
Journal of The Australian Ceramic Society Volume 52[2], 2016, 128 – 133                                                             128 

 
Effect of Air Sintering on Microstructural and Mechanical 
Properties of Aluminum Oxide / Manganese Oxide Doped Y-
TZP 
 
D. Ragurajan 1, M. Satgunam1,*, M. Golieskardi1, A.K. Ariffin2 and M.J. Ghazali2 
 
1) Centre for Advance Materials, Department of Mechanical Engineering, University Tenaga Nasional, Kajang, 
Selangor, Malaysia 
2) Department of Mechanical and Materials Engineering, Faculty of Engineering and Built Environment, University 
Kebangsaan Malaysia, 43600 UKM Bangi, Selangor, Malaysia 
 
Email: dineshragurajan@gmail.com, meenaloshini@uniten.edu.my,  
mohsen_golieskardi@yahoo.com,kamal@eng.ukm.my, mariyam@vlsi.eng.ukm.my 
 
Available online at: www.austceram.com/ACS-Journal 
 
 
Abstract 
The influence of small additions of Al2O3 and MnO2 (up to 1 wt%) on the sintering behaviour of yttria-stabilized 
zirconia sintered over the temperature range from 1250ºC to 1550ºC was investigated. It was found that the 
mechanical properties of Y-TZP were dependent on the dopant amount and sintering temperature. The study 
revealed that 1450°C was the optimum sintering temperature for all Y-TZPs to achieve > 98% of theoretical 
density.Fracture toughness increased as the dopant content increased, which indicated that the annihilation of oxygen 
vacancies in Y-TZP was responsible for the instability of the t-ZrO2 lattice. The results also revealed that there was 
no significant influence of the Al2O3 and MnO2 doping on the sintered density of the Y-TZP. The relation between 
the measured mechanical properties is discussed with the emphasis on the role of the  Al2O3 and MnO2  dopant. 
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1. INTRODUCTION 
Zirconia based materials, in particular yttria-doped 
tetragonal zirconia polycrystalline (Y-TZP) ceramics, 
exhibit very high strength and high toughness at room 
temperature [1, 2]. Many of these ceramics are 
typically very fine grained, with grain size less than 
1µm. Their very high modulus, high compressive 
strength, unique combination of mechanical 
properties: high wear resistance, low coefficient of 
friction, very good biocompatibility and the good 
compromise they represent between fracture 
resistance, crack resistance and wear behaviour 
makes this material one of the best candidates for 
many components including orthopaedic prostheses 
as a replacement for metallic materials [3]. The 
increase in crack resistance is attributed to phase 
transformation toughening, which increases its crack 
propagation resistance. The stress-induced phase 
transformation involves transformation of metastable 
tetragonal grains to the monoclinic phase at the crack 
tip, which, accompanied by volume expansion, 
induces compressive stresses [4]. 

The excitement created by this material, however, 
was dampened by Kobayashi et al. [5] who 
discovered a serious limitation of Y-TZP ceramics. 
This is phenomenon is classified as low temperature 
degradation (ageing). The strength and /or fracture 
toughness of these ceramics decrease dramatically 
with ageing or use at low temperatures, near 250°C, 
particularly in water-containing environments [6]. 
This problem has received considerable attention in 
the past several years. Studies have clarified that low-
temperature degradation is caused by tetragonal (t) to 
monoclinic (m) phase transformation accompanying 
microcrack and macrocrack formation and that 
transformation is accelerated remarkably by the 
presence of water or its vapour [7-9].  
 
A frequent method that has been used to suppress 
ageing is the use of appropriate sintering additives or 
dopants in Y-TZP. Small or even minute amounts of 
additives can promote densification and substantially 
control the microstructure as well as to enhance the 
mechanical properties of the sintered body. For 
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example, Kondo et al. [10] reported that a dense Y-
TZP body could be obtained with the addition of 0.3 
mol% NiO. However, the authors also found that 
higher amounts of NiO were detrimental as this 
resulted in formation of monoclinic phase and 
microcracks in the sintered Y-TZP bodies. It is clear 
that careful selection of sintering additives and the 
amount used are crucial so as not to disrupt the 
sinterability of Y-TZP.  
 
The aim of the present work was to study the 
influence of adding small amounts of aluminum oxide 
and manganese oxide (up to 1 wt %) on the on 
densification and mechanical properties of yttria-
stabilized zirconia. 
 
