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Abstract: 

The effect of temperature and heating rate on the densification of ytterbia (Yb2O3), with and 

without titania (TiO2) doping was investigated.  It is shown that up to a certain doping level, 

titania doping enhances the densification behaviour of ytterbia.  The effect of titania doping 

on crystal structure confirms that titania is substitutionally incorporated in ytterbia up to the 

solubility limit, which corresponds well with the densification results.  The increased 

densification rate of titania-doped ytterbia is attributed to the formation of cation vacancy and 

lattice distortion. Using constant heating rate experiments, the activation energy for 

densification has been calculated and it is shown that in the intermediate density range (60 % 

to 85 %), the activation energy is independent of the density.  Titania doping increases the 

activation energy for densification.  

 

1. Introduction: 

 

Ytterbia, Yb2O3, is of significant interest as a transparent ceramics for high-power laser 

applications due to its higher thermal conductivity than YAG [1–3], and Yb2O3 films have 

been used as sensing films in the pH-ion sensitive field-effect-transistor devices, memory 

cells, and high-k gate insulators [4–6]. In addition, ytterbia is an excellent sintering aid for a 

variety of ceramics, including Si3N4 [7–9], MgO [10], AlN [11], SiC-AlN [12], and ZrB2 [13] 
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leading to improvement in their mechanical properties. Finally, ytterbia based infra-red 

reflective coatings have been investigated to protect the equipment against the external 

heating in aero-space applications [14]. Although there are all these current and potential 

applications, fundamental investigations on the sintering behaviour of ytterbia, similar to the 

kind of detailed investigations that have been conducted for other oxides, like Y2O3, ZrO2, 

Al2O3, CeO2 are lacking. The sintering behaviour of these other oxides has been well 

investigated using different approaches [15–22].  For many of these oxides, suitable dopants 

have also been identified to enhance the densification at a lower temperature [18,23–28]. For 

example, Rahaman and Zhou [29] investigated the role of different additives (Mg2+, Ca2+, 

Sc3+, Y3+ and Nd+3) on the sintering of ultra-fine CeO2 powders. They have shown that the 

dopants had a dramatic effect on sintering and grain growth behaviour. Lee et al. [30] has 

shown the influence of gadolinium oxide on the sintering behaviour of ceria. They reported 

that increased sintered density in the presence of gadolinium oxide is due to the generation of 

cation vacancy.  Similarly, the influence of doping on sintering kinetics for ZrO2 and Al2O3 is 

well documented [23,28,31–36].  Jung et al. recently showed that titania doping improves the 

densification of sub-micrometer Y2O3 powder by increasing the grain boundary mobility. 

They have also shown that two-step sintering process is more efficient than a single step for 

titania doped Y2O3 [18].  

The focus of this investigation is the sintering kinetics of Yb2O3. As TiO2 has been shown to 

be an effective dopant to reduce the sintering temperature and enhance densification for Y2O3 

and ZrO2 ceramics.  In this paper, we report the effect of TiO2 doping on the densification 

behaviour and sintering kinetics at different temperatures of Yb2O3 ceramics. 

2. Experimental procedure: 

(a) Powder preparation and characterization techniques:  
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Yb2O3 powders (3-5μm, purity: 99.9%) were used in this study (Sky Spring Nanomaterials, 

Houston, USA).  TiO2 particles with an average particle size 300 nm were used (Nanophase 

Technologies Corporation, Illinois, USA). First, the particle size of the Yb2O3 powders was 

reduced to the submicron particle by milling the powders using zirconia milling media 

(Inframat Advanced Materials, Manchester, USA) with isopropanol on a ball mill for five 

days (weight ratio of powder: zirconia milling media of 1:4). After milling, isopropanol was 

evaporated at 80°C and 300 mbar for 2 hrs. The distribution of particle size was measured 

using a particle size analyser (Shimadzu, SALD-2300, Japan), and the measured median 

value was ~ 510 nm. To see the influence of additive, different mole percentages (3, 5 and 10 

mole%), of TiO2 was mixed with the milled Yb2O3 powders in isopropanol on a roller mixer 

for 1 day using zirconia milling media. The powders were dried using the same procedure as 

for pure Yb2O3 powders. The final step was drying of the powders at 120°C for 12 hrs in the 

air to remove any organic residue. After drying, the powders were uniaxially pressed into 

pellets at a pressure of 10 MPa. Finally, these pellets were sintered in air (CM Furnaces, 

Bloomfield, USA) at different temperatures (1300, 1350 and 1400°C) for 2 hrs. The sintered 

density and open porosity were determined by the Archimedes method. The skeleton density 

of the corresponding sample was measured by the Helium pycnometer (Micromeritics 

AccuPyc 1330, USA). The crystalline phase characterization was carried out using X-ray 

diffraction (Rigaku Ultima IV diffractometer, Japan) with Cu Kα, operating at 40 kV and 40 

mA over the angular range of 10-80o. The scan speed was kept at 0.2 s/step with step size 

