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a b s t r a c t 

The atomistic structural modification and ionic diffusivity in 8YSZ at elevated temperature with the pres- 

ence of an external electric field (E-field) were investigated by molecular dynamics (MD) simulations. 

As an example, a sufficiently large system of atomic configuration for a bi-crystal 
∑ 

5( 310 ) / [ 001 ] grain 

boundary (GB) model was studied. MD results show that the E-field promotes the formation of Frenkel 

pair defects. Notably, some Zr ions diffuse out of GB regions at E-field > ∼50 0-10 0 0V/cm, resulting in an 

“avalanche” of cation vacancies at GBs and reduction of GB space charge. Consequently, the diffusivities 

of cations and anions are enhanced in the 8YSZ system with the presence of E-field. The atomistic level 

understanding of E-field induced structural modifications and ionic diffusivities provide an in-depth in- 

sight to unravel the flash sintering mechanisms of ionic ceramics, especially the coupled thermal-field 

effect during the flash sintering process. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The structural evolution and mechanisms of sintering process of 

eramic powders by electric current assisted sintering (ECAS) tech- 

ique have been widely studied over the past few decades [1–12] . 

 number of influential works and reviews have been written re- 

ently on the ECAS techniques and applications, such as [13] by R. 

astro, [7] by J. Garay, [14] by O. Graeve, [3] by O. Guillon, [15] by

. Lu, [ 8 , 16 ] by J. Luo, [ 4 , 17 ] by Z. Munir, [12] by R. Orrù, [18] by

. Song, and so on. There has been a continuous debate going 

n whether the external electric field (E-field) provides additional 

echanisms to the sintering process, in addition to the thermal 

unaway Joule heating. This debate became more heated after a 

ignificant experiment has been performed by Cologna, Rashkova 

nd Raj [19] . In the experiment, the yttrium-stabilized zirconia 

YSZ) was fully sintered within 5 seconds when the strength of 

he E-field is sufficiently high (e.g., > ∼60V/cm) at certain tempera- 

ures. This is called “flash sintering (FS)” due to its extremely short 
∗ Corresponding authors. 
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intering time compared to traditional sintering techniques, which 

sually require hours or even longer. 

Previously developed ECAS techniques, such as spark plasma 

intering (SPS) applied with a much lower strength of E-field (e.g., 
 10-20V/cm), were also used to sinter YSZ powders. The SPS sin- 

ering time of YSZ is of the order of minutes, which is also sig- 

ificantly longer than that of the FS process [ 20 , 21 ]. Clearly, there

s an ultra-rapid (“flash”) event happening during the FS pro- 

ess when the E-field is greater than a certain threshold value. 

hile thermal runaway Joule heating mechanism contributes sig- 

ificantly to the rapid sintering process, it alone cannot fully ex- 

lain the observed “flash” shrinkage rate of the material [ 1 , 8 , 22–

4 ]. In other words, the ultra-rapid sintering process cannot be ex- 

lained by the enhancement of a single mass transport mechanism 

esulting from the temperature rise alone. 

A great number of effort s, both experiment ally and theoreti- 

ally, have been carried out to explore the mechanisms of FS pro- 

ess [ 8 , 25–34 ], but lack of fundamental and quantitative descrip- 

ions at the atomic level. Atomistic insights can clarify various sin- 

ering mechanisms proposed in the literature because sintering of 

rystalline materials is essentially originated and achieved by the 

tomic level diffusional activities. Particularly in the sintering of 

onic ceramics, the accurate description of atomistic diffusivities of 
rticle under the CC BY-NC-ND license 
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Fig. 1. Bi-crystal model for the �5(310)/[001] grain boundary: (a) ZrO 2 initial con- 

figuration; (b) 8YSZ structure after MD energy minimization. The direction of the 

external electric field is perpendicular to the GB plane. 

Table 1 

Concentrations of different ions in the 8YSZ bi-crystal model after 

MD equilibration. 

Types of 

ions 

Nominal 

concentration 

(at%) 

GB region 

concentration 

(at%) 

Grain interior 

concentration 

(at%) 

Y 5.6 6.1 ± 0.1 5.3 ± 0.1 

Zr 28.7 28.6 ± 0.1 28.7 ± 0.1 

O 65.7 65.3 ± 0.1 66.2 ± 0.1 
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ons and/or vacancies as a function of E-field is a key to uncover 

he fundamental understanding of flash sintering mechanisms and 

ther ECAS techniques. 

As one of the most realizable yet efficient modeling approaches 

or studying atomistic structure and dynamics, molecular dynam- 

cs (MD) simulations have become a preferred method to study 

he structural modifications and diffusivity as a function of tem- 

erature at the atomic scale [35–43] . For example, MD simula- 

ions have been used to compute the diffusivity of both cations 

nd anions in a variety of YSZ systems [ 37 , 44–46 ]. These MD sim-

lations predict atomistic structures of YSZ and diffusion coeffi- 

ients of various ions in agreement with relevant experiments and 

b initio quantum mechanical calculations. In this work, using the 

YSZ (8mol% Y 2 O 3 -doped ZrO 2 ) as an example, we will perform 

D simulations for a bi-crystal model at elevated temperatures (T) 

nd with the presence of E-field. From the MD modeling, we will 

nvestigate the atomic structure of 8YSZ and quantify the diffusion 

oefficients of Y, Zr and O ions as a function of T and E-field. Based

n MD results, we will discuss the contribution of non-thermal 

echanism of the E-field during the flash sintering process from 

he atomistic point of view. 