 
2. MATERIALS AND METHODS 
The base powder, a co-precipitated sprayed dried 3 
mol% yttria-zirconia (Y-TZP) was manufactured and 
supplied by Kyoritsu Japan. Varying amounts of high 
purity Al2O3 and MnO2 (undoped, 0.6wt% MnO2/0.4 
wt%Al2O3, 0.5wt% MnO2/0.5wt%Al2O3 and 0.4 wt% 
MnO2/0.6wt%Al2O3, BDH, UK) doped Y-TZP 
powders were prepared by a wet colloidal method, 
using zirconia balls as the milling media and ethanol 
as the mixing medium. The slurry was oven dried and 
sieved to obtain soft, ready-to-press powder. Disc (20 
mm diameter) and rectangular bar (4 × 13 × 32 mm) 
green samples were compacted at 0.3 MPa and 
isostatically pressed at 200 MPa. Consolidation of the 
particles by pressureless sintering was performed in 
air using a rapid heating furnace (ModuTemp, 
Australia), with a heating rate of 10°C/min at various 
temperatures ranging from 1250ºC to 1550ºC, 
maintained at the soak temperature for 2 hours before 
cooling to room temperature at 10°C/min. The 
sintered samples were ground on one face by SiC 
papers of 120, 240, 600, 800 and 1200 grades 
successively, followed by polishing with 6 µ and 1 
µm diamond paste to produce an optical reflective 
surface. The bulk density of the sintered samples was 
measured based on Archimedes’ principle using an 
electronic balance retrofitted with a density 
determination kit (Mettler Toledo, Switzerland).  
 
ρ = ( Wa/ Wa – Ww ) ρw                 (1) 
 
ρ is the bulk density of the sample, Wais the weight of 
the sample measured in air, Wwis the weight of the 
sample measured in water and ρw is the density of 
distilled water used. 
 
The Young’s modulus (E) by sonic resonance was 
determined for rectangular samples using a 
commercial testing instrument (GrindoSonic: MK5 
“Industrial”, Belgium). The instrument permits 

determination of the resonant frequency of a sample 
by monitoring and evaluating the vibrational 
harmonics of the sample by a transducer; the 
vibrations are physically induced in the sample by 
tapping. The modulus of elasticity or Young’s 
modulus was calculated using the experimentally 
determined resonant frequency [11]. Fracture 
toughness and Vickers hardness measurements 
(Future Tech., Japan) were made on polished samples 
using the Vickers indentation method. The 
indentation load was kept constant at 98.1 N and a 
loading time of 10 s was employed. The values of KIC 
were computed using the equation derived by Niihara 
et al. [12]. Average values were taken from five 
measurements.  

 
The following equation is used to calculate the 
theoretical value for hardness, 
 

Hv = 1.854P / (2a) 2              (2) 
 

where ‘P’ is the applied load and a is the indent half 
diagonal. 
 
Besides that, the fracture toughness, KIC was also 
tested on the polished samples. The KIC was 
computed according to the equation derived by Antis 
et.al which was recently modified by Kaliszewski et 
al. [20]. 
 
KIC = 0.019 (E/H) 1/2 / C3/2                          (3) 
 
E = Young’s Modulus  
H = Vickers’s Hardness 
C = the crack dimension measured from the center of 
the indent impression 
C = d/2 + l; l is the average crack length  
 
Phase analysis by X-ray diffraction (Geiger-Flex, 
Rigaku Japan) of the powders and sintered samples 
were carried out under ambient conditions using Cu-
Kα as the radiation source. The fraction of the 
monoclinic (m) phase present in the ceramic matrix 
was determined using the method of Toraya et al. 
[13]. The morphology of the powders and 
microstructural evolution of the sintered samples 
were studied by using a Scanning Electron 
Microscope (Philips XL30 ESEM).  

 
 

3. RESULTS AND DISCUSSION 
3.1 XRD Analysis 
The XRD analysis of the 0.5wt% Al2O3/0.5wt% 
MnO2 specimens exhibited ~88% tetragonal (t), 
~9.5% cubic (c) and ~2.5% monoclinic (m) phase 
content as seen in Figure 1. On the other hand, the 
XRD analysis of the 0.6wt% Al2O3/ 0.4wt% MnO2 



Journal of The Australian Ceramic Society Volume 52[2], 2016, 128 – 133                                                             130 

exhibited ~86.5% tetragonal (t) and 12.5% 
monoclinic (m) phase content as seen in Figure 2. 
The (m) phase content of the doped powders 
fluctuated between 2.5% and 12.5% as shown in 
Table 1 and 2. The presence of the tazheranite phase 
in the best performing sample (0.5wt% Al2O3/ 
0.5wt%MnO2) predicts that this combination of 
material will result in good mechanical and physical 
properties as well as good ageing resistance. The 
tetragonal phase in this sample could be seen at 30.1° 
whereas the cubic phase could be spotted at 30.2°. 
 

 
Figure 1:XRD of Y-TZP in the best sample (0.5wt% 
Al2O3/ 0.5wt%MnO2). 
 
Table 1: The phase content (%) of Y-TZP in the best 
sample (0.5wt% Al2O3/ 0.5wt%MnO2). 

