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Major Goals:  High density ceramics maximize strength, translucency, thermal conductivity and provide gas tight 
environments. These features are key to applications ranging from armor, IR missile domes, integrated circuit 
substrates and solid oxide fuel cell electrolytes, respectively. To achieve desired high densities for such highly 
refractory materials, sintering (at times requiring hot isostatic pressing) must be performed at temperatures often in 
excess of 1500 °C for extended periods of time, leading to high costs, need for specialized facilities and 
incompatibility with less refractory materials. While conventional densification methods utilizing high temperature 
and pressure have reached their limits, electric field assisted sintering has demonstrated great potential in reducing 
temperature constraints imposed on ceramic materials during sintering. Application of electrical fields during 
sintering can reduce densification temperatures from above 1300 °C to 800 °C, to times as short as seconds, the 
latter via Flash Sintering (FS). While there have been many phenomenological observations and demonstrations of 
Field Assisted Sintering (FAST), reliable micro and nanoscale descriptions remain lacking (1). This is not surprising 
given that the electrical and mass transport properties of ceramic materials differ so widely, ranging from highly 
insulating to metallic, from predominantly ionic to electronic conductors and all with properties highly dependent on 
microstructure. Here we address this challenge by investigating model titania-based ceramics in which we 1) 
systematically vary the ionic and electronic defects and thereby the underlying factors controlling both densification 
and electrical properties, 2) monitor the development of conductive pathways and thereby microstructure by in-situ 
frequency dependent complex impedance spectra during densification both with and without applied fields and 3) 
support the analysis of experiments by performing atomistic modeling to understand and predict how defect 
formation and transport are modified under applied external fields and in the vicinity of space charge fields 
accompanying grain boundaries. Progress along these lines provide considerable insights into the factors 
contributing to and controlling FAST processes.

The overall objective is to reveal the dominant mechanisms governing field assisted sintering as a function of 
material electrical properties, microstructure evolution and environmental conditions. The approach involves 
examination of a model system based on TiO2 in which cation diffusion and electronic conductivity can be 
systematically controlled by dopants and oxygen partial pressure, supported by in-situ electrical characterization 
during sintering via complex impedance spectroscopy. The experimental results are further supported by first-
principles calculations of electric field modified defect concentrations and mobilities, thereby allowing for more 
detailed analysis of results and projections for other conditions and materials.

Accomplishments:  This project allowed us to gain greater insights into the underlying mechanisms that occur 
during field assisted sintering. Using TiO2 as a model system allows one to engineer the main defect types and 
concentrations through doping and pO2 management. The modeling of the migration barrier for diffusion of Ti 
defects shows that interstitials diffuse considerably faster than Ti vacancies, and that an external electric field, such 
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as those used in flash sintering experiments (500 V·cm-1), has little influence on the migration barrier. 
Consequently, the leading mechanism explaining enhanced sintering under electrical bias can be attributed largely 
to Joule heating. The effect of the space charge at the grain boundaries was also modeled in the case of donor or 
acceptor doped TiO2, and showed that grain boundaries are electronically blocking in Ta-doped TiO2 and 
conducting in Ga-doped TiO2, which can also play an important role related to heat dispersion induced by Joule 
heating. We also show that an applied electric field will be non-homogeneous in Ga-doped TiO2 because of carrier 
redistribution. The flash sintering experiments were found to be difficult to reproduce due to the generation of non-
homogeneous current pathways via conductive filaments. The temperatures reached during flash are potentially 
high enough to trigger local melting of TiO2. Measurements of field assisted sintering with moderate applied electric 
fields makes the study of the influence of defect concentration on sintering feasible. With the two strategies 
considered, i.e. pellets and thick film measurements, we show that sintering is enhanced when Ti interstitials are 
the dominant defects, in accordance with the results of defect migration barrier modeling  

Summarizing the key findings of this study, field assisted sintering of semiconducting oxides is largely driven by 
joule heating.  Optimum results can be expected, i.e. lowest furnace temperature and shortest sintering times, 
when dopants and oxygen partial pressure are selected that support the fastest migrating ionic species limiting 
densification.  Furthermore, selection of geometry is critical in insuring that sufficient Joule heating is achieved and 
that current flow is uniform across the densifying ceramic element.
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Training Opportunities:  There were 4 supporting personnel on the program. Dr. Clement Nicollet - post doctoral 
research associate, Jing Yang and Minh Dinh, PhD candidates and a masters level visiting scientist Tamar Kadosh 
who is applying for admission to MIT as a doctoral student. Dr. Nicollet had the opportunity to extend his 
processing and electrochemical studies on fuel cell materials towards these sintering studies.  In the process, he 
had the opportunity to extend his familiarity with defect chemical and transport studies, different ways to examine 
sintering and densification and operating dilatometers while simultaneously applying fields and measuring electrical 
properties in-situ.  He also gained the opportunity to work in collaboration with theorists and to manage aspects of 
the program including the supervision of Tamar Kadosh.   Jing Yang and Minh Dinh, both students of Prof. Yildiz 
had the opportunity to apply first principles modeling to a materials system with a well defined objective of 
understanding a) the role of defects and their diffusive properties in relation to sintering and b) the impact of fields 
on both defect formation and diffusion.  Tamar Kadosh played a supportive role in preparing specimens but also in 
running the densification studies on the screen printed materials.  As such she gained a much clearer appreciation 
of how to approach more focused and sophisticated research.