. Methodology 

.1. Bi-crystal model creation 

The common practice of creating a bi-crystal model of YSZ is 

o, first of all, create a bi-crystal model of ZrO 2 . Then, depend- 

ng on the concentration of Y 2 O 3 , a certain amount of Y ions sub-

titute Zr ions leaving behind some oxygen vacancies (by remov- 

ng O ions) to keep the electrical neutrality of the system. The 

orrect placement of ions at the GB region is crucial to ensure 

hat the GB structure is stable. We used the protocol described in 

ef. [47] to create the initial configuration of the ZrO 2 bi-crystal 

odel, as shown in Fig. 1 (a). It consists of two single crystals of

ubic ZrO 2 with a tilt angle of 36.9 o . The introduction of periodic 

tructure of the bi-crystal model in the x direction results in two 
 

5( 310 ) / [ 001 ] grain boundaries between the two single crystals. 

he dimension of the bi-crystal is 11.5nm, 5.8nm, 5.4nm along x, y 

nd z axis, respectively. Note that the dimension of the bi-crystal 

odel expands slightly with the increase of temperature. The x 

xis is perpendicular to the GB planes. The two GBs are separated 

y a distance of 5.2nm, which is sufficiently large to avoid any 

on-physical interactions between the GBs [48] . 

Based on the initial configuration in Fig. 1 (a), we substitute 16% 

f Zr ions by Y ions to create the 8mol% Y 2 O 3 stabilized ZrO 2 ,

.e., the 8YSZ bi-crystal model, following the Eq. (1) for achieving 

harge neutrality in the system [ 38 , 45 , 46 , 49 , 50 ]. 

 2 O 3 + Zr O 2 → 2 Y ′ Zr + V ··O (1) 

ote that, in order to achieve sufficient statistical randomness of 

he Y ions, we created a large size of model consisting of ~30,0 0 0

ons, in contrast to published models with typically less than 

3,0 0 0 ions. This is also to avoid the necessity of averaging mul- 

iple models for sufficient statistics. Then, MD modeling of energy 

inimization for the 8YSZ system is carried out, as the resultant 

tomic structure is shown in Fig. 1 (b) where the Y ions are ran-

omly distributed across the model. Note that, as a result of charge 

alancing via Eq. (1) , the initial configuration of the 8YSZ bi-crystal 

ystem contains about 2.7at % oxygen vacancies. The nominal com- 

ositions of each type of ions in the bi-crystal model are listed in 

able 1 (see Section 3.1 ). In addition, experimental observations 

ave indicated that the segregation of ions mostly concentrated 

earby the GB plane spanning half-width of 0.6nm on both sides 

50] , as the GB regions indicated in Fig. 1 (b). The rest of the bi-

rystal model is considered as grain interiors or bulk regions. 
2 
.2. Computational details 

.2.1. Interatomic potential and the coupling of E-field 

We use MD simulations to compute the ionic diffusivity as a 

unction of temperature (T) and E-field (E). At a given temperature, 

ncorporating E-field into MD simulations for an ionic system can 

e achieved by adding a force F = qE to each ion with a charge of

 [51] . The interaction potential V ( r ij ) between ions i and j can be

ell modeled by a Buckingham type function (1 st and 2 nd terms 

n the right) coupled with a long-range Coulombic term (3 rd term 

n the right): 

 

(
r i j 

)
= A i j exp 

(
− r i j 

ρi j 

)
− C i j 

r 6 
i j 

+ 

1 

4 πε 0 

q i q j 

r i j 
(2) 

here r ij is the interionic distance between ions i and j with the 

espective charge of q i and q j . ε0 is the dielectric constant of vac- 

um. The parameters A ij , ρ ij and C ij for the 8YSZ crystal are taken 

rom the literature [ 35 , 36 ]. This set of parameters with integer

harges for the ionic species predicts the static and dynamic be- 

avior of YSZ crystals consistent with experiments [ 37 , 38 ]. Our MD

imulations were carried out using the LAMMPS code – one of the 

ost widely used molecular dynamics software [34] . 
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.2.2. Diffusion coefficient and activation energy of diffusivity 

Based on the MD trajectories, the diffusivity (D) of ions can be 

btained from the mean square displacement (MSD) calculations 

ccording to the Einstein relation [ 52 , 53 ], 

 = 

1 

6 N m t 
lim 

t→∞ 

{ 

N m ∑ 

j=1 

[
r j ( t ) − r j ( 0 ) 

]2 } 

at constant T & E (3) 

q. (3) represents an ensemble average over time t of all ions from 

 = 1 to N m . The initial r j (0) and dynamic r j (t) positions are given

y the MD trajectories. Since one already observes that the calcu- 

ated MSD is proportional to t at relatively short simulation times 

 < a few tens of nanoseconds) [ 52 , 53 ], this makes MD a very cost-

ffective com putational technique to obtain diffusion coefficients. 

ote that the bi-crystal model is divided into GB and grain interior 

egions (see Fig 1 b). We have calculated the MSDs for ions within 

ach region, which yielded the corresponding diffusion coefficients 

ia Eq. (3) . Also, in our simulation, 5-10ns simulation time in the 

D runs was used to generate MD trajectories at different tem- 

eratures. The last 3-5ns of the MD trajectories were used for the 

nsemble averages of MSDs to compute the diffusion coefficients, 

nsuring sufficient accuracy in the statistical analysis. 

