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 Background: The effect on mechanical properties and densification of  Y-TZP 

ceramics doped with niobium pentoxide (Nb2 O5) (0.1 wt. % to 0.5 wt. %), has been 
investigated in this study. Samples were sintered at 1300 - 1500°C, retaining a holding 

time of 4 hours at 1200°C and then cooling back to room temperature. Vickers 

hardness, fracture toughness and bulk density test were analyzed on the sintered 
samples. From the result it was relevant that the two step sintering method was 

effective in promoting densification of the Nb2O5-doped Y-TZP without sacrificing 

tetragonal phase stability and mechanical properties. High densification, hardness 
occurred at 0.3 wt. % - 0.5 wt. % ≥1400°C. 
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INTRODUCTION 

 

 Zirconia is most commonly doped with Yttrium Oxide in order to achieve molecular stability, to contain the 

component in the stable tetragonal (T) phase for use in temperatures lower than 1170°C (Piconi and 

Maccauro,1999) and (Manicone, 2007). The speciality of Yttria-tetragonal zirconia polycrystals ceramics 

compared to other monolithic materials is its microstructural ability to absorb energy from propagating crack, 

which prevents further crack development (Hannik, 2000). In this mechanism, the energy absorbed by the 

zirconia matrix in the vicinity of the propagating crack is consumed by the tetragonal (t) grains to transform to 

the monoclinic (m) symmetry which is accompanied by approximately 3 to 4% volume expansion (Gupta, 

1978). It has been observed by researches that Y-TZP ceramics exhibited slow (t) to (m) phase transformation, 

starting from the surface leading to the formation of micro cracking and strength degradation. Desirable 

mechanical properties have been offset by poor resistance of the material to the effects of humid atmospheres at 

temperatures ranging from 60 to 500°C (Kanellopoulos and Gill, 2002). Zirconia is well known for its great 

properties which deposit high hardness, high fracture toughness, high strength, wear resistance, good frictional 

behavior, electric insulation, low thermal conductivity and etc. Particularly, Y-TZP has been used in vast 

applications ranging from household appliances such as knives, scissors and cutters to aggressive/mechanical 

environment such as chemical filters, piston rings, extrusion dies, cutting tool inserts, etc (Birkby and Hodgson, 

1992).  

 Two step sintering (TSS) was developed by (Chen and Wang, 2000) and (Wang et al., 2006) for the 

purpose of increasing the density of the ceramic whilst reducing grain growth towards the final stage of 

sintering. With an increase in the density of the ceramic, the mechanical properties like hardness, toughness and 

wear resistance will further improve as well. Many workers such as Kimura et al., 1988), (Ramesh et al., 2001), 

Hwang and Chen,  1990), (Ran et al., 2006 and 2007) state that use of dopants such as CeO2, MgO, Al2O3 and 

Nb2O5 as a sintering aid in Y-TZP ceramics was useful to improve densification, control the microstructure and 

enhancing sintering at low temperature. 

 

Experimental procedure: 

 Two type of powders were prepared where both of this are commercial type powder, the 3 mol% of yttria-

stabilised zirconia powder Zirconium Oxide (ZrO2-3Y dopped) powder which was manufactured by 

Nanostructured and Amorphous Materials Inc., USA, as main powder and niobium oxide (Nb2O5) as dopant, 

manufactured by Wako Pure Chemical Industries Ltd, Japan. 

http://www.sciencedirect.com/science/article/pii/S0272884211005566#bib0145
http://www.sciencedirect.com/science/article/pii/S0272884211005566#bib0170
http://www.sciencedirect.com/science/article/pii/S0272884211005566#bib0175
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 Three different amounts of niobium oxide compositions were prepared 0.3%wt, 0.5%wt, and 1%wt.  

Compositions were prepared by ball-milling with zirconia balls as milling media and ethanol as mixing medium. 

After milling, the slurry was oven dried and sieved with 212 µm mesh stainless steel sieve. The samples were 

pressed uniaxially and cold isostatically pressed at 200 MPa (CIP) in order allow each pressed sample to be 

compacted uniformly. This will help promote densification within the sample, as well as induce uniform 

shrinkage. The peak sintering temperature (T1), varied between 1300°C, 1400°C, and 1500°C. In order to 

achieve T1, the samples underwent a constant heating rate (CHR) of 10°C/minute. Upon reaching T1, the 

sintering temperature was immediately brought down to a holding temperature of 1250°C (T2) via a CHR of 

10°C/minute and held at the holding temperature for 4 hours. After 4 hours, the samples were cooled to room 

temperature at a CHR of 10°C/minute.  The samples were first grinded using the Imtech Grinder-Polisher using 

Silicon Carbide (SiC) papers of grades 120, 240, 600, 800 and 1200 then followed by polishing with 6µm and 

1µm diamond paste in order to obtain the optical reflective surface (Ramesh et al., 2007).  