Results Dissemination:  An invited talk was given by Prof. Yildiz at the Fall 2018 Material Research Society 
meeting in Boston during December of 2018
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Improved ceramic manufacturability with electric field assisted sintering: 

Developing underlying principles 
 

Award W911NF1710223 

ARO/GOR: Dr. Michael Bakas 

Dates: May 1, 2017 - June 30, 2019 

Principle Investigator: Professor Harry L. Tuller (Department of Materials Science and 

Engineering, Massachusetts Institute of Technology 

Co-Principle Investigator: Professor Bilge Yildiz (Departments of Nuclear Science and 

Engineering and Materials Science and Engineering, Massachusetts Institute of Technology 

 
 

Research Team: Dr. Clement Nicollet, Tamar Kadosh, Jing Yang, Minh Dinh. 

1 Introduction and objectives 
High density ceramics maximize strength, translucency, thermal conductivity and provide gas tight 

environments. These features are key to applications ranging from armor, IR missile domes, integrated 

circuit substrates and solid oxide fuel cell electrolytes, respectively. To achieve desired high densities for 

such highly refractory materials, sintering (at times requiring hot isostatic pressing) must be performed at 

temperatures often in excess of 1500 °C for extended periods of time, leading to high costs, need for 

specialized facilities and incompatibility with less refractory materials. While conventional densification 

methods utilizing high temperature and pressure have reached their limits, electric field assisted sintering 

has demonstrated great potential in reducing temperature constraints imposed on ceramic materials during 

sintering. Application of electrical fields during sintering can reduce densification temperatures from above 

1300 °C to 800 °C, to times as short as seconds, the latter via Flash Sintering (FS). While there have been 

many phenomenological observations and demonstrations of Field Assisted Sintering (FAST), reliable 

micro and nanoscale descriptions remain lacking (1). This is not surprising given that the electrical and mass 

transport properties of ceramic materials differ so widely, ranging from highly insulating to metallic, from 

predominantly ionic to electronic conductors and all with properties highly dependent on microstructure. 

Here we address this challenge by investigating model titania-based ceramics in which we 1) systematically 

vary the ionic and electronic defects and thereby the underlying factors controlling both densification and 

electrical properties, 2) monitor the development of conductive pathways and thereby microstructure by in-

situ frequency dependent complex impedance spectra during densification both with and without applied 

fields and 3) support the analysis of experiments by performing atomistic modeling to understand and 

predict how defect formation and transport are modified under applied external fields and in the vicinity of 

space charge fields accompanying grain boundaries. Progress along these lines provide considerable insights 

into the factors contributing to and controlling FAST processes. 

The overall objective is to reveal the dominant mechanisms governing field assisted sintering as a function 

of material electrical properties, microstructure evolution and environmental conditions. The approach 

involves examination of a model system based on TiO2 in which cation diffusion and electronic conductivity 

can be systematically controlled by dopants and oxygen partial pressure, supported by in-situ electrical 

characterization during sintering via complex impedance spectroscopy. The experimental results are further 
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supported by first-principles calculations of electric field modified defect concentrations and mobilities, 

thereby allowing for more detailed analysis of results and projections for other conditions and materials. 

2 Methods 

2.1 Modeling 

2.1.1 Bulk defect equilibria and cation diffusivity 
DFT calculations are performed on rutile TiO2 with Vienna Ab initio Simulation Package (VASP) [1-4]. The 

generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) functional is used [5,6] 

with Hubbard U correction [7] of 4.2 eV applied on the 3d states of Ti. To calculate the formation energies 

of defects, we used a supercell containing 24 unit formula of TiO2. We used an energy cut-off of 700 eV 

and a 2×2×2 k-point grid. Ionic structures are relaxed until the forces on atoms are less than 0.01 eV/ Å. 

Defect formation energies obtained from DFT are further fed into a thermodynamic model to predict 

equilibrium defect concentrations. The details of the model can be found in Ref. [8]. We further computed 

the migration barriers of Ti interstitials and Ti vacancies, and computed the total Ti self-diffusivity following 

a random-walk diffusion model.  

2.1.2 Defect formation enthalpies and migration barriers in electric field 
We quantified the formation energies and migration barriers of Ti defects under electric field by first-

principle base methods. Under the effect of an applied external electric field, 𝜖, the electric formation 

enthalpy, 𝐻𝑓
𝑒, of a defect with charge q, 𝑋𝑞, is given by [9]:  

𝐻𝑓
𝑒[𝑋𝑞 , 𝜖] = 𝐸𝑓[𝑋𝑞] − 𝜖Δ𝑃 (1) 

Where Δ𝑃 depicts the change in the system’s polarization due to the introduction of the defect under the 

effect of electric field. 

The formation energy of a defect X in charge state q, 𝑋𝑞, is defined as [10]: 

𝐸𝑓[𝑋𝑞] = 𝐸𝑡𝑜𝑡[𝑋𝑞] − 𝐸𝑡𝑜𝑡[𝑏𝑢𝑙𝑘] − ∑ 𝑛𝑖𝜇𝑖 + 𝑞(𝐸𝑉 + 𝜇𝑒)  

𝑖

(2) 

in which 𝐸𝑡𝑜𝑡[𝑋𝑞] is the total energy of the system containing the defect 𝑋𝑞 and 𝐸𝑡𝑜𝑡[𝑏𝑢𝑙𝑘] is the total 

energy of the system containing no defect of the same supercell.  The third term is the chemical potential of 

elements involved in the defect. Electron chemical potential, 𝜇𝑒, which is measured relative to the edge of 

the valence band, 𝐸𝑉, is used to describe the electron reservoir. 