Furthermore, based on the above diffusivity results, we can ob- 

ain the activation energy (Q) for the atomistic mass transport or 

iffusion, in the same manner as is done in experiments using 

q. (4) [ 54 , 55 ] 

 = D 0 exp 

(−Q 

RT 

)
(4) 

 0 is the pre-exponential factor and R is the gas constant. The 

ommon practice of using Eq. (4) is to plot the Arrhenius plots of 

iffusivity against inverse T, from which the Q can be easily de- 

ermined as the plot’s slope. After running a series of MD simula- 

ions at varied applied electric field E for different temperatures, 

he diffusion coefficient and its corresponding activation energy 

s a function of T and E can be obtained with the coupling of 

q. (3) and Eq. (4) . 

.2.3. Point defect quantification 

We use the Wigner-Seitz (WS) cell method to identify the va- 

ancy and interstitial point defects in the 8YSZ bi-crystal model. 

n particular, we focus on the quantification analysis of vacan- 

ies of cations and anions as well as the cation vacancy-interstitial 

air Frenkel defects, since they are reported to be the main fac- 

ors determining the flash sintering rate of YSZ systems [ 1 , 19 , 28 ].

he WS cell method has been implemented in one of the most 

idely used scientific visualization and analysis software for atom- 

stic and particle simulation data – Open Visualization Tool (OVITO) 

56] . In general, the WS cell method requires two configurations 

f the atomistic system as inputs: the reference configuration (ini- 

ial structure) and the displaced configuration (MD trajectories). 

he reference configuration defines where ions would be located 

n a defect-free state of the crystal. Thus, typically this is a perfect 

rystal lattice (e.g., Fig. 1 a) where every site is occupied by exactly 

ne ion. The displaced configuration (e.g., equilibrated structures) 

s the one to be analyzed, which typically contains some point 

efects. The WS cell method determines which ions occupy what 

ites. Some sites may be occupied by no ions at all – the vacancy 

oint defects. Moreover, WS cell method can identify whether a 

acancy is cationic or anionic in the system, which is especially 

onvenient for this work because different types of vacancies con- 

ribute to ionic diffusivity in the YSZ via different ways. Note that 

e average the counting of vacancies over the last 3-5ns MD tra- 

ectories out of the 5-10ns MD runs for sufficient statistics. 
3 
.2.4. Charge density and electrostatic potential 

The spatial distribution of the charge density ( ρ) in the bi- 

rystal model can be directly obtained from the summation of 

ositive and negative charges per unit volume. Then, by integrat- 

ng twice the charge density profile according to Poisson’s equa- 

ion of Electrostatics ( Eq. (5) ), which relates the electrostatic po- 

ential to charge density [57] , we can readily compute the corre- 

ponding electrostatic potential ( ϕ). In this work, we compute the 

ne-dimensional (1D) profiles of the charge density and potential 

cross the x direction (perpendicular to the GB plane) of the bi- 

rystal model, which provides sufficient insight to the GB space 

harge of the YSZ system. 

 
2 ϕ = − ρ

ε 0 
(5) 

here ε 0 is the permittivity of free space (vacuum). 

.2.5. MD simulations 

Prior to the introduction of E-field, the model needs to be suf- 

ciently equilibrated at specific temperature and pressure, during 

hich GB segregation and new formation of various types of point 

efects, including vacancies and interstitials, are expected to occur. 

or example, an equilibrized 8YSZ bi-crystal model can be achieved 

nder NVE conditions at 10K and 1atm for 1ns followed by NPT 

onditions at 1500K and 1atm for 5ns. Note that the MD simula- 

ion step is set to be 1fs throughout the MD modeling in this work. 

ased on the equilibrated structure at 1500K and 1atm, other equi- 

ibrated models at higher temperatures (and 1atm) can be read- 

ly obtained using NPT modeling for 3-5ns. Periodic structures at 

he boundaries of the bi-crystal models are introduced at all the 

hree x, y , and z directions. These equilibration modelings lead to 

hanges in the ionic positions and certain levels of ionic segre- 

ations in the vicinity of grain boundary planes (details refer to 

able 1 in Section 3.1 ). 

Starting from the pre-equilibrated 8YSZ bi-crystal models at dif- 

erent temperatures of 1500K, 2000K, 2500K, and 3000K, we per- 

ormed 5ns MD runs with NPT conditions at 1atm corresponding 

o different temperatures. Furthermore, for each temperature, the 

i-crystal model was subjected to different electric field strengths 

f 50V/cm, 10 0V/cm, 50 0V/cm, and 10 0 0V/cm with the E-field per- 

endicular to the GB plane (see Fig. 1 b). A total number of 20 

ifferent MD NPT simulations were carried out. The 5ns simula- 

ion time for each case ensures sufficient dynamics and diffusion 

f ions for the accurate computation of diffusion coefficients. Sub- 

equently, using Eq. (3) , the temperature and E-field dependences 

f diffusivity of ions in 8YSZ were obtained from the MD trajecto- 

ies. 