0.005. The lattice parameter was estimated by Rietveld refinement of the XRD data with the 

help of Fullprof program [37].The microstructures of the sintered samples were observed by 

field emission scanning electron microscope (FESEM) (Hitachi 4800, Japan). The cross-

section of the samples was polished and thermally etched before the analysis. Thermally 

etching was done at a temperature 50 oC below the sintering temperature for 15 minutes.    
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(b) Sintering kinetics: 

 

Uniaxially pressed green compacts of 6 mm diameter and ~ 4mm thickness were prepared for 

dilatometry experiments. Dilatometry experiments were carried out in a horizontal push rod 

type dilatometer (Netzsch 402C, Germany). The compacts were heated at four different 

heating rates (5, 10, 15, and 20 oC/min) up to 1500 oC followed by furnace cooling to room 

temperature.  Only the data during the constant heating rate was analyzed. Using the length 

change and assuming isotropic shrinkage, the density change was calculated as a function of 

time [38]. The experimental data obtained by dilatometry were analyzed by Wang and Raj 

method [23]. In this method, the densification rate can be separated into temperature, density, 

and grain size-dependent factors. The densification rate can be expressed as follows: 

𝑑𝜌

𝑑𝑡
= 𝐴

𝑒
−
𝑄
𝑅𝑇

𝑇

𝑓(𝜌)

𝑑𝑛
                                        (1) 

Here 
𝑑𝜌

𝑑𝑡
 is the instantaneous densification rate, A is the pre-exponential factor, R is the 

universal gas constant, 𝑓(𝜌) is a function of only density, Q is the activation energy, T is the 

absolute temperature, d is the grain size, and n is the grain size exponent (n=3, when 

densification rate is controlled by lattice diffusion and n=4, it is grain boundary diffusion-

controlled). The logarithm of Eq. 1 gives 

ln (𝑇𝛽
𝑑𝜌

𝑑𝑇
) = −

𝑄

𝑅𝑇
+ ln[𝑓(𝜌)] + ln 𝐴 − 𝑛 ln 𝑑                   (2) 

Where β is the heating rate (dT/dt). A plot of the left-hand side of Eq. 2 vs. 1/T gives a value 

of Q provided that the data points are taken at a constant value of 𝜌 and d. Assuming that for 

samples with the same particle size and starting grain density, the grain size, d, is only a 

function of density [22], considering Eq. (2) at a constant value of 𝜌 for different constant 

heating rates, values of Q at different values of 𝜌 can be obtained. 
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Assuming isotropic shrinkage of the powder compact and using the true strain for 

densification shrinkage (since it is large shrinkage), the time-dependent density was 

calculated from the following equation [38]:  

 

𝜌 = (
𝐿𝑓

𝐿(𝑡)
)
3

𝜌𝑓                                                   (3) 

 

Where Lf is the final length measured by calipers, L(t) is the time-dependent length 

(calculated from dilatometric shrinkage) and ρf is the final density of the sample measured by 

the Archimedes method.   

3. Results and discussion: 

 

3.1 Density, porosity and microstructure 

The density and open porosity of the samples of Yb2O3 sintered at different temperatures as a 

function of different mole % of titanium doping is shown in Fig. 1(a) and (b), respectively. 

From these figures, it can be seen that titanium doped Yb2O3 ceramics show higher density 

than the undoped sample, which increases with the percentage of doping and sintering 

temperatures. The influence of titanium doping on relative density at 1300 oC is less effective 

than 1350 and 1400oC. The relative density at 1350 oC dramatically increases with increasing 

titanium doping from 3 to 5 mole % and remains the same at 10 mole% of doping. In 

contrast, at 1400 oC the relative density increases sharply for 3 mole % doping and remains 

the same with increasing level of doping. The results indicate that the minimum level of 

doping for maximum effectiveness for 1350 oC and 1450 oC is 5 and 3 mole %, respectively.  
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Figure 1: Density and open porosity of doped and undoped samples at different temperatures 

for 1 h soaking time; relative density of the corresponding samples are mentioned on the 

graph. 

The open porosity of the corresponding samples is shown in Fig. 1 (b). The results indicate 

that at optimum doping, open porosity drops to zero for samples sintered at 1350 and 1400 

oC. 