By writing out the formation energies and migration barriers under an electric field, we are able to quantify 

the effect of the electric field on cation diffusivities in TiO2.  

2.1.3 Modeling space charge layer profile 

We performed continuum-level modeling to obtain the space charge layer profiles across a grain boundary 

in Ta-doped and Ga-doped TiO2. The model assumes a space charge potential of 0.3 V for the Ta-doped 

case and -0.3 V for Ga-doped TiO2. Poisson’s equation is solved assuming the intrinsic defects can freely 

redistribute in the space charge layer, while the dopant can only segregate to the grain boundary core. We 

further modeled the profile change under applied bias assuming only electric carriers can freely redistribute 

under applied bias. This model gives a picture of local potential and electric field distributions at grain 

boundaries in doped TiO2 under an applied external electric field. 
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2.2 Experimental 

2.2.1 Powder preparation 
Doped TiO2 powders were synthesized by mixing TiO2 commercial powder (rutile) with Ta ethoxide in 

ethanol. The suspension was stirred and heated at 80 °C until complete evaporation of the ethanol was 

achieved. The resulting powder was then annealed at 1050ºC for 6 h to allow the dopant to diffuse 

homogeneously throughout the rutile structure. The phase purity was monitored by x ray diffraction utilizing 

a Panalytical Xpert pro diffractometer with a Bragg-Brentano geometry, using a copper source. 

2.2.2 Sample preparation 
Pellets of the different TiO2 powders were prepared by pressing at 1 T/cm2 in a 6 mm diameter die, and pre-

sintered at 1050 °C for 6 h. The average thickness of the pellets was roughly 3 mm, and the initial relative 

density ≈ 60 %. Pt electrodes were brush painted on the two flat sides of the pellet and heated at 1050 °C 

for 1 h. Screen-printing: ink prepared by combingin powder mix with 1% ethylcellulose and 30% terpineol. 

2.2.3 Sintering measurements 

The sintering experiments were carried out in a modified dilatometer that included two electrodes that 

simultaneously allows for impedance measurements and the application of voltage and current. A 

thermocouple close to the sample measures the temperature. The oxygen partial pressure is controlled by 

mixing H2 and N2 with the aid of MKS gas flow controllers. The pO2 is measured with a homemade YSZ/Pt 

sensor directly placed inside the measurement setup, adjacent to the sample. 

3 Results 

3.1 Modeling 
In this section, we summarize the results obtained by computational modeling in three parts. First, we 

compare bulk defect concentrations, cation diffusivity, and electronic conductivity in undoped, Ta-doped, 

and Ga-doped TiO2. Second, we discuss how the defect concentrations and cation diffusivities change under 

strong electric field. Last, we show the defect redistribution profiles at grain boundaries for doped TiO2, and 

explain their implications for the transport properties of polycrystalline titania ceramics. 

3.1.1 Modeling of TiO2 defects concentrations and diffusivities 

We predicted the equilibrium defect concentrations in bulk Rutile TiO2 utilizing a first-principles based 

framework as provided in [8]. The resultant concentrations, as a function of oxygen partial pressure 𝑃𝑂2
 , 

are shown in Figure 1. For intrinsic TiO2 (Figure 1(a)), we observe that at high 𝑃𝑂2
, the dominant 

compensating mechanism is hole compensated by 𝑉𝑇𝑖
′′′′. As 𝑃𝑂2

 decreases, the compensating mechanism 

changes to 𝑉𝑇𝑖
′′′′ compensated by 𝑇𝑖𝑖

∙∙∙∙ (Frenkel equilibrium), and at even lower 𝑃𝑂2
, 𝑇𝑖𝑖

∙∙∙∙ compensated by 

electrons. The transition occurs at higher 𝑃𝑂2
 as temperature is increased. In other words, the range in which 

𝑇𝑖𝑖
∙∙∙∙ dominates over 𝑉𝑇𝑖

′′′′ is extended at higher temperature.  

To understand the effect of donor and acceptor dopants in TiO2, in Figure 1(b) and (c), we show the 

equilibrium defect profiles with 1% Ta and Ga doping, respectively. The Ta donor predominantly substitutes 

in TiO2 on Ti sites in the form of 𝑇𝑎𝑇𝑖
∙ , which is compensated at these lower temperatures by the formation 

of 𝑉𝑇𝑖
′′′′ rather than electrons. It serves effectively as a donor dopant, promoting the concentration of electron 

over all 𝑃𝑂2
 range. For the Ga-doped case, the 𝐺𝑎𝑇𝑖

′  acceptor is predominantly compensated by 𝑇𝑖𝑖
∙∙∙∙rather 

than holes, although hole compensation begins to become significant at the highest pO2s.  
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Figure 1: Equilibrium defect concentrations at 600 K for (a) undoped TiO2, (b) Ta-doped TiO2, and (c) Ga-doped TiO2 with varying 

oxygen partial pressure. For the doped cases, dopant concentrations are fixed to 1%.   