. Results 

.1. GB segregation and space charge in the absence of E-field 

The realistic model representation of experimentally observed 

i-crystal GB structure is vital to compute the GB diffusion coef- 

cients accurately. In the case of YSZ GB, it is well known that 

 ions segregate within a layer of a couple of nanometers thick 

urrounding the GB planes, accompanied by significant oxygen de- 

ciency nearby the GB plane [50] . As a consequence, a positive 

lectrostatic potential across the YSZ GB is formed. It is called the 

ouble layer or GB space charge of segregation [58] . The value of 

his potential is reported to be largely scattered across the range 

f ~0.1-1.2V [ 50 , 58 , 59 ]. 

Fig. 2 presents the one-dimensional (1D) concentration profiles 

f Y, Zr, and O ions along the x direction (normal to the GB plane)

f the 8YSZ GB model after the MD equilibrium modeling. Note 

hat the reduced distance denoting the ratio between the x posi- 

ion and the length of the simulation box at x direction is used to 
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Fig. 2. Concentration profiles along the x direction (normal to GB planes) as a function of reduced distance for various ions: (a) Y, (b) O, and (c) Zr. 
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Fig. 3. Charge density distribution and electrostatic potential profile at zero E-field 

vs. the reduced distance in the x direction (T = 30 0 0K). 
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3

lot the concentration profiles. The nominal concentrations of each 

ype of ion are indicated by the horizontal lines in Fig. 2 and listed

n Table 1 . 

Apparent segregation of Y ions ( Fig. 2 a) and deficiency of O ions

 Fig. 2 c) near the GB planes are observed in the 8YSZ bi-crystal

odel. No significant depletion of Zr ions is observed. Note that 

he fluctuation observed in the concentration profiles is due to the 

ocal environmental change in the atomistic chemistry of the pe- 

iodic lattice of the crystal. Moreover, Table 1 lists the statistical 

oncentrations of different ions at the GB regions and grain interi- 

rs in the model, comparing to their nominal concentrations. The 

 ion concentration at the GB regions is ~0.8at% ( = 6.1at%-5.3at%) 

reater than that in grain interiors. This is somewhat lower than 

he experimental measurements, which suggested a ~1-2at% higher 

 ion concentration at the GB region as compared to grain interior 

n the 8YSZ �5(310)/[001] bi-crystal [60] . 

There are two mechanisms driving the ionic segregation when 

wo YSZ single crystals meet to form a GB. These are the signif- 

cant elastic mismatch, which provides a large driving force for 

mmediate Y ion segregation nearby the GB plane due to the dis- 

imilarity between the ionic radii of the Zr ion (0.84 ̊A) and Y ion

1.02 ̊A) [45] ; and the Coulombic interactions between the vari- 

us chemical species, which depends on the arrangement of the 

harges nearby the GB plane. We believe the GB segregation ob- 

erved in our MD modeling is mostly due to the GB misfit elastic 

nergy, with Coulombic interactions playing a secondary role; this 

ituation, which has been modeled theoretically elsewhere [58] , 

as been previously reported for this system [45] . A significantly 

onger simulation time ( >> ns) is needed to achieve the experi- 

ental level of GB segregations, which is not practical using MD 

imulations. This is probably why our MD modeled Y ion seg- 

egation is lower than experimental measurements. Interestingly, 

eléndez et al. [ 37 , 45 ] developed a strategy to artificially impose

 driving force specifically onto the Y ions within a chosen GB re- 

ion to facilitate the GB ionic segregations. However, one critical 

equirement of this approach is the pre-knowledge of the accurate 

o

4 
etermination of GB segregation energy or driving force as a func- 

ion of temperature, which is usually not readily available from ex- 

eriments. Furthermore, to the best of our knowledge, there is no 

B segregation energy under the presence of an external electric 

eld reported in the literature for the YSZ system. 

Fig. 3 displays the 1D distribution of charge density and electro- 

tatic potential as a function of reduced distance at the x direction 

cross the bi-crystal model. A clear localization of charge density is 

bserved at GB regions. By integrating twice based on the charge 

ensity profile using Eq. (5) , we obtained a positive electrostatic 

otential of about 0.08V in the vicinity of the GB plane, which 

s reasonable as compared to the reported experimental measure- 

ents [50] and theoretical calculations [58] . 

.2. Effect of E-field on diffusion coefficients of ions 

To further verify the reliability of our modeling, we compare 

ur MD computed diffusivities of the three types of ions in the sys- 
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Fig. 4. Arrhenius plots for bulk and GB diffusion of cations and anions in the 8YSZ system in the absence of E-field: comparisons between MD results from this work (open 

shapes) and the reported experimental and simulation data (closed circles). 

Table 2 

Comparison between present MD calculated activation energies (at zero E- 

field) for bulk and GB diffusion of various ions in the 8YSZ system and data 

taken from the literature. 

ions 

E A (eV): 

this work E A (eV): reported 

bulk 

diffusion 

coefficients 

O 0.62 ± 0.10 0.87 [44] ; 0.77 [61] ; 0.93 [62] 

Zr 4.09 ± 0.20 4.89 [39] 

Y 4.05 ± 0.20 4.44 [44] 

GB 

diffusion 

coefficients 

O 0.66 ± 0.10 0.86 [62] 

Zr 3.04 ± 0.20 / 

Y 2.34 ± 0.20 / 
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em with experimental and simulation data published elsewhere. 

ig. 4 shows the Arrhenius plots of the bulk and GB diffusion co- 

fficients of O, Zr, and Y ions with the absence of E-field, i.e., 

 = 0V/cm. The agreement between our MD results and the re- 

orted evidence is satisfactory. As listed in Table 2 , we also com- 

are the obtained activation energies of diffusivity with existing 

ata, and our results lie within the range of published values. 

