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a b s t r a c t 

This work uses a combination of stress dependent single grain boundary Coble creep and zero-creep ex- 

periments to measure interfacial energies, along with grain boundary point defect formation and migra- 

tion volumes in cubic ZrO 2 . These data, along with interfacial diffusivities measured in a companion paper 

are then applied to analyzing two-particle sintering. The analysis presented indicates that the large acti- 

vation volume, v ∗ = v f + v m primarily derives from a large migration volume and suggests that the grain 

boundary rate limiting defects are delocalized, possibly due to electrostatic interactions between charge 

compensating defects. The discrete nature of the sintering and creep process observed in the small-scale 

experiments supports the hypothesis that grain boundary dislocations serve as sources and sinks for grain 

boundary point defects and facilitate strain during sintering and Coble creep. Model two-particle sintering 

experiments demonstrate that initial-stage densification follows interface reaction rate-limited kinetics. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Oxide grain boundaries remain rather enigmatic microstructural

features. Although much is known about the structure, properties,

and distributions of these interfaces, large knowledge gaps remain

in our understanding of their transport mechanisms and ther-

modynamics [1–5] . In most oxides, considerable disagreement re-

mains regarding the fundamental transport mechanisms that give

rise to kinetic processes such as diffusion, densification, creep, or

grain growth [6–19] . In fact, little is known about the nature of

transport mediating defects in oxides interfaces. The need for an

improved fundamental understanding of interfacial transport pro-

cesses has also become apparent with the emergence of novel sin-

tering methods [20–22] . The application of rapid heating rates and

short sintering times at high temperatures, often called fast sin-

tering, has been known for three decades to be effective in pro-
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oting densification relative to coarsening [23] . The mechanisms

ssociated with novel high heating rate processing methods, such

s microwave sintering, spark plasma sintering, and flash sinter-

ng have been the subject of considerable debate [9,20,22,24–28] .

he effects of manipulating field variables cannot be discounted as

aving an effect, but recently demonstrated rapid heating meth-

ds show that the rapid heating itself can explain much of the

nhanced sintering associated with these processes [26] . Other re-

ent rapid heating experiments on ZnO [27] and 3YSZ [28] without

n applied external electric field also achieved rapid densification

ates similar to flash sintered samples indicating that the heating

ate is a key factor in promoting rapid densification sintering. 

The classic explanation for the efficacy of fast sintering assumes

hat the activation energy for surface diffusion, which mediates

oarsening, and grain boundary diffusion, which mediates den-

ification, differ by an amount sufficient to influence the domi-

ant mechanism. [23] The results for ZrO 2 in the companion pa-

er [29] demonstrate that little difference exists between the ac-

ivation energies for surface diffusion and grain boundary diffu-

https://doi.org/10.1016/j.actamat.2020.08.070
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.08.070&domain=pdf
mailto:sdillon@illinois.edu
https://doi.org/10.1016/j.actamat.2020.08.070
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ion in this system. ZrO 2 can, nevertheless, be sintered effectively

sing fast sintering methods [20,30,31] . Classical sintering models

nly contain differing temperature dependencies in the diffusion

nd the interfacial energy terms. The interfacial energies are gen-

rally expected to have a weak temperature dependence, at fixed

omposition, over a temperature change of several hundred de-

rees, which is on the order of the temperature differences rel-

vant to fast sintering versus conventional sintering. Particle re-

rrangement in the initial stages of sintering has also been sug-

ested to have a potential effect relevant to heating rates and sin-

ering temperatures, but has not been systematically quantified

32] . Since fast sintering methods are effective in a broad range of

ystems, a new mechanistic understanding of the temperature de-

endence of sintering likely needs to be developed to sufficiently

ationalize the phenomenon. 

Grain boundary diffusion mediated densification generally re-

ults from a point defect flux along the boundary that removes

toms from it [33] . This could either be facilitated by a vacancy

ux from the surface or an interstitial flux to the surface. The sur-

ace functions as a nearly perfect sink for point defects, but the

oundary must also have sources and sinks for the grain bound-

ry point defects. Interfacial dislocations can serve as point defect

ources and sinks, analogous to how dislocations can be point de-

ect sources and sinks in the lattice [34–37] . A continuous flux of

oint defects from the lattice to appropriate grain boundary dis-

ocations (GBD) has been shown, during irradiation, to be accom-

odated via climb of those GBDs [37] . For example, disconnec-

ions are a grain boundary dislocation that have both a step height

nd burgers vector. If the burgers vector is in the plane of the

oundary it can glide and if it is out of the grain boundary plane

t must climb [38] . Under stress, this climb can be biased to in-

uce creep or sintering. GBDs should similarly act as sources and

inks for grain boundary point defects that tend to dominate Coble

reep and sintering. The sintering stress imposes a stress gradi-

nt between the source and sink. The creation and annihilation of

oint defects at different stresses leads to dissipation of energy in

roportion to the formation volume of the defect. The reduction

n interfacial energy during sintering provides the driving force

or this dissipative process. If densification is indeed mediated by

BDs, then the process could be discrete when grain boundary

eck widths are sufficiently small to only support a single densi-

cation mediating GBD. Furthermore, since the removal of a layer

f atoms from a grain boundary neck by the proposed mechanism

hould proceed by the nucleation, propagation, and eventual an-

ihilation of a GBD, it follows that both GBD nucleation kinetics

nd the energy barrier to densification should play an important

ole in the overall densification kinetics. In fact, several researchers

ave suggested that interface reaction-rate limited kinetics could

e important in sintering, but the experimental evidence is limited

39,40] . Reaction rate limited kinetics generally follow Arrhenius

ehavior independent of the Arrhenius nature of the underlying

iffusivity. This creates the possibility that densification and coars-

ning mechanisms have very different activation energies, despite

he fact that the grain boundary and surface diffusivities that me-

iated the processes may have similar activation energies. Gaining

ew fundamental insights into the complex phenomena of sinter-

ng and creep requires the development of holistic experimental

nd computational methodologies that provide mechanistic data

hile decoupling four dominant effects in microstructural evolu-

ion: thermodynamic driving forces, transport kinetics along com-

eting paths, transport mechanisms, and microstructural topology

ffects. 

In order to quantitatively analyze the thermodynamics and ki-

etics of sintering it is valuable to have reliable measures of inter-

acial diffusivities, interfacial energies, and transport mechanisms.

oint defect activation, formation, and migration volumes provide
nsights into the nature of the diffusion mediating defect and are

 cornerstone of understanding fundamental aspects of diffusion.

rain boundary activation volumes have only been measured in

everal metals [41,42] . Grain boundary defect formation volumes,

o the authors’ knowledge, have not been experimentally measured

n any material systems. Grain boundary diffusion in oxides could

esult from various mechanisms ranging from the migration of in-

ividual point defects, to collective motion of species, to the mo-

ion of GBDs [18,43,44] . It has been suggested that the delocalized

ature of point defects in oxide grain boundaries may account for

nomalous grain boundary diffusion observed in certain systems

18] . Recent atomistic simulations in MgO also suggest that point

efects in twist boundaries tend to delocalize [45] . Observing such

ffects, or even their consequences, in traditional experiments is

nfeasible. 