Phase Percentage 
of phase  

Structure 

Zirconium Yttrium 
Oxide, 

(Zr0.96Y0.04)O1.984 

88.0% Tetragonal 

Baddeleyite, syn, ZrO2 2.5% Monoclinic 
Tazheranite, syn, ZrO2 9.5% Cubic 
 

 
Figure 2: XRD of Y-TZP in the best sample (0.6wt% 
Al2O3/ 0.4wt%MnO2). 
 
Table 2: The phase content (%) of Y-TZP in the best 
sample (0.6wt% Al2O3/ 0.4wt%MnO2). 

Phase phase 
% 

Structure 

Zirconium Yttrium 
Oxide, 

(Zr0.96Y0.04)O1.984 

86.5% Tetragonal 

Baddeleyite, syn, ZrO2 13.5% Monoclinic 
 
 

3.2 Grain size and morphology investigation 
using SEM Analysis 
The microstructure of the samples was evaluated 
using secondary electrons. To prevent charging from 
occurring, the samples were coated with platinum 
before the SEM imaging was done. The imaging was 
carried out using 15kV, a spot size of 3.0 and a 
magnification of 15000. The grain size and 
morphology of the two best compositions (i.e. 
0.5wt% Al2O3/0.5wt% MnO2 and 0.6wt% 
Al2O3/0.4wt% MnO2) was investigated. The 0.5wt% 
Al2O3/0.5wt% MnO2 sample exhibited an average 
grain size value of approximately 0.884µm while the 
latter recorded an average grain size value of 
0.4479nm. The SEM micrographs for both the 
samples are depicted in Figure 3 (a) and (b). 
 

 
(a) 

 
(b) 

Figure 3(a) & (b). SEM images and grain size 
measurement of. 0.5wt% Al2O3/0.5wt% MnO2 and 
0.6wt% Al2O3/0.4wt% MnO2. 

 
A comparison of Figure 3(a) and Figure 3(b) reveals a 
coarser structure in Figure 3(a), with the grain size 
being roughly 14% greater than in 0.6wt% Al2O3/ 
0.4wt% MnO2 specimens. 
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3.3 Bulk Density Measurement 
The variation of bulk density for Y-TZP with 
different amounts of MnO2 and Al2O3 sintered at 
temperatures 1250°C–1550°C is shown in Figure 4. 
All Y-TZP shared a common densification trend; a 
steady fall in density from 1250°C to 1400°C before 
fluctuating in the range of 5.75 to 5.98 g/cm3 for 
temperatures up to 1550°C. Addition of manganese 
oxide and aluminum oxide were found to be most 
beneficial at low sintering temperatures of 1250°C 
with samples being denser when compared to the 
undoped Y-TZP. The present results agreed well with 
the findings of other researchers who employed 
MnO2 and Al2O3 as a sintering additives in Y-TZP 
[14 - 16]. 
 

 
Figure 4. Effect of MnO2 and Al2O3 additions on the 
Bulk density of Y-TZP sintered from 1250ºC to 
1550ºC. 
 
3.4 Vickers Hardness 
The effect of sintering temperature and MnO2 and 
Al2O3 on the Vickers hardness of Y-TZP is shown in 
Figure 5. It can be noted from the graph that the 
Vickers hardness of Y-TZP with various additions of 
MnO2 and Al2O3 varied in a similar manner as for 
bulk density variation with sintering temperature. The 
results obtained in the present work confirmed that 
the addition of these dopants were beneficial in 
improving the hardness of zirconia when sintered at 
low sintering temperatures (below 1450°C). The 
hardness of the undoped Y-TZP was at its lowest 
(~8.5 GPa) when sintered at 1250ºC and soon 
increases rapidly to ~11.2 GPa at 1400ºC before 
reaching a maximum of ~11.6 GPa at 1450ºC. The 
hardness of the samples however decreases slightly 
with further sintering, down to ~10.9GPa when 
sintered at 1500ºC.  

 
Figure 5. Effect of MnO2 and Al2O3 additions on the 
Vickers hardness of Y-TZP sintered from 1250ºC to 
1550ºC. 
 
3.5 Young’s Modulus 
The effect of manganese oxide on the Young’s 
modulus (E) of Y-TZPs is shown in Figure 4. The 
addition of Al2O3 and MnO2 was beneficial in 
enhancing the elastic modulus of Y-TZP, particularly 
at low sintering temperatures of 1250°C and 1300°C 
when compared to the undoped Y-TZP. Figure 6 
shows that an E value of above 200 GPa could be 
achieved with the additions of  0.4wt% MnO2/0.6wt% 
Al2O3 up till 0.6wt% MnO2/ 0.4wt% Al2O3 when 
sintered at 1250ºC as compared to 179 GPa for the 
undoped Y-TZP. It was also found  that as sintering 
temperature increased above 1300ºC, all samples 
including undoped portrayed a similar increasing 
trend up till 1450°C. However, as the sintering 
proceeded above 1450°C, all samples exhibited a 
decrease in E value. This behavior was in agreement 
with the decreased in bulk density and the increased 
in the cubic phase content with increasing 
temperature. 
 