Fig. 5 , Fig. 6 and Fig. 7 present the bulk and GB diffusivities

s a function of temperature (150 0K-30 0 0K) and E-field (up to 

0 0 0V/cm). First of all, the temperature dependence of diffusion 

oefficients varies over a much broader range of values than the 

-field dependence. Take the Y GB diffusivity as an example (see 

ig. 5 b), at any constant E-field, the diffusivity increases by 4-5 

rders of magnitude as the temperature changes from 1500K to 

0 0 0K. Whereas, at any constant temperature, the diffusivity in- 

reases only by about one order of magnitude at E-field is in- 

reased up to 10 0 0V/cm. This suggests that, within the parameter 

anges under consideration, the thermal energy is a more domi- 

ant factor of ionic diffusivities in YSZ as compared to E-field. Also, 

s shown in Figs. 5 and 6 , in the case of cations, GB diffusivity

s ~2-5 orders of magnitude higher than the bulk diffusivities at 

 constant temperature and E-field, which is expected as the GB 
5 
efect is known to be a fast diffusion path. Moreover, the appar- 

nt effect of E-field on both the bulk and GB diffusivities is ob- 

erved for the two cations. As the E-field increases from 0V/cm 

o 10 0 0V/cm, both the bulk and GB diffusion coefficients are in- 

reased by about one order of magnitude at any given tempera- 

ure. 

In the case of anions, shown in Fig. 7 , there is no obvious differ-

nce between bulk and GB diffusivities. This is probably due to the 

resence of a space charge layer surrounding the GB plane, hin- 

ering the O ion diffusion along the GB plane. Also, no consider- 

ble effect of E-field on the bulk O ion diffusion is observed (see 

ig. 7 a). However, a more significant effect of E-field on the GB 

 ion diffusivity is detected, as shown in Fig. 7 b. The O ion GB

iffusion coefficient is increased by 2-3 times when the E-field is 

ncreased to above 500V/cm. 

As described above, even though the influence of E-field 

 < 10 0 0V/cm) on the diffusion coefficient is less effective as com- 

ared with thermal energy, it does contribute to the enhancement 

f ionic diffusivity for all the cations and anions. This enhancement 

ay be attributed to two factors: the E-field induced formation of 

ew vacancies, and the reduction of the electrostatic potential or 

pace charge at the GB region disrupted by the E-field. These ef- 

ects will be discussed in the following Sections. 

.3. Effect of E-field on vacancies 

The nominal total concentrations of vacancies (C Vac ) and inter- 

titials (C Int ) throughout the bi-crystal model were computed for 

ach given E-field at different temperatures. All of the 20 MD mod- 

ling results are shown in Fig. S1 in the Supplemental Material. In 

ach case, the subtraction of vacancies from interstitials resulted in 

xactly the same value as the concentration of pre-existing O va- 

ancies, i.e., C Vac -C Int = 2.7%. This indicates that the total number of 

ewly formed vacancies (of Y, Zr, and O ions) and interstitial (of 

, Zr, and O ions) point defects maintain the same throughout the 
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Fig. 5. Arrhenius plots of (a) bulk and (b) GB diffusivity of Y ions for E-field up to 10 0 0V/cm. 

Fig. 6. Arrhenius plots of (a) bulk and (b) GB diffusivity of Zr ions for E-field up to 10 0 0V/cm. 

Fig. 7. Arrhenius plots of (a) bulk and (b) GB diffusivity of O ions for E-field up to 10 0 0V/cm. 
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D modeling at a given temperature and E-field. This reveals an 

mportant observation that the E-field induces the new formation 

f Frenkel pair defects in the 8YSZ system. 

Fig. 8 (a,b) and (c,d) show the respective concentration (at%) at 

B and grain interior for vacancies of cations and anions as a func- 

ion of E-field at different tem peratures. Note that the cation va- 

ancy V Zr in YSZ can be used for the diffusion of both Zr and Y

ons [63] . First of all, at a given E-field, vacancy concentration in- 

reases with the increase of temperature. Secondly, in both cases of 

ation and anion, the vacancy concentration at GB is a few times 

igher as compared to the grain interior (bulk) counterpart. This is 

ue to the semi-ordered or disordered GB structures favoring the 

ormation of vacancies under thermal and/or E-field activations. It 

s also in good agreement with the Y ion segregation to the GB, 

hich is expected to rearrange the chemical species to minimize 

he elastic misfit effect and screen the additional charges. Thirdly, 

t a given E-field, in the grain interior region, the cation and anion 

acancy concentrations do not change considerably when the tem- 

erature is increased to 20 0 0K, then increase drastically with the 
6 
urther increase of the temperature. Interestingly, our observation 

hat the E-field does not induce an appreciable amount of forma- 

ion of cation Frenkel pairs in the grain interior or bulk region at a 

elatively low temperatures, is in line with the results reported by 

chie et al. [64] . In contrast, the cation and anion vacancy concen- 

rations at the GB region increase significantly with the increase 

f temperature starting from 1500K. Apparently, the formation en- 

rgy for vacancies at the GB region is lower than that in the bulk 

egion in the 8YSZ bi-crystal system. 