The activation volume for diffusion may be measured from

ressure dependent grain boundary diffusivity [46] . Tracer dif-

usion is typically employed for grain boundary diffusivity de-

ermination but is too laborious for the investigation envisioned

erein. The formation volume may be determined from the effect

f pressure on the energy dissipated during point defect formation.

icrystal Coble creep experiments provide a means for measuring

rain boundary diffusivity [44] . The related zero-creep experiment

ypically applied to wires with ‘bamboo’ grain structures, i.e. a se-

ies of bicrystals, provides a measure of interfacial energy [47,48] .

he zero-creep experiment finds the force above which tensile

reep occurs in a thin wire and below which densification occurs.

his applied force, i.e. the zero-creep force, balances the capillarity

nd allows for the measure of surface energy. Since these exper-

ments can be readily performed as a function of stress, a com-

ination of kinetic measurements via bicrystalline creep and ther-

odynamic measurements through the zero-creep analysis provide

he basis for measuring grain boundary diffusivity as well as the

efect formation and migration volumes. Bicrystal creep and zero-

reep methods, however, have not generally been applied to oxides

nd brittle crystalline materials that are difficult to prepare as thin

ires having bamboo grain structures and equally difficult to me-

hanically test at high homologous temperatures. 

The companion paper [29] to this developed a high temperature

n situ transmission electron microscopy (TEM) based nanome-

hanical testing scheme for measuring interfacial diffusion during

ingle grain boundary Coble creep [29] . The current work focuses

n measuring interfacial energies along with grain boundary dif-

usion mediating point defect migration, formation, and activation

olumes and their relative entropic and enthalpic contributions in

ubic ZrO 2 . The sign of the point defect formation volume and

arge migration volume suggest the grain boundary diffusion me-

iating point defects are vacancy-type. Both the creep and sinter-

ng experiments suggest that these processes are both mediated

y GBDs acting as point defect sources and sinks. The model two-

article sintering data suggest that a barrier to densification in-

eed exists causing reaction-rate limited kinetics, at least for the

ub-micron particles characterized. 

. Experimental procedure 

The details of sample preparation are provided in the compan-

on paper and are summarized briefly here [29] . Dense 10%Sc 2 O 3 

oped ZrO 2 (10ScSZ) samples were prepared following a procedure

etailed elsewhere [49,50] . Pre-annealing of focused ion beam pre-

ared nanopillars was performed via in situ using laser heating at T

20 0 0 °C for ≈15 min. In the process, the grain size coarsened to

 > 20 μm, the nanopillar geometry relaxed via capillarity effects,

nd the resulting test specimen were in single crystalline asperi-

ies. Ga 2 O 3 evaporates at T boil ≈ 1900 °C, leading us to anticipate

ittle residual contamination from focused ion beam preparation. A
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≈ 100 μm diameter 1064 nm 20 W laser was used to heat the

sample. Temperature calibration was based on a combination of

electron diffraction based thermal expansion measurements, which

show linear laser power-temperature response, and reference tem-

perature values at phase transitions occurring in the system. Cali-

bration curves are shown in Figure S1. 

Two sample sets were investigated; 10ScSZ asperities were sin-

tered in situ to an 8%Y 2 O 3 doped ZrO 2 (8YSZ) single crystal, and

a second set of experiments sintered two 10ScSZ samples together.

The samples will be referred to as YSZ-ScSZ and ScSZ-ScSZ, respec-

tively. The YSZ-ScSZ based bicrystal formed a random high-angle

type boundary with a misorientation of 21 o about the [ 1 1̄ 16 ] ; as

measured by electron diffraction. The ScSZ-ScSZ experiments mea-

sured random grain boundary misorientations formed at different

locations along the polycrystalline sample. 

Experiments were performed in a 200 kV JEOL 2100 using a

Bruker PI-95 picoindenter. Two types of experiment were per-

formed; one in which the sample was allowed to sinter and form

a relatively large grain boundary neck for > 30 s prior to tensile

loading, i.e. YSZ-ScSZ experiments, and one in which tensile load-

ing was applied just after contact such that limited neck growth

occurred; the ScSZ-ScSZ experiments. The large neck allows for

accurate measurement of the stress-strain response. Constant dis-

placement experiments were performed at rates between 0.5 nm

s −1 and 10 0 0 nm s −1 and constant load experiments were per-

formed at loads varying between 2 μN and 150 μN . The preci-

sion of the instrument is ≈ 0.4 μN and the accuracy is ≈ 1 μN .

The laser repetition rate, 33 kHz, is fast relative to the thermal re-

laxation time of the sample, due to its high thermal impedance.

Steady-state sample temperature was obtained at timescales on

the order of 10 minutes. An in situ image acquisition rate of ≈
15 Hz (Tietz video and image processing system) was used. The

threshold for electron displacement damage in ZrO 2 has been mea-

sured to be ≈ 1 MeV, [51] which is significantly lower than the 200

keV used here. Electron beam heating is similarly anticipated to be

negligible. Images were analyzed using ImageJ. The areas, lengths,

and geometric alignment of particles were measured using ellipse

split in ImageJ [52] . The mean widths of particles were determined

using imagej by finding the perimeter of the convex hulls bound-

ing them dividing by π . Dihedral angles were measured manually

from the surface tangents observed at the grain boundary necks

using imagej. 

Phase-field simulations were performed in the companion pa-

per [29] . Some aspects of the results will be discussed only briefly

here, and the reader is referred to that manuscript for details. 

3. Results and discussion 

3.1. Mechanical response and GB transport mechanism under stress 

Fig. 1 plots the load-displacement response of YSZ-ScSZ samples

tested with different loading rates at 1928 °C. The in situ videos as-

sociated with experiments performed at each rate are provided in

Videos S1-S6. The mechanical response is rate sensitive, and plas-

tic deformation is observed at lower rates. Plasticity is manifest

as load drops observed in the load-displacement curves. At higher

loading rates, the samples load elastically until the onset of brittle

failure. The yielding occurs at stresses < 50% of the single crys-

tal compressive yield strength in all cases, at < 25% of the com-

pressive yield strength at similar tensile versus compressive strain

rates, and < 3% of the bulk yield strength at the lowest strain rates

[53] . Since plasticity occurs at < 3% of the bulk yield strength it

is anticipated to result from creep. The example shown at 1928

°C demonstrates that during testing at 1 nm s −1 the sample no

longer fractures, but instead undergoes a series of such load drops.

The associated time-lapse images indicate that the sample geom-
try under this condition is effectively constant (see Figure S2).

his general phenomenon was observed at all temperatures exam-

ned. Fig. 2 plots the natural log of the strain rate, ln ̇ ε , versus the

ield stress, σ y , at several temperatures, which demonstrates the

road range of conditions over which the phenomena were ob-

erved. There are two regimes in the plot, i.e. brittle fracture and

ielding, that are noted by the dashed line. No slip, plastic defor-

ation, or fracture is observed in the bulk lattice. Samples also

racture after yielding, but these samples do not display any dis-

ernable strain rate dependence of fracture stress and have an av-

rage fracture strength of ≈ 500 MPa. Discrete load drops are com-

only observed in nanomechanical tests associated with plastic

vents [54] . The load drops in our experiments, however, exhibit

elatively large time constants. Furthermore, they are observed at

ample loading rates too large to be associated with drift of the

ndenter; i.e. drift rates are typically < 1 nm s −1 . The discrete

reep response, lack of bulk plasticity, and rate dependence mo-

ivate our hypothesis that the grain boundary plasticity is diffusion

ediated; e.g. a point defect flux to and from GBDs that mediates

heir growth or recession, as discussed in more detail below. Cu-

ic ZrO 2 grain boundaries have been thoroughly characterized by

igh-resolution TEM and are generally found to contain GBDs that

ould at as point defect sources and sinks [55,56] . 