 
Figure 6. Effect of MnO2 and Al2O3 on Young’s 
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modulus of Y-TZP sintered from 1250ºC to 1550ºC. 
3.6 Flexural Strength 
The effect of sintering temperature and addition of 
dopants on the flexural strength of Y-TZP is shown in 
Figure 7. In general sintering above 1300°C, the 
strength of all doped Y-TZP samples started to 
increase with increasing temperature. This 
observation was more pronounced for samples 
containing 0.5wt% Al2O3/0.5wt% MnO2 and 0.6wt% 
Al2O3/0.4wt% MnO2. These two compositions were 
seen to be the best among all as the results produced 
were higher. Both compositions exhibited a similar 
trend; a significant increase in strength followed by a 
decrease as the temperature increases. In particular, 
the sample consisting 0.6wt% Al2O3/0.4wt% MnO2 
recorded highest value of strength; increasing from 
~600MPa at 1350ºC to ~1150MPa. This result far 
exceeds the theoretical value of flexural strength for 
Y-TZP of  900MPa [17].   
 
The result is in agreement with the findings of Renato 
C.S. et.al. [18] and P. Pittayachawan et.al. [19]. The 
authors managed to attain a strength value of 880MPa 
and 1226MPa respectively and stated that the cause 
for high bending strength is also associated with fine 
ZrO2 grains and low porosity.  
 

 
Figure 7. Effect of MnO2 and Al2O3 additions on the 
flexural strength of Y-TZP sintered from 1250ºC to 
1550ºC. 
 
3.7 Fracture Toughness 
The effect of sintering temperature and addition of 
dopants on the fracture toughness of Y-TZP is shown 
in Figure 8. Result relevant that sintered above 
1350°C, the KIC of all doped Y-TZP started to 
increase with increasing temperature. This 
observation was more pronounced for the 0.5wt% 
Al2O3/0.5wt% MnO2-doped Y-TZP and 0.6wt% 
Al2O3/0.4wt% MnO2-doped Y-TZP, which exhibited 
a significant increase in KIC from 6.8 MPa.m1/2 at 
1350ºC to 8.5 MPa.m1/2 at 1450ºC and 5.9MPa.m1/2 at 
1350ºC to 9.8MPa.m1/2 at 1450ºC. These two 

compositions were deemed to be the two best 
compositions as they produced the highest fracture 
toughness among all others at 1450°C. One possible 
explanation for the remarkable rise in KIC in the 
0.6wt% Al2O3/0.4wt% MnO2-doped Y-TZP could be 
associated with the transformation toughening effect, 
which is a unique trait in zirconia. The decrease in (t) 
phase content in the 0.6wt% Al2O3/0.4wt% MnO2-
doped Y-TZP with increasing sintering temperatures 
strongly suggest that the presence of MnO2 and Al2O3 
could have triggered a mechanism which caused 
yttria segregation in the Y-TZP matrix. 
 

 
Figure 8. Effect of MnO2 and Al2O3 additions on the 
fracture toughness of Y-TZP sintered from 1250ºC to 
1550ºC. 

 
 

3.8 CONCLUSION 
The sinterability of MnO2-Al2O3 doped yttria-
tetragonal zirconia polycrsytals ceramics was 
investigated. The beneficial effect of MnO2 and Al2O3 
in enhancing densification of Y-TZP has been 
revealed. The Al2O3-MnO2-doped Y-TZPs achieved 
almost full density (> 95% of theoretical density) at 
1250ºC, approximately 100°C lower than the 
temperature required to achieve the same for the 
undoped Y-TZP. The study revealed that 1450°C was 
the optimum sintering temperature for all Y-TZPs to 
achieve > 98% of theoretical density. 
 
The variation of Young’s modulus (E) with sintering 
temperature of all composition studied were in good 
agreement with the variation in bulk density. A linear 
trend was found to exist between the elastic modulus 
and bulk density. In general, the hardness of most 
Al2O3-MnO2-doped Y-TZPs was higher than the 
undoped material when sintered at 1350ºC and 
1400ºC. In particular, the addition of 0.5wt% Al2O3/ 
0.5wt% MnO2 and 0.6wt% Al2O3/ 0.4wt% 2 was most 
effective in enhancing the hardness of Y-TZP. These 
doped samples exhibited hardness of > 14 GPa as 
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compared to ~13 GPa for the undoped ceramics 
sintered at 1350ºC. 
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