The most striking observation in Fig. 8 is that cation vacancy 

oncentration is more sensitive to the E-field as compared with 

hat for anion vacancies, especially at GB region and/or at higher 

emperatures ( > 20 0 0K). It should be noted that the formation of 

ation vacancies is accompanied by that of an equal amount of 

ation interstitial defects at any E-field and temperature, i.e., the 

ation Frenkel pair defects form at all external conditions (also 

ee Supplemental Material). On the contrary, anion vacancy con- 

entration does not vary obviously with the change of E-field at 

 given temperature. This may be partially due to the larger elec- 
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Fig. 8. Concentrations (at%) of cation and anion vacancy point defects as a function of E-field at different temperatures at GB (a, b) and in grain interior or bulk region (c, 

d). 
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g  
rostatic forces (F = qE) exerted onto cations (q Zr = 4 + , q Y = 3 + ) that

ave higher charges than that of the anions (q O = 2-). We think 

hat the mechanisms for GB diffusion are different for anions and 

ations, which causes the enhancement of their diffusion coeffi- 

ients. For cations, diffusion is dominantly assisted through the 

ormation of new vacancies. In contrast, the increased diffusivity 

f anions is probably achieved due to variation in the GB space 

harge, which will be further elucidated in Section 3.4 . 

The sintering rate of 8YSZ is largely determined by the diffu- 

ion of cations, i.e., Zr and Y ions, because of their slower diffusion 

ates than that of anions. We thus performed further analysis to 

uantify the influence of E-field on the formation of new Zr and Y 

acancies. We have quantified the formation of new vacancies by 

efining a temperature-dependent enrichment factor f T , defined as: 

f T = 

C E v ac 
C E=0 

v ac 
(6) 

here C E v ac is the vacancy concentration at a given E-field and C 
E=0 
v ac 

s the initial vacancy concentration, calculated at E = 0V/cm. 

Fig. 9 shows the f T for Y and Zr ions as a function of E-field

t different tem peratures. As shown in Fig. 9 (a), f T reaches ~1.45 

t E-field = 10 0 0V/cm and T = 30 0 0K, indicating the cation vacancy

oncentration of Y ions at GB is increased by up to ~45% (with a 

tandard error of ±10%). Note that the vacancy concentration for 

ach case was averaged over the last 3-5ns MD trajectories out of 

he 5-10ns MD runs. In contrast, as shown in Fig. 9 (b), a relatively

ess significant influence of E-field on the Zr ion vacancy concen- 

ration at GB is observed, especially at lower temperatures. 

We also computed the f T of Y and Zr vacancy concentrations 

t different temperatures in the grain interior (see Fig. 9 c and d). 

here is up to ~30 0-40 0% (with a standard error of ±10 0-20 0%)

ncrease in the Y and Zr vacancy concentrations in grain interior 

hen the E-field is � 50 0-10 0 0V/cm. Note that the very high stan-

ard error is because that only a small number of cation vacancies 
7 
re formed in the bulk regions (1-3 orders of magnitude less than 

hat formed at GB regions). Consequently, any small variation in 

he counting of cation bulk vacancies during MD runs would cause 

 relatively large variation in the vacancy concentration, which 

ave a large standard error. A much larger configuration with the 

umber of ions >> 30,0 0 0 is needed, which is not cost-effective for 

D modeling of YSZ systems. 

.4. Effect of E-field on GB space charge 

Fig. 10 shows the charge density and electrostatic potential at 

ifferent levels of E-field at the GB region, calculated at T = 30 0 0K.

s seen in Fig. 10 (a), the charge density at the GB region is reduced

ith the increase of E-field. This suggests that the space charge at 

B should also decrease in the 8YSZ system [65] . Furthermore, the 

lectrostatic potential at the GB region is also clearly affected by 

he E-field. For example, as the E-field is increased to 10 0 0V/cm, 

he difference of electrostatic potential at GB region (between 0.48 

nd 0.54 of the reduced distance x , see Fig. 10 b) decreases from 

0.1V = 0.08V −( −0.02V) to ~0.07V = 0.03V −( −0.04V), as indicated by 

he lengths of the vertical solid lines in Fig. 10 b. 

We speculate that the reduction in GB space charge contributes 

o enhancing the O ion diffusivity at the GB region through local 

tructural modification at the atomistic level. In the YSZ system, 

t is common that Y ions are associated with O vacancies through 

n association interaction; such an interaction can be significant 

hen the concentration of Y ions is high [66] . At E-field = 0, the Y

ons segregation at the GB region results in a high probability of 

he formation of Y ′ 
Zr 
V ··
O 

defect pair. At E-field > ~50 0-10 0 0V/cm, the

ignificantly increased cation vacancy and diffusivity at GB regions 

ay increase the disordering of GB atomic structure and weaken 

he interaction of Y ′ 
Zr 
V ··
O 

defect pair, thus, accelerating the dynam- 

cs and diffusivity of O ions at the GB region (see Fig. 7 b). This

lso explains that little increase in the diffusivity of O ions in the 

rain interior region (see Fig. 7 a) due to the lack of new forma-
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Fig. 9. The enrichment factor f T of Y and Zr vacancy concentrations at GB (a, b) and in grain interior or bulk region (c, d). 

Fig. 10. E-field dependent GB charge density and electrostatic potential profiles at T = 30 0 0K. 
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ion of substantial amount of cation vacancies at grain interior re- 

ion. Further studies and experimental (e.g., high-resolution trans- 

ission electron microscopy – HRTEM) evidence on the correla- 

ion between the increased GB disordering and O ion diffusivity 

re needed to understand better the GB space charge and its in- 

uence on the O ion diffusion, which will be the authors’ future 

ork. 