To test the hypothesis that diffusion mediated GBD motion ac-

ounts for the observed load drops, the time constants associated

ith the load drops were used to calculate diffusivities following;

 gb = 

x 2 RT / 2 πt c σV m 

(1)

Here, R is the gas constant, T is temperature, σ is the stress, V m 

is

he molar volume, x is the grain boundary neck width, and t c , is

he time constant associated with inserting a single atomic plane

nto the grain boundary neck. An example measurement of t c is

hown in Figure S3. The results are plotted in Fig. 3 along with

ata obtained from the ‘nanowire-growth’ single grain boundary

oble experiments described in the companion paper [29] . These

isparate data sets agree well, which suggests that the load drops

re indeed associated with the same grain boundary diffusional

rocess that mediates the growth of the nanowire-like features.

hese experiments were originally intended to approach the zero-

reep condition via displacement control and measure the asso-

iated stress. However, even as the average load approaches zero,

ignificant oscillations persist; see example in Figure S4. 

At an average stress of ≈ 0, the stress oscillates between ten-

ile and compressive values of ≈ 20-35 MPa. Elastic finite element

imulations of strains induced by a length change of ≈ 1 Burger’s

ector produce a similar level of stress ≈ 20 MPa; see Figure S5.

hese values are of similar magnitude, but the total stress change

ssociated with these hysteresis loops is ≈ 40-70 MPa. It is not un-

easonable to expect that these loops could be associated with the

nsertion and removal of atomic planes with a step height of ≈ 2 � b

r ≈1 a o . In fact, surface steps tend to be on the order of 1-2 � b

r 1 a o , depending which minimizes interfacial energy [57,58] . Fur-

hermore, grain boundary steps accompanying GBDs in ZrO 2 have

een observed to be larger than 1 � b in certain boundaries. At this

ength scale the continuum nature of the zero-creep model breaks

own since nucleation of a GBD induces a discreet displacement.

he oscillations in load are hypothesized to reflect the discrete na-

ure of an atomic step being added to or removed from the grain

oundary. Burton [59] originally proposed a GBD mechanism for

reep described as being mediated by ‘grain boundary dislocation

limb sources’. The model, however, was discussed in the context

f Nabarro-Herring creep rather than Coble creep and interface re-

ction rate limiting kinetics. More generalized creep models in-

orporating GBDs or grain boundary sources and sinks have more

ecently been described, which can capture both diffusion-limited
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Fig. 1. A-F Representative load-displacement curves for YSZ-ScSZ samples tested at different displacement rates at 1928 °C. The fracture loads are noted by red arrows and 

the yielding behavior is highlighted by black arrows. The color scale represents time where purple is zero time and red is the final time. 

Fig. 2. The natural log of the strain rate versus yield or fracture stress, whichever 

occurs earliest, plotted for different temperatures. The slopes in the yielding regime 

are fit to measure the activation volume as a function to temperature. 
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Fig. 3. The time constants associated with the load drops in the load-displacement 

curves are used to calculate diffusivities. Grain boundary diffusivities are shown on 

an Arrhenius plot along with values for the same YSZ-ScSZ samples determined 

from the growth of nanowire-like features discussed in the companion paper [29] . 

The agreement between these two sets of experiments indicates that the load drops 

are mediated by the same diffusional process controlling the nanowire growth in 

the bicrystal Coble creep experiments. 

o  
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nd interface reaction rate-limited kinetics, along with appropri-

te stress, temperature, and grain size dependencies [60–62] . The

iscrete nature of diffusion mediated grain boundary plasticity is

enerally consistent with such physical mechanisms. 

The activation volume, v ∗, associated with plasticity may be de-

ermined from the relation v ∗ = −kT dln ̇ ε 
dσ

, where k is Boltzmann’s

onstant, ˙ ε is strain rate, and σ is the yield or flow stress. Of-

en this analysis is applied to the flow stress to treat the steady-

tate dislocation structure during deformation [63,64] . Our inter-

st here, however, relates to the formation of an initial defect

nd thus the yield stress is considered. For reference, Fig. 2 plots

n ̇ ε versus σ y at several temperatures. Averaged over tempera-

ures between 1557 °C and 2052 °C, v ∗ = 5 . 2 � b 3 ± 1 . 4 � b 3 , where � b

s the lattice Burger’s vector, 1 〈 110 〉 . The temperature dependence
2 
f the activation volume was determined to be; β∗ = − 1 
v ∗ ( ∂ v 

∗
∂T 

) P =
 . 1 x 10 −3 K 

−1 ± 2 . 5 x 10 −3 K 

−1 . 

For vacancy mediated lattice diffusion in simple metals v ∗ ≈
 . 03 � b 3 − 0 . 07 � b 3 , for interstitial diffusion v ∗ ≈ 0 . 1 � b 3 − 0 . 3 � b 3 and for

lasticity in crystals, single crystal pillars tested in compression,

nd slip across grain boundaries v ∗ ≈ 10 � b 3 − 500 � b 3 [65–74] . Values

n the order of v ∗ ≈ 1 � b 3 − 10 � b 3 have been measured for dislocation

ucleation from surfaces and simulations of polycrystalline creep

ediated by mixed grain boundary mechanisms [75,76] . The mea-

urements of v ∗ = 5 . 2 � b 3 ± 1 . 4 � b 3 in this work agrees in magnitude
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most closely with a diffusional mechanism. The calculated grain

boundary diffusivities associated with the load drop events sup-

port the hypothesis of a diffusion dependent mechanism for this

process. The values are far too large, however, to associate with an

isolated point defect. In order, to better understand the nature of

the diffusion mediating defect, the defect formation volume is de-

termined below. 

3.2. Surface and grain boundary energies 

Cannon and Carter [77] originally provided an exact solution

to the zero-creep condition by noting that the magnitude of the

sintering potential, �, they derived is equivalent to the zero-creep

force, � = −F , i.e. the force required to stop sintering. The sinter-

ing potential was defined as; 

� = γS 

(
2 π r cos ϕ − K π r 2 

)
(5)

where K is the surface curvature and ϕ is the turning angle at the

triple junction, which is the angle between the tangent to the sur-

face and the grain boundary plane, and r is the radius of the grain.

Josell [47] rederived a solution in the context of the zero-creep ex-

periment used to determine surface energy; 

F 

π rκ
= γs (2)

where κ = 1 −
γgb / γs 

2 L 
/ r 

, F is the force, γ gb is the grain boundary en-

ergy, γ s is the surface energy, and 2L in the spacing between grain

boundaries along the axis of the sample; here taken here to be the

average grain size of the sample. The latter formulation by Josell is

used here since it provides a simplified approximation of curvature

in an axially symmetric geometry in local equilibrium. If dihedral

angles along the length of the asperity contact were visible, then

L was measured from the spacing between the grain boundaries.