With the defect concentration diagrams of the three differently-doped cases, we are in a position to calculate 

the temperature and pO2 dependence of the Ti self-diffusivities based on the contributions of both Ti 

interstitials and vacancies. Figure 2(a) shows the computed Ti self-diffusivity 𝐷𝑇𝑖 at 𝑝𝑂2 = 1 atm with 

respect to 1/T. Due to the low migration barrier of 𝑇𝑖𝑖
∙∙∙∙ relative to 𝑉𝑇𝑖

′′′′, it remains as the dominant 

contributor to 𝐷𝑇𝑖 in all three cases. The effective activation energy of 𝐷𝑇𝑖 in Ga-doped TiO2 is considerably 

lower than that in undoped and Ta-doped cases, given that [𝑇𝑖𝑖
∙∙∙∙] is fixed by Ga doping concentration. In 

contrast, Ta-doped TiO2 has the lowest 𝐷𝑇𝑖 given tha Ta suppresses the more mobile 𝑇𝑖𝑖
∙∙∙∙ and therefore here 

the activation energy includes both the migration energy as well as a high formation energy. 

In Figure 2(b) we show the concentrations of the sum of electron and holes calculated at 1200 K for all three 

cases, as a reflection of the expected total electronic conductivities. For undoped TiO2, the transition 

between n-type conductivity and p-type conductivity is predicted to occur at relatively high pO2 (~ 0.05 

atm). This transition pressure is pushed to lower pO2 with Ga doping, promoting p-type conductivity. For 

the Ta-doped case, n-type conductivity dominates over the entire pO2 range. Note that a conductivity plateau 

is predicted for pO2s below about 10-16 atm, reflecting electron charge compensation for the Ta donor rather 

than Ti vacancies that occurs at higher pO2. The predicted plateau starts at a lower pO2 compared to 

experimentally reported values, possibly due to the overestimation of reduction enthalpy.   
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Figure 2:  (a) Ti self-diffusivity as a function of temperature at 𝑃𝑂2
 = 1 atm and (b) electron plus hole concentrations as a function 

of 𝑃𝑂2
 at T = 1200 K of the three differently-doped TiO2 cases.  

3.1.2 Modeling of variation of defect formation energy and migration barrier under electric field 

With the understanding of how the bulk defect chemistry and cation diffusion kinetics are expected to vary 

with temperature and pO2, we further surveyed the effect of electric field on these quantities. Specifically, 

we computed the formation energies of 𝑇𝑖𝑖
∙∙∙∙ and 𝑉𝑇𝑖

′′′′, and the migration barrier of 𝑉𝑇𝑖
′′′′in the [001] direction 

with varying electric field. Figure 3 shows how these quantities change with electric field going from 0 to 

6 MV/cm. We observe that even with this high electric field strength, the change in formation energies are 

on the order of 0.01 eV, which has little effect on the equilibrium defect concentrations. The change in 

migration barrier, as shown in Figure 3(b), appears to be more significant. The barrier decreases from 0.58 

eV at zero field to 0.47 eV at E = 6 MV/cm, indicating that we might expect increase in cation diffusivity 

under strong electric field. However, assuming a typical voltage drop of even 100 mV/GB, and space charge 

widths of 10 – 100 nm, this represents fields of 0.1 and 0.01 MV/cm respectively, well below fields expected 

to have a significant effect on defect formation or migration barrier. Much more significant will be changing 

the dopant type as discussed above.  

 

Figure 3: (a) Formation energies of Tii and VTi and (b) migration barrier of Tii as a function of electric field strength. 
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3.1.3 Modeling of mass and charge transport at grain boundaries 

Due to the segregation of charged defects to the grain boundary core, defects will redistribute in the vicinity 

of grain boundaries and form space charge layers. We studied the space charge layer profiles for Ta- and 

Ga-doped TiO2 from continuum level modeling in order to understand the different effects they may have 

in terms of the transport properties of polycrystalline TiO2.  

It has been reported that the dopant type determines the sign of grain boundary space charge in TiO2 [11]. 

Specifically, donor dopant segregation leads to positively charged core and negatively charged space charge 

layer, with a positive space charge potential. The reverse is true for acceptor dopant. In Figure 4 we show 

the simulated defect redistribution profile for the two doped cases with a space charge potential of 0.3 V for 

Ta-doped TiO2 and -0.3 V for Ga-doped TiO2 at 600 K, 1 atm. In both cases, the dominant type of Ti defect 

(𝑉𝑇𝑖
′′′′ for Ta-doped case and 𝑇𝑖𝑖

∙∙∙∙ for Ga-doped case) accumulates in the space charge layer. The important 

difference between the two is that, while in both cases the dominant electronic carrier is hole, Ta-doped 

TiO2 has depletion of hole in the space charge layer while Ga-doped TiO2 has accumulation of holes. As a 

result, grain boundaries are electronically blocking in Ta-doped TiO2 and conducting in Ga-doped TiO2. 

 

 

Figure 4: Defect concentration profiles in the space charge layer at T = 600 K, 𝑃𝑂2
 = 1 atm of (a) Ta-doped TiO2 assuming a space 

charge potential of 0.3 V, and (b) Ga-doped TiO2 assuming a space charge potential of -0.3 V. A grain size of 500 nm is used for 

the calculation, with the figure showing a range of 30 nm in the vicinity of the grain boundary. The boundary is placed at x = 0.  