. Discussions on the contribution of non-thermal (E-field) 

echanism of flash sintering 

As indicated by the results presented in Sections 3.3 and 3.4 , 

here is a significant increase in the number of new vacancies of 

ations and a reduction of the electrostatic potential of GB space 

harge in the 8YSZ system when an intense external E-field ( � 500- 

0 0 0V/cm) is applied. As a result, the diffusions of cations are 

argely boosted (see Section 3.2 ), which is expected to greatly en- 

ance the rate of mass transport during the flash sintering pro- 

ess. The enhanced diffusivity of ions in 8YSZ due to the E-field 

erifies previous assumptions on the flash sintering mechanism in 

he literature. For example, R. Raj et al. proposed that the suf- 
8 
ciently high E-field and temperature in ceramic samples during 

ash sintering may act synergistically to produce the formation of 

n avalanche of new defects [67] . Our preliminary quantifications 

f such defect avalanche in the 8YSZ system are displayed in Fig. 9 .

lso, J. Narayan et al. reported that the interaction between cation 

nd anion vacancies with the elastic and electronic fields increases 

he diffusion rates along dislocations and grain boundaries during 

he oxides flash sintering [30] . 

Interestingly, H. Majidi and K. van Benthem [26] reported in 

heir in-situ scanning transmission electron microscopic (STEM) 

xperiment that sudden shrinkage and sintering of 3YSZ powder 

gglomerates happened when an E-field of 500V/cm is applied (at 

 threshold temperature of 900 °C). It should be noted that the 
-field in their experiments is introduced without allowing the 

ouching of electrodes and the sample, i.e., any electric current 

s absent during the sintering process. This is in contrast to typ- 

cal flash sintering where the electrodes are in direction/physical 

ontacting with the samper powders (compacts) [19] . They further 

ssumed that the applied E-field lowers the activation energy for 

oint defect formation within the space charge zone and hence, 

romotes neck formation and consolidation. Based on the diffusiv- 
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Fig. 11. Activation energy of diffusion (Q) for cations (Y, Zr) as a function of E-field at grain interior or bulk (a) and GB (b) in the 8YSZ system. 

Fig. 12. Schematic diagram of GB structure and space charge: (a) E-field = 0V/cm, (b) E-field � 50 0-10 0 0V/cm. Note that only ions/vacancies contribute to the GB space charge 

are emphasized. The relative number of ions/vacancies is not proportional to the realistic bi-crystal system. 
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ty results in Figs. 5 and 6 in this work, by using Eq. (4) , we also

omputed the activation energy (Q) of diffusion for cations as a 

unction of E-field at GB and grain interior, as the results shown in 

ig. 11 . In general, activation energy decreases by ~5-20% when the 

-field reaches 10 0 0V/cm. Thus, our MD modeling predictions on 

he diffusivity and activation energy agree with the in-situ STEM 

bservations. 

Based on results in Section 3 and the above discussions, we 

ropose the following atomistic explanation of enhanced GB dif- 

usivity of ions under the intense E-field, as a possible contri- 

ution of non-thermal (E-field) mechanism of flash sintering for 

SZ systems. As shown in the schematic diagram in Fig. 12 (a), in 

he absence of E-field, there exists co-segregation of O vacancies 

 V ··
O 
, light blue open-circles) and Y ions ( Y ′ 

Zr 
, orange closed-circles)

n the vicinity of the GB plane. The accumulation of O ions out- 

ide of the GB region results in the formation of GB space charge 

ayer, which has a positive potential, e.g., E 0 = 0.08V for the 8YSZ 
 

5( 310 ) / [ 001 ] GB at 30 0 0K. 

However, as depicted in the schematic diagram in Fig. 12 (b), the 

pplied intense E-field ( � 50 0-10 0 0V/cm) creates a number of new

ation vacancies ( V 
′′′′ 
Zr ), mainly at the GB region, which appears as 

r ions diffusing outside the GB region. This was previously called 

efect ‘avalanche’ in the literature [67] and confirmed by our MD 

odeling (see Fig. 9 ). The effectively negative charges of cation va- 

ancies present at the GB region reduce the local electrostatic po- 

ential or the GB space charge, i.e., V E < V 0 at an intense E-field.

he increase in the concentration of cation vacancies causes boost 

iffusivity of cations, thus facilitating the flash sintering process. In 

ontrast, anion vacancy concentration at GB is nearly independent 

f the E-field. One of the reasons why the effect of E-field is more 

ignificant on cations than on anions is possibly due to the larger 

lectrostatic forces (F = qE, q is the charge) acted on cations due to 

heir higher charges. However, the exact reasons need to be further 

nvestigated, which is our next-step research focus. Additionally, 

he substaintial enhancement of diffusivity by an intense E-field 

 > ~50 0-10 0 0V/cm) during flash sintering is expected to boost the 
9 
rain growth kinetics. For example, a recent work by Ren et al., de- 

ected faster grain growth for higher E-field during flash sintering 

f 3YSZ [68] . Thus, the main factor that allows fabrication of fine- 

rained materials by flash sintering is the short processing time. 