Otherwise, L was taken as the average grain size of the sample

measured from ex situ SEM images. Fig. 4 a-b show a time-lapse

image sequence from an example experiment and the associated

load, displacement, and neck width versus time curves. The dis-

placement versus time values shown are obtained directly from

the micromechanical tester, but it should be noted that displace-

ments were also measured from stable reference points in the im-

age to ensure that any drift in the instrumentation at low displace-

ment rates did not affect the analysis. γgb / γs 
may be reasonably ap-

proximated using the Herring condition [78] applied to the surface

triple junction under the assumption of local equilibrium; 

γgb / γs 
= 2 cos 

(
�

2 

)
(3)

where � is the dihedral angle. Dihedral angle measurements were

obtained from the constant displacement experiments described

above, by measuring the angle at the grain boundary necks. Fig-

ure S6 shows an example measurement of a set of dihedral angles

from both sides of the grain boundary as a function of time. Some

variation in angle occurs around specific points in time where the

load and grain boundary area changes rapidly, but the average of

the two values is reasonably constant throughout the experiment.

All measurements of dihedral angle presented represent a measure

of both sides of the grain boundary averaged together over sev-

eral different points in time. Measurements were only made when

the grain boundary was oriented approximately perpendicular to

the loading axis. No measurable displacement rate dependence of

the dihedral angles was observed, and as shown in Fig. 4 c no sig-

nificant trend occurred as a function of temperature. The average

dihedral angle was 103 o ± 17 o . The dihedral angles agree with

equilibrium values calculated in the phase field model, 102 o , dis-

cussed in the companion paper [29] . Prior measurements of YSZ
ihedral angles have been made from interferometry [79] . The in-

erferometry experiments measured angles in the far field, which

ikely caused the dihedral angles to be overestimated, and larger

han those measured more locally in this work; see �1 in Figure

6 for an example of how the angle at the neck differs from that

arther away. Due to the small radius of the neck relative to the

rain size, most experiments produced values of κ ≈ 0 . 8 − 0 . 99 , al-

hough several exceptions exist in the data. 

A series of constant load experiments were performed by hold-

ng the sample at a single load for 5 min and then ramping to a

ifferent load and again holding for 5 min. Fig. 4 shows an ex-

mple time-lapse sequence of images along with load, displace-

ent, and neck radius versus time curves. The neck radius grows

ontinuously, presumably through a combination of surface and

rain boundary diffusion. Over specific intervals, where displace-

ent rate is approximately steady state i.e. ≈ 2-5 mins, the volu-

etric rate of growth or shrinkage of the feature is measured by

alculating the product of the displacement rate and the average

ircumference of the neck. The results of a series of experiments

erformed at 1975 °C and 2098 °C are plotted in Fig. 4 d. These data

re fit by a linear function and the y-intercept is taken to be the

ero-creep value. At the zero-creep condition the surface energies

re determined to be γs = 1 . 32 ± 0 . 13 J m 

−2 and γs = 1 . 35 ± 0 . 12 J

 

−2 , respectively. The error is large relative to the difference be-

ween the two temperatures, as expected since the temperature

ependence is anticipated to be weak. Much of the scatter in the

ata in Fig. 4 d likely derives from the following: the zero-creep

ondition is constant regardless of radius, but the slope of F 
π rκ

ersus ˙ ε will depend on r since the energy dissipated is found

o be the sum of the interfacial area created plus an additional

ork term that is linear in stress. The stress dependent work is

escribed in detail below in context of the defect formation vol-

me. Since the interfacial energy term is dominant in this sum,

he approach still provides a useful value with a reasonable exper-

mental error. The two results are averaged for further discussion

elow, γs = 1 . 34 ± 0 . 13 J m 

−2 and have been used for capillarity

elated calculations throughout this manuscript. Applying the Her-

ing condition results in an average value of γgb = 1 . 67 J m 

−2 . The

erring condition is, of course, an approximation and this analysis

lso assumes that all dihedral angles measured are in local equi-

ibrium, which is difficult to assess in the creep experiments. 

Calorimetric measurements of hydrous 10ScSZ, hydrous 8YSZ,

nd anhydrous 8YSZ surface energies produce values of 0.75 J m 

−2 ,

.02 J m 

−2 , and 1.32 J m 

−2 , respectively [49,80] . Other authors also

easured the surface energy of 8YSZ to be between 1.12 J m 

−2 and

.25 J m 

−2 [79] . The surface energies measured via calorimetry are

ensitive to surface adsorption by species like water that lower the

urface energy. Our experiments performed in vacuum at 1975 °C
nd 2098 °C under electron imaging, which will also displace sur-

ace hydroxyls, should be anhydrous. Our results agree reasonably

ell with measurements of anhydrous YSZ. To the authors’ knowl-

dge, no similar measurements of anhydrous ScSZ are available. 

.3. Defect formation volume and the mechanism of bicrystal coble 

reep 

In order to better understand the species mediating grain

oundary diffusion, the stress dependences of the work and ki-

etics of Coble creep are analyzed. The creep process is inherently

rreversible and dissipative as indicated by the load-displacement

urves. The growth of the nanowire-like structures can dissipate

nergy by surface diffusion to the neck, nucleation of a new GBDs,

longation of this linear defect as it propagates across the neck, in-

ernal friction associated with forcing this defect through the grain

oundary, redistribution of chemical species, and formation of new

urface. All of these terms will contribute to energy dissipation,
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Fig. 4. A) Time-lapse image set of the sample evolution during constant load ScSZ-ScSZ experiments. B) the load, displacement, and neck radius plotted as a function of 

time for the example experiment shown in A. C) Dihedral angle distribution measured form the ScSZ-ScSZ experiments at different tem peratures. D) The ener gy dissipated 

per unit surface area during constant tensile load experiments versus volumetric growth rate, where the value at the zero rate is a measure of the surface energy. 
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ut two are anticipated to be dominant. First, the creation of new

urface area is the primary source of energy dissipation at lower

isplacement rates or stresses. Surface diffusion is discounted as

 primary energy dissipation mechanism here, because it is not

xpected to be rate limiting, the surface stress gradient is likely

mall, and the surface stress-surface point defect coupling is likely

o be relatively weak. Any chemical redistribution is anticipated to

e transient under our experimental conditions. If nucleation of

BDs or the increase in GBD line energy as it propagates across

he approximately cylindrical cross section dissipates the most en-

rgy, then the excess energy per unit surface area evolved would

cale linearly with displacement rate; i.e. scaling with each new

tomic plane created in the grain boundary. The data, however, do

ot fit this trend well. Plotting energy per atom diffusing into the

rain boundary versus pressure provides a more monotonic trend.

he difference in these quantities arises from the fact that experi-

ents were performed under conditions of different neck radius.

urthermore, as noted above, the average stress associated with

his hysteretic process near the zero-creep conditions is ≈ 40-70

Pa. If GBD nucleation were the primary energy dissipation mech-

nism, i.e. assuming nucleation hysteresis dissipates all of the ex-

ess energy after subtracting the surface contribution, then the ac-

ivation volume for the nucleation event would be on the order of

 

∗ ≈ 500 � b 3 . Although, reasonable in magnitude relative to dislo-

ation nucleation mechanisms, a value of v ∗ ≈ 5 . 2 � b 3 was already

irectly determined from our experiments as a function of strain

ate. 