Another important difference comes up when an external bias is applied across the grain boundary. In Figure 

5 we show the electrostatic potential and electric field profile across the grain boundaries with an external 

bias equivalent to a constant electric field of E = 500 V·cm-1 under the same thermodynamic condition as 

in Figure 5, assuming the grain boundary core charge does not change with the applied bias. We see that 

because of the high electronic conductivity under the oxidizing condition in Ga-doped one, the applied bias 

is mostly screened by the electrode/oxide interface and grain boundary, leaving a very small electric field 

in the grain bulk. On the other hand, Ta-doped TiO2 is insulating enough that the screening effect due to 

defect redistribution is negligible. A uniform electric field of 500 V/cm is maintained throughout the bulk 

of the grains.  
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Figure 5: (a) Electrostatic profile, and (b) electric field across the Ta/Ga-doped grain boundaries with an external bias equivalent 

to E = 500 V/cm at T = 600 K, pO2 = 1 atm. A grain size of 500 nm is used for the calculation. The boundary is placed at x = 0. 

In summary, we have showed two differences between Ta-doped and Ga-doped TiO2 in terms of space 

charge effect at grain boundary. Due to the opposite signs of grain boundary space charge potential, grain 

boundaries in Ta-doped TiO2 appear to be electronically blocking and grain boundaries in Ga-doped TiO2 

are electronically conducting. Second, because of the difference in total electronic conductivity, external 

bias is screened by carrier redistribution in Ga-doped TiO2. This leads to inhomogeneous distribution of 

electric field in polycrystalline Ga-doped TiO2 and potentially inhomogeneous Joule heating effect. 

3.2 Flash sintering and field assisted sintering experimental results 
The experimental effort was focused on trying to confirm the modelling predictions. The experiments can 

be classified into two main categories: i) flash sintering experiments and ii) field assisted sintering 

experiments. In the former, a high voltage is applied to the sample as it is heated. As the conductivity 

increases with increasing temperature, the current density progressively increases, inducing Joule heating. 

Eventually the sample experiences a thermal and current runaway that leads to a flash (very high 

temperatures are reached consistent with incandescence) followed by rapid shrinkage of the sample. In the 

field assisted experiments, the temperature is first increased without the application of an electric field. Once 

at high temperature (typically 1000 °C), A high current is applied to the sample (0.5-1 A), leading to Joule 

heating and additional driving force for sintering. As this strategy does not create a thermal runaway, the 

sample does not flash and the effect of current is much weaker than for the flash experiments. Field assisted 

sintering is thus easier to control and study systematically than flash sintering. The next section describes 

the efforts made during this project following these two strategies. 

3.2.1 Flash sintering undoped TiO2  
To study the effects of defect concentrations and diffusivities on sintering behavior, we first assessed the 

feasibility of the flash sintering experiments on undoped TiO2. The samples were composed of TiO2 powder 

pressed into 6 mm diameter pellets (thickness ≈ 3 mm) and pre-sintered at 1050 °C for 3 h. two Pt electrodes 

were painted on the sides of the pellet to enable the passage of current through the sample. The experiment 

was done inside a dilatometer, enabling one to follow the shrinkage of the pellet in-situ. 

First the electric field was set to 500 V·cm-1 at room temperature, and the temperature was increased rapidly 

to 500 °C. The temperature was then slowly increased by small steps until the flash initiated. When the flash 
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occurs, the power supply reaches its compliance current of 1 A, which is maintained until shrinkage 

stabilization is reached as measured by the dilatometer. Figure 6 shows the evolution of the shrinkage, 

current and temperature of the sample during the flash sintering of undoped TiO2. The first feature is that 

the thermal runaway effect starts once the current through the sample reaches 10 mA (35 mA·cm-2). 

Interestingly, the temperature at which the flash happens is dependent on the voltage applied to the sample, 

but the current at which runaway starts is always around this value of 10 mA. The voltage and temperature 

are merely two means to reach that critical current density and trigger the runaway effect and flash: a higher 

voltage will allow passing the critical current at lower temperature, and vice-versa. 
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Figure 6: Evolution of the shrinkage, current, and temperature of undoped TiO2 during flash sintering and application of a voltage 

of 500 V·cm-1. 

 

The second feature is that the shrinkage of the TiO2 material is highly non-homogenous, and does not occur 

in the very short time scales reported in the literature for YSZ [12]. Figure 7 shows a photograph of a TiO2 

pellet following a flash sintering experiment. It illustrates the chaotic character of the sintering, as well as 

the change in color from white to dark blue. That change in color is due to a reduction of Ti4+ to Ti3+, thereby 

markedly increasing the mobile electron density. The color change is more pronounced at one side of the 

pellet, which suggest that the reduction of Ti ions is induced by polarization at the negative electrode. 

 

Figure 7: photograph of the undoped TiO2 pellet after flash sintering. 

