ZrO2, :α-Si3N4, : Zirkon) 
 

3.3 Microstructural Analysis of ZrO2-Si3N4 
Ceramics (ZrO2-Si3N4 seramiklerinin iç yapı analizi) 
 
Fig. 5 a-c shows the effect of the amount of Si3N4 
on the microstructure. The phase distribution of 
ZrO2 and Si3N4 can be identified easily. Due to the 
higher atomic weight of ZrO2, light gray areas 
represent this phase, dark gray regions belong to 
Si3N4 and black areas represent porosity. At low 
content of Si3N4 (ZS5), the volume of pores is less 
and they are isolated. The amount of porosity 
gradually increased with the increase in Si3N4. Also, 
they become interconnected with each other. Low 
sintering temperature and low amount of sintering 
additives that form an insufficient liquid phase are 
the main causes of incomplete densification. 
Specific equipment such as hot press, hot isostatic 
press and microwave sintering have been used in the 
production of Si3N4-ZrO2 ceramics. These ceramics 
reached 99% theoretical density. Sanders and 
Mieskowski sintered Si3N4-ZrO2 ceramics at 
2140°C under 2.5 MPa N2 pressure for 0.5 h. The 
highest relative density obtained was 99.2% [27]. 
Kleebe et al. used 10 MPa pressure and 1925°C 
temperature and ceramics had theoretical density 
values varying between 98.0% and 99.6% [28]. 
Microwave sintering was applied using 2.45 GHz 
microwave energy at 1600°C for 1 h by 
Chockalingam and Amarakoon. 99% of theoretical 
density was concluded but ZrN was formed for all 
samples [25].   
 

 

 

 

 

 

 

 

Figure 5. Microstructures of samples a) ZS5, b) 
ZS10 and c) ZS20 (a) ZS5, b) ZS10 and c) ZS20 
numunelerine ait iç yapıları 

Chemical analysis of sample ZS10 was carried out 
via SEM-EDX mapping as given in Fig. 6. The 
elemental distributions are presented in the figure. 
The presence of ZrO2 in bright areas with Y can be 
seen. Si and N elements were detected in dark gray 
areas proving the presence of Si3N4.   
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Figure 6. EDX-Mapping of ZS-10 sample (ZS-10’a 
air EDX-haritalama) 

3.3 Hardness and Fracture Toughness of 
Samples (Numunelerin Sertlik ve Kırılma Tokluğu) 
 
In Table 3 Vickers hardness and fracture toughness 
of Z, ZS5, ZS10 and ZS20 are shown. Porosity 
present in S sample have made it impossible to 
measure hardness value. The hardness values of 
samples reduced from 11.7 to 2.6 GPa by the entity 
of Si3N4 content from 5 to 20 wt.%. Traditional 
Si3N4 ceramics have 17-20 GPa hardness values, 
therefore an enhancement in hardness values was 
anticipated against the rise in Si3N4 content. 
However, full densification could not be reached 
due to an insufficient amount of liquid phase in 
Si3N4 samples and sintering temperature, lower 
hardness values were obtained. The Vickers 
hardness value of YSZ is 11-13 GPa [29]. On the 
other side, the results of the Z sample were as 
expected at 13.2 GPa. Fracture toughness of Z and 
ZS5 could be measured, owing to the high porosity 
content of the remaining samples, crack length after 
the indentation cannot be identified. Fracture 
toughness of Z and ZS5 measured 5.8 and 3.5 
MPa/m1/2, respectively. Mao et al. improved the 
fracture toughness of porous Si3N4 from 4.2 to 5.7 
MPa/m1/2 with the addition of 10 wt.% of ZrO2 [30]. 

 

 

 

Table 3. Hardness and fracture toughness values of 
samples (Numunelerin sertlik ve kırılma tokluğu 

değerleri) 

Sample 
Hardness  

(GPa) 

Fracture Toughness  

(MPa/m1/2) 

Z 13.2 (± 0.5) 5.8 (± 0.2) 

ZS5 11.7 (± 0.8) 3.5 (± 0.3) 

ZS10 6.1 (± 0.2) Not measured 

ZS20 2.6 (±0.2) Not measured 

S Not measured Not measured 

 

4. CONCLUSIONS (SONUÇLAR) 

ZrO2 ceramics with 5-20 wt.% Si3N4 addition have 
been produced in this study. To prevent ZrN 
formation, samples were sintered at 1500°C under 
nitrogen atmosphere. Si3N4 addition restricted 
consolidation and open porosity increased from 3 to 
27 for 5 and 20 wt.% of Si3N4 addition.  XRD results 
indicated that ZrO2 was detected as the major phase. 
Due to low sintering temperature, α→β-Si3N4 phase 
transformation could not be observed. Both 
hardness and fracture toughness of the samples 
diminished with Si3N4 addition. 
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