As discussed above, diffusional transport in the grain boundary

s hypothesized to primarily account for the dissipation of energy

n excess of the surface energy. For example, the existence of a

tress dependent energy barrier at zero applied load indicates that

he GBD mediated densification process is inherently coupled to
 b
tress. The excess work dissipated per volume, dw 

dV 
, of new material

ntering the grain boundary during constant load experiments was

alculated as follows; 

dw 

dV 

= 

(
F 

πxκ − γs 

)
d A s 
dt / dV 

dt 
(4) 

here A s is the new free surface area created. Data where the neck

idth, x, varied significantly during the interval measured were

xcluded from the analysis, since the value dV is intended to repre-

ent a change in volume primarily due to tensile load driven grain

oundary diffusion rather than surface diffusion. Fig. 5 demon-

trates a linear relationship between stress and the work dissi-

ated per mole of ZrO 2 , calculated by dw 

dn 
= 

dV 
dn 

dw 

dV 
where � = 

dV 
dn 

s the molecular volume of cubic ZrO 2 . Under tension, vacancy

ype defects could flow from the GBD to the surface and inter-

titial type defects could flow in the opposite direction. The to-

al energy dissipation via diffusional hopping is assumed here to

e small relative to the formation and annihilation of point de-

ects. The total work, w , is thus assumed to follow δw = v f dP ,

here v f is the defect formation volume. From the average slope in

ig. 5 , v f =5 . 0 x 10 −3 �
 b 3 ± 2 . 0 x 10 −3 �

 b 3 and v f =3 . 5 x 10 −3 �
 b 3 ± 0 . 6 x 10 −3 �

 b 3 

t 1975 °C and 2098 °C, respectively, and an average value of

.3 x 10 −3 �
 b 3 will be used for subsequent discussion. The experiment 

xplicitly determines a volumetric activation strain that is on av-

rage ≈ 0.5 � ± 0.2 �, where � is the molar volume. The positive

ormation volume suggests the diffusion mediating defect is of a

acancy type. The assumption made above, is that all work per-

ormed during single grain boundary Coble creep results from the

roduction of vacancies. If other effects dissipate energy to a sig-

ificant extent, then our measurement of v f represents an upper

ound. 
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Fig. 5. The work dissipated during the constant load experiments. The main contribution to the error is the uncertainty in the zero value of the load, which is taken as 

≈10x the experimental measurement sensitivity. The inset shows the absolute values of the same data on a log-log plot demonstrating that the trend is reasonably linear. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Equilibrium charge density distribution in the vicinity of the grain boundary 

for 10% ScSZ, for a selected crystallographic misorientation, �θ = 22 . 5 ◦. The grain 

boundary core is positively charged due to excess [ V ··O ] , which induces a negative 

space charge region ≈0.5 nm away from the interface and has an extent of ≈2.3 

nm. 
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The mechanism for creep described here, grain boundary point

defect diffusion to and from GBD sources and sinks, remains ac-

tive down to zero average stress. Thus, it is concluded that this

mechanism accounts for atomic diffusion in the grain boundary

during the sintering process and likely during tracer diffusion. The

activation volume, v ∗ = v f + v m , is the sum of the formation vol-

ume and the migration volume [81] . This implies that v m ≈ 5 . 2 � b 3 ,

since the formation volume is negligible in the total activation vol-

ume. Zn tracer diffusion measurements in a series of Al bicrystal

boundaries observed an activation volume v ∗ ≈ 0 . 03 � b 3 − 0 . 05 � b 3 , or

0.26 � to 0.39 �, which generally agrees with a simple localized

vacancy mechanism [41] . The large value observed in cubic ZrO 2 ,

v m ≈ 5 . 2 � b 3 , suggests that the mass transport mediating defect is

more delocalized. 

The migration volume may also be described as resulting

from enthalpic and entropic contributions; v m = v m,S + v m,H where

v m,H = ( ∂H 
∂P 

) T and v m,S = −T ( ∂S 
∂P 

) T = T ( ∂V 
∂T 

) P . The thermal expan-

sion coefficient of the activation volume should similarly be dom-

inated by the migration contribution; βv m ≈ βv ∗ = 7 . 1 x 10 −3 K 

−1 ;

see Figure S7. This implies that v m, S ≈ 14.7 � b 3 and v m,H ≈ −7 . 6 � b 3 .

The radius of the migration volume, ρm , under the assumption of a

spherical affected volume can be also described in terms of its en-

tropic and enthalpic contributions; ρm,S ≈ 1 . 5 � b and ρm,H ≈ −1 . 2 � b .

The relatively large migration volume is hypothesized to arise from

the electrostatic interactions between bound defects, and thus the

migration volume enthalpy will be dominated by electrostatic in-

teractions. It is noted, for example, that the distance between the

peak in excess charge at the boundary and depleted charge adja-

cent to the boundary is ≈ 0.5 nm, see Fig. 6 , and that this dis-

tance is comparable to the radius of the activation volume ρ∗ ≈ 0.5

nm. It has been speculated that bound point defect clusters could
 i
xplain the relative insensitivity of Al 2 O 3 cation lattice and grain

oundary diffusivity to aliovalent doping [82,83] . Multiple inter-

retations of the migration volume, however, could exist. For ex-

mple, molecular dynamics simulations of MgO twist boundary

uggest vacancies delocalize within the boundary plane [45] . It is

ikely that atomistic simulations will be necessary to identify all of

he species interacting during the vacancy migration process, and

hat experimental data of the current type could be useful for val-

dation. 
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Fig. 7. Time-lapse images associated with a ScSZ particle sintering to a ScSZ sub- 

strate at 1851 °C. The particle initially contains a grain boundary, but through a 

series of discrete rotation and displacement events reorients into a single crystal. 
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.4. Sintering and grain growth of single particles on ScSZ 

Fig. 7 and Video S7 present a ‘model’ two-particle sintering ge-

metry. Although, numerous in situ TEM observations of sintering

ave been reported, [25,84–89] most studies have analyzed par-

icles sintering while also resting on substrate that can impose

 considerable constraint on their evolution. The geometries ana-

yzed here are described as ‘models’ for two-particle sintering be-

ause they contain one crystal that is constrained serving as the

substrate’ and a second particle that rests on this substrate that

s unconstrained, other than by the grain boundary. The experi-

ents are somewhat analogous to sintering of nanoparticles on

ubstrates, where particles have been observed, in plan view, to

e free to rotate during sintering [90] . 