A more careful microstructural analysis by scanning electron microscopy ( Figure 8) reveals that 

polarization also affects the sintering behavior of the pellet. On  Figure 8a, the left side of the pellet is far 
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more thoroughly sintered than the right side. The left side corresponds to the negative electrode where 

reduction takes place. This well sintered region, corresponding to the reduced side, also expands within a 

narrow region to the other side of the sample, suggesting a non-homogeneous current pathway through the 

sample. This further implies that the conductivity must be of a filamentary type, leading in turn to sintering 

occurring only where the filament progresses. The section of the sample directly adjacent to the well sintered 

region of the sample is shown magnified in  Figure 8b. This zone displays a dendritic structure, pointing to 

local melting during the experiment. This feature is clear evidence that the local temperature reached by the 

sample during the flash sintering experiment is extremely high, considering that the melting temperature of 

TiO2 is around 1800 °C.  

 
 Figure 8: SEM cross section image of a TiO2 pellet after flash sintering at 500V·cm-1. 

A rough estimation of the local temperature during the flash can be made by examining the resistance of the 

sample measured during the flash. Figure 9 shows that the conductivity of the sample during the flash 

(≈ 40 mS·cm-1).  This corresponds to a temperature of 1400 °C if one considers the extrapolated measured 

conductivity of TiO2. As mentioned above, because the flash seems to induce a filament type conduction 

path, it is reasonable to believe that the temperature increases locally reaching the melting temperature, 

explaining the dendritic microstructure. Unfortunately, the very high local induced temperatures lead, as 

well, to the local melting of the Pt electrodes, thereby inducing a loss of the electrical contact. 
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Figure 9: projected temperature during the flash, extrapolated from the conductivity of the sample during the experiment.  

Although the flash sintering of TiO2 is non-homogeneous, the influence of different defect types and 

concentrations on flash sintering behavior could still be studied.   In the following, we report on flash 

sintering experiments repeated on donor doped TiO2, to assess the feasibility of the study. 

3.2.2 Flash sintering Ta doped TiO2  

Donor doping of TiO2 is of interest to this study because it allows one to fix the electronic conductivity 

while varying the types and concentrations of ionic defects responsible for mass transport. In this case, the 

contribution of Joule heating to flash sintering is fixed by the electronic conductivity with the mobile ionic 

defect types and concentrations controlling mass transport potentially modifying the sintering behavior. 

Initially a simple flash sintering experiment was performed to establish whether the behavior of Ta-doped 

TiO2 samples would be more homogeneous than un-doped TiO2, and therefore could be studied more 

systematically. 

Ta-doped TiO2 (2 at%) powder was prepared by mixing TiO2 powder with Ta ethoxide in an EtOH solution. 

After evaporation of the solution, the powder was annealed at 1050 °C for 6 h to allow the Ta to react with 

and diffuse homogeneously within the TiO2 lattice. The phase purity of the powder was monitored by X-

ray diffraction. The pellet samples for the flash sintering experiments were prepared in the same manner as 

for undoped TiO2. 

Prior to the flash experiments, the conductivity of the material was measured by impedance spectroscopy. 

Figure 10 compares the conductivity of undoped TiO2 and Ta doped TiO2 (2 %) as a function of temperature. 

The donor doping of TiO2 increases the total conductivity by more than 2 orders of magnitude, consistent 

with values reported by Baumard et al. [13] for Nb doped TiO2. Such a change in conductivity is expected 

to have a major impact on the behavior of TiO2 during flash sintering. 

 



11 

 

0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30

1E-6

1E-5

1E-4

1E-3

0.01

0.1

Undoped TiO
2

1.67 eVC
o
n
d
u
c
ti
v
it
y
 (

S
·c

m
-1
)

1000/T (K
-1
)

2% Ta doped TiO
2

       1.59 eV

900 800 700 600 500
 Temperature (°C)

 

Figure 10: Temperature dependence of the conductivities of undoped TiO2 and 2 % Ta:TiO2 measured in air. 

The flash sintering behavior was studied under the same conditions as for undoped TiO2, i.e. 500 V·cm-1 

was applied at room temperature and the sample was progressively heated until thermal runaway initiated, 

triggering the flash. Figure 11a shows the evolution of the shrinkage, temperature and current for the Ta 

doped TiO2 pellet sample during the flash. The first feature of note is that the onset of thermal runaway just 

prior to the flash occurs at Tonset = 650 °C, that is 110 °C lower than for undoped TiO2. Although the onset 

temperature changes, the current at which the runaway initiates is roughly the same as for undoped TiO2, 

i.e. 10 mA. This again is an indication that the onset of the flash is only dependent on the current passing 

through the sample, and that the applied electric field and temperature are merely means to achieve this 

current flow, that depends in turn on the sample resistance, or alternatively its conductivity. However, one 

finds that even though the flash event occurs, the actual shrinkage of the sample remains very low, even 

after several hours.  

 
Figure 11: Flash sintering of Ta doped TiO2 (2 at%), (a) Shrinkage, temperature and current evolution after the flash at 500 V·cm-

1 (b) photograph of the pellet sample after the flash experiment. 
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Examination of the sample following the experiment (Figure 11b) shows a dark strip on one side, indicating 

that the current path was again spatially limited, similar to a filament type conductivity pathway. Again, the 

dark color of this filament is a clear indication of a local reduction of the sample. Contrary to undoped TiO2, 

the flashed zone in this case remains within this narrow region and does not spread over the whole sample. 