As discussed in Section 3.3 , at a given temperature, when the E- 

eld > ∼50 0-10 0 0V/cm is introduced in the model, we only observed 

he significant formation of cation Frankel pairs at GB regions. No 

ppreciable amount of new anion vacancies is formed due to the 

-field at any temperature. Furthermore, the GB space charge de- 

reases with the E-field, suggesting the existence of additional neg- 

tive charges diffused into the GB regions, e.g., V 
′′′′ 
Zr 

. We thus con- 

lude that the E-field-induced point defects mainly exist in the 

orm of cation (zirconium) Frenkel defects in the YSZ system. Thus, 

ur results are in line with the previous assumption that Frenkel 

air defects may form in the YSZ material system during the FS 

rocess [24] . It was further suggested in the literature that vacan- 

ies are preferentially driven into the grain boundaries and the in- 

erstitial ions into the pores, facilitating densification by flash sin- 

ering process [ 69 , 70 ]. 

It should be noted that no significant preferential ionic move- 

ents along the direction of E-field are observed within the sim- 

lation time ( < 5-10ns) of MD runs, even in the case where E- 

eld = 10 0 0V/cm and T is just below T m ≈3079K ( [71] ). This agrees

ith Raj’s observation that electrodes (e.g., platinum [19] ) are, in 

act, transporting electrons, not oxygen ions, during the flash sin- 

ering process. In particular, at 10 0 0V/cm and 3075K, the MSDs of 

 ions at grain interior (bulk) and GB regions as a function of sim- 

lation time are shown in Fig. 13 . Note that the last 4ns MSDs from

 5ns MD run are presented, where the slopes of the MSDs are 

learly linear. In both cases, ionic displacements are observed in 

ll three directions of x, y, z axis, as indicated by the blue, orange 

nd grey curve, respectively. Note that O ions diffuse at approx- 

mately the same rates in both grain interior and GB regions, as 

ndicated by the similar levels of MSD values at GB region and in 

rain interior. 
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Fig. 13. MSDs of O ions at grain interior (a) and GB regions (b) in the 8YSZ system at 10 0 0V/cm and 3075K. 

Fig. 14. MSDs of Y ions at the GB regions in the 8YSZ system as a function of 

simulation time (for 5ns) at x, y, z directions at 10 0 0V/cm and 3075K. 
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A slightly different diffusion phenomenon was observed for 

ations. Taking the GB diffusion of Y ions as an example, no sig- 

ificant displacement along x axis (E-field direction, see Fig. 1 ) is 

bserved within 5ns simulation time, as indicated by the MSDs 

hown in Fig. 14 . This result is also in line with the theory of

onic conduction in ceramics, which suggests that an E-field of 

 10 0 0V/cm does not provide substantial driving force to induce 

ignificant preferential migration of ions along the field direction. 

nstead, it provides a small perturbation to the ionic dynamics. 

or instance, the E-field-induced energy change for ionic diffusion 

 
1 
2 zeEd, where z is the charge of the ion, e is the unit charge, and

 is the lattice parameter) [72] is estimated to be about four or- 

ers of magnitude smaller than that of the thermal energy ( kT , 

here k is the Boltzmann’s constant) for 8YSZ under 10 0 0V/cm 

t elevated temperatures. Furthermore, Y ions diffuse mostly along 

he GB plane, i.e., along the y - z plane perpendicular to the E-field 

irection, which makes sense because GBs are known to be fast 

hannels for atoms to diffuse [54] . Interestingly, J. Luo [8] and I.-W. 

hen [ 39 , 73 ] reported significant ionic migration during the flash 

intering process. Our MD findings and the critical results reported 

y Luo and Chen suggest that, in fact, the electrical current during 

he flash sintering process of the YSZ system is at least a combina- 

ion of electronic and ionic mechanisms. 

. Conclusions 

1) MD modeling of atomic configuration with ~30,0 0 0 ions for a 

bi-crystal 
∑ 

5( 310 ) / [ 001 ] grain boundary (GB) model resulted 

in the 8YSZ GB structure that agrees well with experimental 

observations. 

2) Diffusion coefficients of Y, Zr, and O ions in the 8YSZ system in- 

crease with the increase of the E-field and temperature. Though 

the temperature or thermal factor dominates the ionic diffusiv- 
10 
ities, E-field also plays a significant role. In particular, the bulk 

and GB diffusion coefficients increase by about one order of 

magnitude at a constant temperature as the E-field increases 

from 0V/cm to 10 0 0V/cm. 

3) The formation of cation vacancies is more sensitive to the E- 

field than that of anion vacancies. Cation vacancy concentration 

increases obviously when an intense E-field ( > ~50 0-10 0 0V/cm) 

is applied in the 8YSZ system, whereas the anion vacancy con- 

centration does not change significantly with the variation of 

E-field. 

4) An intense E-field ( > ∼50 0-10 0 0V/cm) facilitates a certain amount 

of Zr ions to diffuse outside the GB region, leaving behind Zr 

vacancy-interstitial Frenkel defects concentrated in the vicin- 

ity of GBs, which contributes to the enhanced cation diffusivity 

during the flash sintering process. 

5) The reduction of electrostatic potential and GB space charge in 

the 8YSZ system at an intense E-field facilitates the increase of 

the disordering of the GB atomic structure and accelerates the 

O diffusivity at the GB region. 

6) An atomistic level mechanism of the non-thermal (E-field) con- 

tribution to the flash sintering of ionic ceramics is proposed in 

this work. An intense E-field promotes the formation of cation 

Frenkel pair defects, mainly at the GB region, enhancing the dif- 

fusivities of cations and anions in the 8YSZ system. 
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