The data in Fig. 7 support the postulate that discrete GBD for-

ation and propagation events occur in ZrO 2 grain boundaries.

hown here is a particle remaining on the sample after a mechan-

cal test performed at 1851 °C. The initial ≈3 sec of the experi-

ent appears to be dominated by grain boundary migration and

his process will not be discussed in detail. As shown below, the

oundary velocity is sensitive to drag by the dihedral angles, mak-

ng quantitative analysis challenging. Subsequent evolution of the

article appears to be dominated by surface diffusion mediated

oarsening and densification. As the particle sinters, a series of dis-

rete displacements and rotations of the particle are observed. Af-

er a series of such events the grain boundary between the particle

nd substrate disappears forming a single crystal. In the sequence

hown, the particle rotates about the visible axis by ≈ 12 o . Fig. 8

lots the particle position, grain boundary neck position, particle

ize, relative geometric orientation of the particle, average dihedral

ngles, sintering potential, and sintering stress. The discrete dis-

lacement events cause the particle’s center of mass to move to-

ards the ‘substrate’, which represents densification in this geom-

try. The discrete densification events imply that these processes

ccur by the propagation of steps of a certain height through the

oundary. The rotation during densification implies that this step

lso has an associated Burger’s vector. Thus, it is hypothesized that

hese densification events are mediated by GBD motion. For ex-

mple, disconnections are grain boundary defects of step height,

, and Burger’s vector, � b that could account for the phenomenon.

he motion of disconnections with Burger’s vectors lying in the

rain boundary plane can mediate grain growth while those with

urger’s vectors lying out of the grain boundary plane will have a

limb component [91] . 
Classical models for sintering typically assume continuous dif-

usion in both coarsening and densification [92,93] . The neck width

n our experiments generally increases with time as expected for

wo-particle sintering (see Fig. 8 B), but transient decreases in neck

idth also occur that suggest the process is not continuous. As

hown in Fig. 8 C, these transients are also associated with discrete

otation events that also correlate with an average decrease in the

ihedral angle. Fig. 8 D plots the evolution of sintering potential

ith time. The analysis here assumes the system is isotropic, axi-

lly symmetric, and follows Josell’s formulation [47] to define the

elative curvature and 

γgb / γs 
. The details of the geometric analysis

f the images are outlined in Figure S8. Although these assump-

ions could introduce some systematic errors, the data provide

seful insights into the evolution of the particle thermodynamics.

or example, the data show that the sintering potential decreases

arkedly just before the rotation events. The values calculated for

he same geometry, but under the assumptions that � = 0 and

= π , i.e. non-wetting and zero grain boundary energy, are plot-

ed for reference. The sintering potential is the amount of energy

eduction per unit change in length due to densification. Thus, the

intering potential decreases with increasing grain boundary en-

rgy. 

Just prior to the rotation events, the center of mass of the par-

icle moves away from the boundary and the boundary width de-

reases, which both suggest a dewetting-like behavior consistent

ith an increase in the apparent boundary energy calculated from

he Herring condition as shown in Figure S9A. It is referred to

s an apparent grain boundary energy, since the Herring condi-

ion assumes local equilibrium. A kinetic analysis is provided be-

ow to support this assumption. Prior in situ measurements of two-

article MgO sintering reported similar growth of a neck followed

y shrinkage of the neck and complete ‘de-sintering’ [89] . These

articles were, however, sintered on a Si substrate that likely con-

trained the ability of the particles to rotate in a manner simi-

ar to the current observations. The rotation events subsequently

ead to larger displacements of the particle’s center of mass to-

ard the boundary, which is attributed to densification. The ex-

erimental observations are counter-intuitive, since the transient

ecreases in driving force correlate with increases in the densifi-

ation rate. This is indicative of the system overcoming an energy

arrier. The nucleation and propagation of the GBD through the

nterface is indeed anticipated to have an activation barrier. The

verage work required to add a plane of atoms to the grain bound-

ry during creep was found to follow δw d = v f dσ . If the forma-

ion volume is similar in compression and tension, then a similar

ork term should be relevant to sintering. The work available for

intering is generally δw s = �dσ . Under relatively simplistic condi-

ions of constant stress and geometry, the ratio of work necessary

or sintering, w d , to the work available for sintering, w s , would be
w d 
w s 

= 

v f 
�

≈ 0 . 5 . The sintering potential provides evidence for such

 barrier. The reduction in energy of the system associated with

ensification should be given by δG = �dL for a constant �. Al-

hough � varies in the transient, the values before and after the

ransient are similar. Since Gibbs free energy, G, is a state-function,

he change in energy is then approximately �G = �̄�L 1 , where �̄

s the average of � before and after the transient. The densifica-

ion events occur over ≈1-2 frames of the image sequence and

t significantly reduced sintering potentials, � = �d , and produce

 displacement, �L 2 . This displacement is approximately equiva-

ent to that observed between the two more stable conditions be-

ore and after the transient; i.e. �L 2 = �L 1 . The difference be-

ween this value, �d , and those sintering potentials in the rela-

ively stable periods before and after the event, �̄, should approx-

mate the work that must be done to overcome the barrier; i.e.

w d ≈ ( ̄� − �d )�L . The maximum energy available to do work
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Fig. 8. A) Plots the center of mass and area of the small particle shown in Figure 4 as a function of time. B) plots the displacement of the neck position and the neck width 

as a function of time. C) plots the dihedral angle averaged from the two sides of the neck and the geometric orientation of the particle as a function of time. D) Plots the 

sintering potential of the small particle as a function of time assuming the turning angle is zero, i.e. no grain boundary, and using two different methods to approximate the 

turning angle at the triple line; 1 based on the dihedral angles and 2 based on the equivalent solid angle swept by the grain boundary. E) Plot of the sintering stress versus 

time calculated from the sintering potential and neck radius. F) The sintering potential plotted versus mean radius. 
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s �G = �̄�L , and thus the relative barrier should be 
w d 
�G 

≈ 1 −
�d 

�̄
. Measuring during the last 5 events that are, temporally the

ost clearly resolved, produces 
w d 
�G 

≈ 1 − �d 

�̄
= 0 . 47 ± 0 . 06 . Based

n the discussion above 
w d 
�G 

≈ 1 − �d 

�̄
≈ w d 

w s 
= 

v f 
� = 0 . 5 . The ther-

odynamic analyses from creep and sintering indeed agree in

agnitude, although the very close agreement here is likely fortu-

tous. The evolution is in fact quite complex, since the neck width,

tress, and geometry all vary significantly during the transients.

evertheless, the results support the hypothesis that an energy

arrier for densification exists that derives from the work associ-

ted with the defect flux. 