Although flash sintering is appealing as a phenomenon because of the possibility of rapid densification of 

ceramics with moderate energy consumption as compared to classic sintering, we have shown that in the 

case of TiO2, densification is not as straightforward as it is in YSZ. Moreover, because of its rather violent 

character, it induces non-homogeneities in sample shrinkage, thereby rendering the analysis of the influence 

of defect chemistry on the sintering process difficult. As such, we decided to focus our efforts on designing 

an alternative experimental protocol.  Here we attempt to control the sintering process under electric field 

but without triggering the flash, in the hope of being able to better control shrinkage and thereby be in a 

position to study it more systematically as a function of defect types and concentrations. 

3.2.3 Field assisted sintering of Ta-TiO2 pellets 
To study the influence of mobile ionic defects on the sintering behavior of donor doped TiO2, we followed 

a strategy of so-called field assisted sintering, which does not trigger the flash, in order to achieve better 

control of the sintering process. The objective was to compare the sintering behavior of donor doped TiO2 

under different pO2 conditions to either change the electron concentration [n], and therefore the influence 

of Joule heating on the sintering, or the concentration of cationic defects (interstitials of vacancies) at a fixed 

[n] (and fixed joule heating). Figure 12a shows the Brouwer defect diagram of donor doped TiO2, which 

serves as a guide for selecting the conditions of pO2 and temperature at which the field assisted sintering 

experiments would be done. In the oxidizing region at high pO2, the cation defects are fixed by The Ta 

dopant (Ti vacancies) while the electron density n changes with pO2.  As a consequence, the effect of Joule 

heating can be studied in this region, without having an influence of a change in ionic defect concentration. 

In the intermediate pO2 region, on the other hand, n is fixed by the dopant concentration, as will be the 

resistance of the specimen and in turn the Joule heating, but the type and concentration of ionic defects will 

change. This region allows one to study the effects of defect type and concentration on the sintering 

behavior. As demonstrated by the modeling study, Ti interstitials should diffuse and drift faster than 

vacancies, so sintering should be faster when operating on the left hand side of the plateau than on the right 

hand side, where Ti vacancies dominate. Also, moving from the sides to the middle of the plateau close to 

stoichiometry where the total concentration of Ti defects are at a minimum could also be expected to 

substantially modify the sintering behavior. 

 
Figure 12: (a) Brouwer diagram of donor doped TiO2, reproduced from [13] and (b) calculated plateau regime. 
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From the work Baumard et al. [13], it is possible to calculate what widths of the pO2 plateaus as a function 

of temperature and dopant level. Figure 12b shows the calculated plateau region for different temperatures 

assuming a 2% Ta doping level. For field assisted sintering experiments being done at 1000 °C, the plateau 

regime is calculated to apply between 10-19 < pO2 < 10-6 atm. 

The Ta doped TiO2 pellets where heated inside the dilatometer up to 1000 °C at various pO2 in the oxidized 

and intermediate regime, first without application of electric current. The samples were stabilized at this 

temperature for one night to equilibrate with the pO2 and to reach a steady expansion (some small degree of 

sintering can occur prior to the application of the current). Then a current of 500 mA was applied to the 

sample with the shrinkage recorded for 150 min. Figure 13 compares the resulting shrinkages of four 

samples at 4 different pO2. First, comparing the shrinkage in air (Figure 13a) and at 2×10-5 atm (Figure 13b) 

illustrates the effect of the Joule heating at a constant ionic defect concentration (oxidizing region). The 

shrinkage in air is roughly 20 µm while only 6 µm at pO2 = 2×10-5 atm, because at constant current, the 

voltage drop in air is higher and so is the power dissipated in the sample. Because the temperature is 

measured with a thermocouple close to the sample (but not touching), the change in measured temperature 

is not precise, and is likely much higher inside the sample. Comparing the shrinkage at pO2 = 2×10-5 atm 

(Figure 13b) and at pO2 = 1×10-14 atm (Figure 13c) shows the influence of the defect type on shrinkage. 

Because pO2 = 2×10-5 atm is close to the beginning of the plateau regime, it should represent conditions for 

which one obtains the highest concentrations of Ti vacancies, while being very close to the constant 

concentration of [n].  At pO2 = 1×10-14 atm on the other hand, one instead expects largely Ti interstitials. In 

the latter, the shrinkage of 9 µm is nearly twice as high as in the former, which agrees with the modeling 

results showing that the Ti interstitials diffuse faster than Ti vacancies. By repeating the experiment at lower 

pO2, i.e.  pO2 = 3×10-16 atm (Figure 13d) the measured shrinkage is slightly higher than pO2 = 1×10-14 atm, 

also consistent with the defect model, because the lower pO2 increases [Tii], which should lead to increased 

mass transport. 
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Figure 13: Shrinkage of Ta doped TiO2 pellet at 1000 °C with an applied current of 500mA, as a function of time, at different pO2 

values: (a) pO2 = 0.21 atm, (b) pO2 = 2×10-5 atm, (c) pO2 = 10-14 atm, and (d) pO2 = 3×10-16 atm. 

These field assisted experiments effectively enable examination of the influence of defect type and 

concentration on shrinkage, with the results agreeing well with predictions made based on the defect model 

and the diffusivities of each defect calculated in the modeling part. However, measured shrinkages are rather 

small, and thus the reliability of such results can be questioned. The problem of the experimental protocol 

is that the geometry of the sample yields very low resistances at the plateau regime, thereby limiting the 

power that can be applied to the sample, considering limitation of the power supply. Further, if the sample 

resistance becomes on the order of magnitude of the lead and contact resistance, a considerable fraction of 

the power will dissipate elsewhere than inside the sample itself. 