Fig. 2 shows the microstructure of the samples sintered at 1350 oC with different mole% of 

TiO2 doping. For undoped Yb2O3 (Fig. 2a), a significant amount of porosity is observed, 

which decreases as doping increases to 3 and 5 mole % (Fig. b and c). No noticeable change 

in microstructure can be observed for 10 mole% of TiO2 doping as compared to 5 mole% 

doping. From these results, it can be concluded that beyond 5 mole% TiO2 doping does not 

change the microstructure, which is also supported by relative density (Fig. 1a).  
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Figure 2. FESEM images of doped and undoped Yb2O3 at 1350 oC; (a) pure Yb2O3, (b) 3 

mole% doped Yb2O3, (c) 5 mole% doped Yb2O3 (d) 10 mole % doped Yb2O3 

 

3.2 Crystal structure 

In order to study whether Ti ions are incorporated in ytterbia, detailed powder  X-ray 

diffraction (XRD) analysis was conducted.  The XRD patterns of doped and undoped samples 

sintered at different temperatures are shown in Fig. 3 (3 (a) for 1300 oC;  3 (b) for 1350 oC; 3 

(c) for 1400 oC). Diffraction peaks in all the compounds are intense and sharp, indicating 

good crystalline nature of samples with a cubic structure. All the doped samples show similar 

XRD patterns as that of pure Yb2O3, and no extra diffraction peaks due to TiO2 are observed 

(up to 5 mole % doping). The results suggest that the Ti ions have been effectively 

incorporated into the Yb2O3 lattice. At a higher percentage of doping (10 mole% TiO2) some 

Yb2TiO5 is formed at all these temperatures. Rietveld analysis of the XRD data of pure 
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Yb2O3 at 1350 oC is shown in Fig. 4. The refined lattice parameter of pure Yb2O3 is estimated 

(10.4379 Å). The low χ2 (1.722) value of the refinement indicates the good refinement of the 

XRD data. The change in the lattice parameter for doped samples is estimated by the Rietveld 

refinement as well and plotted in Fig. 5. It is observed that with increasing the doping level 

up to 5 mole %, the lattice parameter decreases and then becomes almost constant. Therefore, 

it is estimated that solid solubility of titania in Yb2O3, at 1350 oC should be around 5 mole%. 

The densification results also are in agreement with this conclusion.   
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(c) 

Figure 3. XRD patterns of doped and undoped Yb2O3 at different temperatures. (a) at 

1300oC, (b) at 1350oC and (c) at 1400oC. 

Figure 4. Rietveld analysis of pure Yb2O3 after processing in air at 1350 oC for 2 h 
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Figure 5. Lattice parameter as a function of TiO2 content at 1350 oC 

It is postulated that TiO2 additions resulted in the substitution of Ti+4 ions for Yb+3 ions up to 

the solubility limit. Two possible substitution reactions can be described by using the Kröger-

Vink notation as follows: 

 

Charge compensation by Yb+3 ion vacancies 

3𝑇𝑖𝑂2
2𝑌𝑏2𝑂3
→    3𝑇̇𝑖𝑌𝑏 + 6𝑂𝑜

𝑋 + 𝑉𝑌𝑏
′′′                                                (4) 

Charge compensation by O2- ion in interstitial sites 

2𝑇𝑖𝑂2
𝑌𝑏2𝑂3
→   2𝑇̇𝑖𝑌𝑏 + 3𝑂𝑜

𝑋 + 𝑂𝑖
′′                                                  (5) 

It is expected that reaction (5) is unlikely as it is quite difficult to form oxygen interstitial due 

to the large size of the oxygen ions [39]. Therefore, cation vacancy ( 𝑉𝑌𝑏
′′′ ) is the predominant 

defect due to titania doping (Eq. 4). It is expected that these cation vacancies enhance the 

diffusion rate of cations and promote grain boundary mobility [19]. Moreover, the addition of 

TiO2 could induce significant distortion of the surrounding lattice as the Ti+4 (0.605 Å) ion 
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has a much smaller size compared with that Yb+3 (0.86 Å) [40]. As a result, it also promotes 

grain boundary mobility due to lattice distortion [30,41].  

As shown in Figure 5, the lattice parameter has a minimum around 5 Mole % TiO2 doping.  

The increase in the lattice parameter at higher doping level needs to be investigated further.  

Since there is only one data point, first, it should be confirmed that this increase is real.  

Assuming it is, a possible explanation is that up to 5 Mole %, Ti+4 ions substitute for for Yb+3 

ions and beyond 5 Mole %, they go into the interstitial sites until the second phase starts to 

form.  It should be noted that for 10 Mole % TiO2 doping, the Yb2TiO5 impurity phase is 

observed.  It needs to eb determined at what doing levels the second phase forms and what is 

the lattice parameter for this value of doping levels.   

Both sintered density and grain size increased with increasing TiO2 content up to 5 mol% and 

remains constant for 10 mol% TiO2. These results indicate that the addition of TiO2 enhances 

the densification within the solubility limit and promote the grain boundary mobility. 

Therefore higher density is observed for the TiO2 doped sample (shown in Fig. 1 and 2). 