Two additional examples of model two-particle sintering ob-

ervations are provided in Figures S10-S11 and S12-13. In each

ase, discontinuous densification events and discrete particle rota-

ion events are observed consistent with the two-particle sintering

xperiments discussed above. These additional examples are pro-

ided to highlight the generality of the phenomena. The data in

igures S10-S11 also show a low-angle grain boundary. The data in

igure S12-S13 are obtained from a near �3 grain boundary, whose

isorientation will be discussed in more detail below. The tran-

ient events occur in a similar fashion for these particles, where

de-wetting’ like behavior occurs prior to densification. The two

ensification events observed in Figures S10-S11 produce a value

f 1 − �d 

�̄
= 0 . 35 ± 0 . 11 . This generally agrees in magnitude with

he measurements from Fig. 8 . The particle shown sintering in Fig-

re S12-S13, undergoes two densification events; the first associ-

ted with a small rotation and the second associated with an ob-

ervable rotation of ≈45 o . The event associated with the smaller

otation produces 1 − �d 

�̄
≈0.45, while the larger rotation produces

 − �d 

�̄
≈ 0 . 80 . This implies that the energy barrier to this larger

otation event may be larger. The particle in Figures S12-S13 al-

ost completely de-wets prior to a large angle rotation that fol-

ows a less pronounced rotation event occur at a lower relative

intering potential. The phenomenon is, again, hypothesized to be

ndicative of an energy barrier. Fig. 8 E plots the sintering stress

ersus time that is calculated by dividing the sintering potential,

hich is a force in N, by the grain boundary area, assuming a

ircular neck. The stress data is also indicative of the presence

f an activation barrier. The sintering stress at which the rotation

nd densification occur are of the same order as the tensile yield

trengths at similar displacement rates. 

The increase in apparent grain boundary energy prior to the ro-

ation events, plotted in supplementary Figure S9A, occurs prior

o the densification event and appears to initiate the sequence of

vents that lead to densification. It is hypothesized that this in-

rease in energy may correlate with the nucleation of a densifi-

ation mediating GBD, that is inherently non-equilibrium, and in-

reases the relative energy of the grain boundary. Presumably, the

ucleation of such GBDs is thermally activated and biased by the

ocal stress state. Unfortunately, these experiments provide little

nsights into the magnitude or nature of the activation barrier for

BD nucleation. This has been investigated to some degree using

olecular dynamics simulations, [94] but the relevant factors are

et to be systematically defined. The barrier to propagation of this

efect, as discussed above is too large to be thermally activated.

his is supported by the observation that the system geometry re-

ponds strongly to this event, as observed as partial ‘de-wetting’

f the particle. The analysis here suggesting that GBD nucleation

uring sintering has a small work term relative to its climb agrees

ith the analysis of the creep data, which drew the same conclu-

ion. 

The frequency of densification events in Fig. 7 is high during the

arly stages of the evolution as shown in Fig. 8 ; occurring > 20%

f the time. This frequency decreases as the experiment proceeds;
ccurring ≈2% of the time just prior to forming a single crystal.

n the initial regime, the dihedral angles are more consistent with

hose of a general boundary, and the later events represent lower

ngle boundaries. The overall frequency of densification events is

10%, which suggests that the classical models could predict D gb to

bout a factor of ≈10, if other geometric and thermodynamic fac-

ors were properly accounted for. A minimum instantaneous diffu-

ivity is calculated for each densification event using Eq. (1) , where

he stress is the sintering stress shown in Fig. 8 E. These minimum

alculated diffusivity values are plotted in Figure S9F and are re-

erred to as minimum values because the temporal resolution of

he experiment could lead to an underestimation of the diffusivity.

his temporal resolution may account for the apparent trend that

he calculated grain boundary diffusivities increase with time de-

pite the fact that one might expect the higher angle boundaries

t earlier times to have higher diffusivities. In fact, the frame rate

f the experiment is approximately equivalent to the time constant

or the densification event that is calculated based on the diffusiv-

ties measured from creep. This explains why the rotation events

ppear to be ‘discrete’ in our observations. Regardless, the diffu-

ivity measured during densification events generally match those

easured from bicrystal Coble creep within experimental error, in-

icating the grain boundary diffusivity is consistent amongst the

wo experiments. In classical models, the rate of neck growth pro-

ides an alternative basis for measuring the rate limiting diffusiv-

ty; here assumed to be either grain boundary or surface diffusion.

or a constant grain boundary energy, the neck width will evolve

o a constant value as described by Cannon and Carter, and others

77,95] . The overall average growth of the neck throughout the ex-

eriment, see Figure S9C, is anticipated to be primarily facilitated

y the reduction in grain boundary energy resulting from rotation

f the particle. Overall, the neck width increases over time follow-

ng scaling that is reasonably consistent with classical continuum

odels; see supplementary Figure S9C. Johnson [92] noted that

istinguishing grain boundary and surface diffusion models via the

caling behavior is challenging. Coble’s [33] initial stage model for

-spheres follows the form; 

 

6 
/ x 2 = 

96 γs V m 

D gb 

RT 
t (6) 

Fitting the overall data, between ≈2 s and 21 s, to the clas-

ical initial stage model for neck growth assuming grain bound-

ry limited kinetics yields a value of D gb, f it = 3 . 9 x 10 −14 m 

2 s −1 ,

hich is a factor of 14 lower than the values measured from the

icrystal Coble creep experiments at the same temperature, D gb =
 . 5 x 10 −13 m 

2 s −1 . This is consistent with the aforementioned obser-

ation that GBD mediated events occur ≈10% of the time and, thus,

he classical models should underestimate grain boundary diffusiv-

ty in this experiment by a factor of ≈10. 

Alternatively, the rate of neck growth could be interpreted

n the context of surface diffusion limited kinetics. Kuczynski

96] provided a solution to this problem for a sphere on a surface;

 

7 
/ x 3 = 

56 γs V m 

D s a 

RT 
t (7) 

here a is the surface width, which is assumed here to be ap-

roximately the Burger’s vector. Fitting the overall evolution of the

eck width, between ≈2 s and 21 s, produces a surface diffusivity

f D s, f it = 8 . 0 x 10 −18 m 

2 s −1 . This value is considerably lower than

hat measured from asperity smoothing experiments at the same

emperature, D s = 8 . 2 x 10 −12 m 

2 s −1 . The overall kinetics are, there-

ore, grain boundary limited, but with the caveat that the diffu-

ion is not continuous, and the average neck growth is limited by

article rotation. The surface diffusion model should, however, ap-

ly well after the particle rotates into the single crystal configura-

ion, since this configuration satisfies the model assumptions. Fit-
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ting this data, as shown in Figure S9E, produces a surface diffusiv-

ity value of D s = 5 . 3 x 10 −13 m 

2 s −1 . This underestimates the average

value measured from surface asperity smoothing experiments by

an order of magnitude. While anisotropy may partially account for

the discrepancy, it is hypothesized that the asymmetric geometry

may lead to the underestimation. This is because the center of the

neck, where the width is measured, moves under capillary action,

which likely produces an underestimate of surface diffusivity since

more atomic flux occurs than is measured from the width alone.

Figures S10-S11 provide data and associated analyses for a parti-

cle that similarly rotated into a single crystal configuration. In this

case, however, the neck geometry remains more ideal in terms of

its position. For this particle, the neck growth kinetics match the

capillary smoothing results to within a factor of 2. This indicates

that when the geometric constraints of the Kaczynski model are

reasonably obeyed by the system it provides a reasonable measure

of the surface diffusivity for the single crystal. 