To overcome the problem associated with low resistance samples, a second strategy was considered. Here 

the geometry of the samples is modified to increase their resistances thereby allowing for the ability to apply 

higher electrical power densities. 

3.2.4 Field assisted Ta doped TiO2 screen printed layers 

By preparing porous thin layers of Ta doped TiO2 by screen-printing (≈ 50 µm), it is possible to increase 

the resistance of the samples given the much reduced cross sectional area. This serves to increase the power 

density applied to the sample, thereby improving the sensitivity of the measurements. The layers were 

printed on sapphire substrates (MTI, c-plane). Pt paste was applied on both sides to serve as current 

collectors (Figure 14). The samples were heated to 980 oC for one night to equilibrate the initial shrinkage 

and then the electrical power was applied to induce sintering. The shrinkage of the layer was measured by 

a dilatometer in the same setup used for the pellet-based experiments. 
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Figure 14: Sample configuration 

A power density of around 800 W·cm-3 was applied through voltage and current control, and was calculated 

a-priori with respect to the resistance of the layer. In the first stage of the experiment, the application of the 

current induced joule heating results also in the expansion of the sapphire substrate, leading to an overall 

thermal expansion of the layer/substrate composite. This rapid expansion can be largely attributed to the 

expansion of the substrate, with a negligible contribution from the much thinner layer. This initial expansion 

can be used to estimate the temperature increase induced by the application of the current, based on the 

expansion coefficient of the sapphire substrate according to the expression:  

 

With ∆𝐿/𝐿 the linear shrinkage, α the expansion coefficient, and ∆𝑇 the corresponding change in 

temperature. The temperature increase for an applied power density of 800 W·cm-3 was estimated on this 

basis to be ~ 200 °C.  This then corresponds to a sample temperature ≈1200 °C during the experiment.  

Following this initial stage, the power is kept constant for 20 hours, while the sintering of the screen printed 

layer is monitored. This experiment was repeated at different pO2, following the same strategy as for the 

pellet samples. Figure 15 shows the shrinkage of the layers as a function of oxygen partial pressure after 

applying ~800W/cm3 for 20 hours at 980oC. As observed with the pellets, while under a constant power 

density, the pO2 has a significant effect on the shrinkage of the layers, because of the change in the dominant 

defect type and concentration. Close to the stoichiometric point, shrinkage is lowest. When increasing pO2, 

the concentration of Ti vacancies increases and the shrinkage is enhanced. When pO2 is reduced to pO2=10-

15 atm, the dominant defect switches to Ti interstitials and the shrinkage is greatly enhanced, which is 

consistent with the modeling results showing that interstitials have a much smaller migration barrier than 

that of vacancies. 

 

 

∆𝐿/𝐿 = ∆𝑇 ∙ 𝛼  
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Figure 15: Percentage shrinkage of Ta-doped TiO2 layers vs. oxygen partial pressure, after applying ~800W/cm3 for 20 hours  at 

980oC. The plot is overlaid on the Brouwer’s defect diagram (qualitative), presenting the variation in defect concentration of the 3 

main charge carriers participating in charge conductivity and/or diffusion. 

This strategy led to similar conclusions as those based on measurements performed on pellet samples, but 

the relative shrinkage measured is far higher, which makes the results measured on screen printed more 

reliable. 

4 Conclusions 
This project allowed us to gain greater insight into the underlying mechanisms that occur during field 

assisted sintering. Using TiO2 as a model system allows one to engineer the main defect types and 

concentrations through doping and pO2 management. The modeling of the migration barrier for diffusion of 

Ti defects shows that interstitials diffuse considerably faster than Ti vacancies, and that an external electric 

field, such as those used in flash sintering experiments (500 V·cm-1), has little influence on the migration 

barrier. Consequently, the leading mechanism explaining enhanced sintering under electrical bias can be 

attributed largely to Joule heating. The effect of the space charge at the grain boundaries was also modeled 

in the case of donor or acceptor doped TiO2, and showed that grain boundaries are electronically blocking 

in Ta-doped TiO2 and conducting in Ga-doped TiO2, which can also play an important role related to heat 

dispersion induced by Joule heating. We also show that an applied electric field will be non-homogeneous 

in Ga-doped TiO2 because of carrier redistribution. The flash sintering experiments were found to be 

difficult to reproduce due to the generation of non-homogeneous current pathways via conductive filaments. 

The temperatures reached during flash are potentially high enough to trigger local melting of TiO2. 

Measurements of field assisted sintering with moderate applied electric fields makes the study of the 

influence of defect concentration on sintering feasible. With the two strategies considered, i.e. pellets and 

thick film measurements, we show that sintering is enhanced when Ti interstitials are the dominant defects, 

in accordance with the results of defect migration barrier modeling   

Summarizing the key findings of this study, field assisted sintering of semiconducting oxides is largely 

driven by joule heating.  Optimum results can be expected, i.e. lowest furnace temperature and shortest 
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sintering times, when dopants and oxygen partial pressure are selected that support the fastest migrating 

ionic species limiting densification.  Furthermore, selection of geometry is critical in insuring that sufficient 

Joule heating is achieved and that current flow is uniform across the densifying ceramic element. 
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