However, at higher TiO2 content beyond the solubility range (10 mol %), Yb2TiO5 forms 

(Fig. 3), which resists further grain growth (grain boundary pinning). 

3.3 Densification kinetics 

Fig. 6 shows the linear shrinkage, at different constant heating rates, for doped as well as 

undoped samples. Fig. 6 (a) is for pure Yb2O3 and Fig. 6 (b), (c), and (d) are shrinkage data 

for 3, 5, and 10 mole% doped samples. From the figures, it can be seen that no noticeable 

shrinkage is observed till 1100 oC for all the heating rates, and shrinkage increases with 

further increase in temperature. For all samples at a particular temperature, shrinkage is 

highest at 5 K/min and decreases with increasing heating rates.   

Jo
ur

na
l P

re
-p

ro
of



 
 

12 

 

Figure 6. Linear shrinkage as a function of temperature at different constant heating rates; 

(a) Pure Yb2O3 (b) 3 mole% TiO2 doped Yb2O3 (c) 5 mole% TiO2 doped Yb2O3 (d) 10 mole% 

TiO2 doped Yb2O3. 

The variation of instantaneous relative densities of the samples as a function of temperature 

calculated using Eq. 3 is shown Fig. 7. Fig. 7 (a) for pure Yb2O3 and Fig. 7 (b), (c), and (d) 

for 3, 5, and 10 mole% doped samples. No change in relative density is observed in all 

samples up to 1100oC for all heating rates. Beyond 1100 oC, the relative density increases 

with increasing temperature. At a particular temperature, relative density decreases with 

increasing heating rates, which is similar to shrinkage variation with the heating rate (Fig. 6). 

The relative density of pure Yb2O3 reaches ~ 80 % at temperature 1500oC with 5K/min 

heating rate whereas, for doped samples, the value of relative density is close to ~90%. The 

results suggest that the densification rate increases with the doping of TiO2. Similar trends are 

observed for other heating rates.     
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Figure 7. Variation of relative density as a function of temperature for doped and undoped 

samples; (a) Pure Yb2O3 (b) 3 mole% TiO2 doped Yb2O3 (c) 5 mole% TiO2 doped Yb2O3 (d) 

10 mole% TiO2 doped Yb2O3. 

For the different heating rates (5, 10, 15, and 20 K/min), the T and 
𝑑𝜌

𝑑𝑇
 values at the same 

relative density were calculated and plotted as the Arrhenius-type plot of ln (𝑇𝛽
𝑑𝜌

𝑑𝑇
)   against 

1/T. The results are shown in Fig. 8 for different values of relative densities ranging from 

0.65 to 0.80. Fig. 8a is for pure Yb2O3, and Fig. 8 b, c, and d for 3, 5, and 10 mole% doped 

samples. The activation energies for all relative densities were estimated from the slopes of 

these curves. From a careful look at the plots in Fig. 8, it can be seen that the lines for all 

relative densities (0.65-0.80) are almost parallel to each other. The results indicate that within 

this density range, the densification mechanism does not change. The average activation 

energy for pure Yb2O3 is 581.8 ±47 kJ/mole. The average activation energies for TiO2 doped 

samples (3, 5, and 10 mole %) are 798.9 ± 46, 743 ± 67, 756.7± 58 kJ/mole, respectively. The 
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large shift of activation energy for the doped sample could be due to the change in the 

sintering mechanism during densification. Wang and Raj also found similar trends for titania-

doped alumina [23]. It can be explained  either by the enthalpy of defect formation or the 

presence of the liquid phase at the grain boundaries.  From the microstructure (Figure 2), 

there is no indication of the formation of liquid phase.  It should also be noted that the 

activation energy for all levels of doping is roughly the same (within the error margin).  

 

Figure 8. Arrhenius type plots of Yb2O3 powders with and without dopants; (a) Pure Yb2O3 

(b) 3 mole% TiO2 doped Yb2O3 (c) 5 mole% TiO2 doped Yb2O3 (d) 10 mole% TiO2 doped 

Yb2O3. 

4. Conclusions 

 

The effect of TiO2 doping on the densification kinetics of Yb2O3 was investigated. The 

density of sintered Yb2O3 increased with increasing mole percentage of TiO2 up to 5 mole%. 
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The enhanced densification of was ascribed to the generation of cation vacancy and lattice 

distortion in the presence of Ti+4 ion.  The solubility limit of TiO2 in the Yb2O3 matrix using 

the results obtained from Rietveld refinement of XRD and FESEM analyses was about 5 

mole %. The addition of TiO2 up to the solid solubility limit enhances the sintering rate-

controlling diffusion. Finally, using constant heating rate experiments, the activation energy 

for densification has been calculated, and it is shown that in the intermediate density range 

(60 % to 85 %), the activation energy is independent of the density.  Titania doping increases 

the activation energy for densification.  
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