Transient periods of neck growth also occur after each rota-

tion event and can be analyzed independently. In these transients,

the neck position is relatively stable on the length-scale relevant

to surface diffusion. Since grain boundary diffusion mediated neck

growth is discontinuous, as shown in the overall trend, the tran-

sient growth of the neck must be surface diffusion mediated. The

classical model, of course, does not consider the reduction in driv-

ing force resulting from the non-zero turning angles at the triple

line. Fig. 8 D indicates that the driving force is reduced by less than

a factor of 2 at any instance, so this term is not anticipated to have

a major influence on order of magnitude of the calculated diffusiv-

ities. Most of the transient neck growth events occurring in the

presence of the grain boundary exhibit sub-linear slopes over sig-

nificant periods of time and decay rapidly toward zero slope. Sur-

face diffusivities calculated from these transients are several orders

of magnitude lower than the single crystal value. Both the decay-

ing neck growth rate and underestimation of diffusivity likely re-

flect the tendency for the geometry to approach configurations that

satisfy local equilibrium on a timescale that is fast relative to the

temporal resolution of the observations. Similar rapid local equili-

bration of dihedral angles has been observed in phase-field simula-

tions of 2-particle sintering where the initial dihedral angles were

out-of-equilibrium [97] . The observation that surface diffusion ki-

netics are fast relative to those needed to satisfy local equilibrium

supports the hypothesis above, and plotted in Fig. 8 A, that the di-

hedral angles are likely close to local equilibrium. 

Rotation of micron scale particles during sintering of relatively

dense particle compacts and model low density geometries has

been observed in several studies that utilized marker features, and

x-ray tomography [98–100] . These studies suggest that GBD medi-

ate densification likely plays a role in sintering more broadly. The

current experiments suggest that GBD nucleation is not the major

portion of the energy barrier. Similarly, the increase in apparent

grain boundary energy prior to densification events suggests that

GBD nucleation likely precedes the majority of work performed

during a densification event. The nucleation rate of densification

mediating GBDs could strongly influence the densification rate, but

little is known about this process. It is assumed that unlike the

barrier to densification, the nucleation of the GBDs is likely ther-

mally activated and stress assisted. This leads to a situation where

densification is inherently reaction-rate limited due to the kinet-

ics being limited by the nucleation of GBDs while coarsening fol-

lows diffusion-limited kinetics. In fact, a plot of displacement rate

versus sintering stress, shown in Figure S9F, produces results that

are reasonably consistent with interface reaction-rate limited ki-

netics, where a non-linear response is observed as a function of

driving force. It should be noted since the measurement includes

a number of boundaries of distinct misorientation and geometry,

the critical driving force is likely to be different for each bound-
ry. It is important to note that the discussion, herein, focuses

n submicron scale grain boundary widths and bicrystal geome-

ries. Our analysis could, therefore, be restricted to situations in

hich either zero or one densification or creep mediating GBD ex-

sts within a grain boundary at any instance. Larger grain bound-

ries in which multiple densification mediating GBDs could exist

ay not exhibit discontinuous diffusion during densification. Dur-

ng sintering of multi-particle compacts stresses evolved from the

isplacement and rotation induced by densification events could

nduce stresses that cause the reaction pathway and overall evolu-

ion to depart significantly from the model two-particle observa-

ions made here. 

Other microstructural evolution phenomena were also observed

uring relaxation of asperity geometries formed during the creep

xperiments. Grain boundary migration can occur in part or fully

ia the migration of GBDs, such as disconnections, as has been ob-

erved via in situ TEM and molecular dynamics simulations, and

redicted by theory [38,101–103] . These GBDs, however, should

ave different Burger’s vectors than those inducing densification,

articularly with respect to whether the Burger’s vector is in or

ut of the grain boundary plane [38] . Figures S14-S15 show sev-

ral examples of sintering of single ScSZ particles on bulk ScSZ

howing different behaviors in terms of grain growth and densi-

cation. The driving force for grain growth was calculated based

n a 2-D analysis where the curvature of the boundary is based

n measurements of the turning angle at the two triple lines and

he solid angle between them and the grain’s center of mass, such

s discussed in reference. [104] This is approximately the applica-

ion of the Mullin’s-von Neumann [105] analysis to a single grain

oundary under anisotropic conditions. The grain boundary mo-

ilities measured in different experiments varied significantly and

ppeared to depend on the degree of pinning by surface dihe-

ral angle grooves; i.e. the height of the surface groove ahead of

he advancing boundary. For this reason, grain boundary mobili-

ies were not analyzed in detail. Nevertheless, it is noted that in

any bicrystal configurations grain growth occurred rather than

ensification, which is in agreement with prior observations of Cu

anoparticles on Cu substrates [90] . 

Figure S16 presents two examples where initially single crys-

alline asperities form grain boundaries due to Rayleigh instabili-

ies that causes portions of the material to rotate rapidly. In the

wo examples, the rotations are associated with the formation of

3 and �9 tilt grain boundaries, which are twinning reactions that

ccur when the single crystalline neck approaches the instability.

he sintering behavior of this �3 was analyzed in Figures S12-

13. The �9 tilt boundary in cubic ZrO 2 is a relatively low en-

rgy boundary, while the �3 tilt is a relatively high energy as re-

orted in Ref. [106] . The relevant plots were not included in Ref-

rence [106] and therefore the associated data is shown in Figure

11 for reference. The observations suggest that the formation of

hese boundaries may be driven more by the favorable slip and

winning conditions rather than grain boundary energy minimiza-

ion. For example, the pure twist �3 is significantly lower in en-

rgy than the symmetric �3 tilt boundary. 

Finally, the results of our model two-particle sintering experi-

ents indicate that densification follows reaction-rate limited ki-

etics, at least in the particle size range characterized herein,

hile coarsening follows diffusion-limited kinetics. These two pro-

esses will have inherently different activation energies. This ex-

lains why relatively high activation energies for densification and

elatively low activations for coarsening have been observed dur-

ng sintering, which results in non-densifying processes dominat-

ng at low temperatures and densifying processes dominating at

igh temperatures [107] . The work in this series of papers suggests

hat the activation energy for surface diffusion and grain boundary

iffusion are similar. This provides further understanding of how
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apid heating rates benefit densification by suppressing coarsening

ccurring at low temperatures during heating. Although this work

ocuses on a single chemistry and has been discussed in context of

ovel sintering temperature schedules, [9,20,22,24–28] the knowl-

dge that densification in some cases may be interface reaction-

ate limited should also become important in considering dopant

ffects. The effects of dopant chemistry on sintering has been a

opic of ongoing research for many decades [108] . The results of as-

ociated experiments performed on oxides are typically interpreted

n the context of dopant effects on point defect concentrations and

nterfacial diffusivities. However, the current results suggest that in

ome cases it may be more important to understand how dopants

ffect the nucleation and motion of GBDs. 

. Conclusion 

The results suggest that the same mechanism controls sintering

nd Coble creep in cubic ZrO 2 ; transport of vacancies to and from

BDs. The activation, formation, and migration volumes for diffu-

ion were all determined experimentally. The formation volume is

mall and positive consistent with a vacancy-type point defect for-

ation. The activation volume, however, is quite large suggesting

hat the motion of the rate limiting defect is highly delocalized,

ossibly due to binding between charged defects. The surface and

rain boundary energies were determined through what, to the au-

hors’ knowledge, is the first application of the zero-creep method

o a crystalline oxide. Finally, the results indicate that an activa-

ion barrier exists to the removal of atomic planes from the grain

oundary during densification, which causes densification to fol-

ow reaction rate-limited during two-particle sintering of submi-

ron scale necks. 
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