 The bulk density of the sintered samples was measured by Archimedes’ Technique with water immersion 

method with the Standard Mettler Toledo Balance AG204 densi-meter. Vickers hardness (Hv) fracture 

toughness (KIC) were measured on polished samples using Vickers indentation method (Glandus et. Al., 1991 

and Marshall and Lawn, 1982). A constant specific load of 100N was applied for 10 seconds to the polished 

samples. Vickers hardness, Hv was calculated using the empirical relationship according to Evans and Charles 

(Evans and Charles, 1976). 

Hv = 1.854P/dave
2
                   (1) 

 A few equations are available to calculate the KIC  according to (Niihara et al., 1982).  

KIC =0.019 (E/H) 
½
 / C

3/2                                 
         (2)

                          
 

 where  KIC is the fracture toughness of the material,  E the Young’s Modulus, H is the Vicker’s hardness 

and C is the crack dimension from the center of the indentation (Vickers Hardness) = (d/2 +1). 

 

RESULTS AND DISCUSSIONS 

 

 The effect of bulk density for Y-TZP with different amounts of Nb2O5 sintered at temperatures 1200
o
C – 

1500
o
C is shown in Fig 1. Result shows that all the Y-TZP compositions shared a common densification trend. 

The highest value of T1 exhibited the highest bulk density readings, regardless of dopant %wt.  The densities of 

the samples were close to the theoretical value of 6.1 g/cm3, hence achieving more than 97% of theoretical 

density. Contrary to the work carried out by (Yang, et al., 2004), 2-Step Sintering has managed to improve the 

densification of Y-TZP.  With increasing the sintering peak temperature T1, density values close to the 

theoretical value is achievable. This is most likely caused by reduction in air pores through high sintering 

temperatures due to the higher fusion rate of particles experienced from the higher amount of heat energy 

provided.   

 

 
 

Fig. 1: Effect of sintering temperature and Nb2O5 addition on the Bulk Density of Y-TZP. 

 

 The effect of sintering temperature and holding time on the Young’s modulus of Y-TZP are presented in 

Figs 2. The major effect of Nb2O5 in enhancing the matrix stiffness of Y-TZP can be seen particularly when 

sintered at high temperature, at 1500ºC, where 0.3 wt% sample reached almost the theoretical value of the 

Young’s modulus. Referring to Figure 2, it shows that an E value of above 195GPa was achieved at sintering 

temperature ≥ 1400
o
C. The beneficial effect of the two step sintering in enhancing the modulus of the 0.3 wt % 

Nb2O5 doped Y-TZP can be seen, particularly for samples sintered at higher temperatures (> 1400ºC). 
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Fig. 2: Effect of sintering temperature and Nb2O5 addition on the Young’s modulus of Y-TZP. 

 

 Fig 3. shows the effect of fracture toughness of the Nb2O5-doped sample where it has been found that the 

fracture toughness decreased gradually with the increasing sintering at high temperatures. Although the KIc 

values of the former was lower than the latter, this result provided further evidence to support the hypothesis put 

forward in earlier sections with regards to the effects of high Nb2O5 doping and the correlation between 

sintering temperature, yttria segregation and the promotion of transformation toughening effect in this sample. 

Generally, high fracture toughness would indicate that the (t) tetragonal grain was in a metastable state and 

responded immediately to the stress field of propagating crack, such as induced during the indentation test. 

Hence, it can be concluded that as the modulus of toughness increases, the ability of the ceramic to absorb stress 

increases, hence preventing the material to fail under static loading. 

 

 
 

Fig. 3: Effect of sintering temperature and Nb2O5 addition on the fracture toughness of Y-TZPs 

 

 The effect of sintering temperatures and Nb2O5-doped samples on the room temperature Vickers hardness 

of Y-TZPs is shown in Fig 4. Based on the results obtained, it is noticeable that the samples which were sintered 

at the highest peak sintering temperature 1400°C recorded the highest hardness readings, regardless weight 

percentages of Nb2O5 within the sample. However, the samples that were doped with a lower content of Nb2O5 

exhibited higher hardness values compared to those doped with a higher content of dopant that have hardness 

values close to 12 GPa.  

 

Conclusion: 

 Multiple mechanical tests were carried out in order to examine the mechanical properties of Yttria 

Stabilized Zirconia doped with varying quantities of Niobium Pentoxide.  The densification of the sintered 

samples improved when undergone TSS. All samples achieved high densification of greater than 97 % of the 

theoretical density whereby the samples sintered at 1500°C recorded the highest densities. The Vickers hardness 

is co-related to the bulk density of the ceramic, as an almost similar graphical trend is observed. The samples 
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show high hardness at high peak sintering temperature of 1400°C. However, the hardness decreases when the 

peak sintering temperature decreases. High modulus of toughness values were achieved at the peak sintering 

temperature of 1400°C. The samples doped with less amount of Nb2O5 (0.3 wt%) showed promising values of 

toughness. However, it is important to note that a further addition of dopant reduces the modulus of rupture and 

toughness of the ceramic at this temperature. 

 

 
 

Fig. 4: Effect of sintering temperature and Nb2O5 addition on the hardness of Y-TZPs 
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