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a b s t r a c t 

This work demonstrates novel in situ transmission electron microscopy-based microscale single grain 

boundary Coble creep experiments used to grow nanowires through a solid-state process in cu- 

bic ZrO 2 between ≈ 1200 °C and ≈ 2100 °C. Experiments indicate Coble creep drives the for- 

mation of nanowires from asperity contacts during tensile displacement, which is confirmed by 

phase field simulations. The experiments also facilitate efficient measurement of grain boundary 

diffusivity and surface diffusivity. 10 mol% Sc 2 O 3 doped ZrO 2 is found to have a cation grain 

boundary diffusivity of D gb = ( 0 . 056 ± 0 . 05 ) exp ( −380 , 0 0 0 ±41 , 0 0 0 
RT 

) m 

2 s −1 , and surface diffusivity of D s = 

( 0 . 10 ± 0 . 27 ) exp ( −380 , 0 0 0 ±28 , 0 0 0 
RT 

) m 

2 s −1 . 

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

Time-dependent interface mediated deformation via Coble

creep occurs when atomic planes are removed from interfaces un-

der relative compression and deposited on interfaces under relative

tension [1] . Classically, the model has been applied to the defor-

mation response of polycrystals at high homologous temperatures

and fine grain sizes [2] . In the limit of the simplest microstructure

susceptible to Coble creep, a bicrystal, the atomic flux will occur

between the surface and the single grain boundary. A grain bound-

ary in tension should produce filamentary growth of width deter-

mined by the characteristic diffusion distance of the rate limiting

species. Coble creep, therefore, provides a solid-state route to pro-

duce free standing nanowires at appropriate temperatures. A solid-

state deformation process has potential benefits over vapor-phase

or solution-based methods due to the inherently lower entropy,
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hich is favorable for obtaining desired chemistry and reducing

he incorporation of impurities [3 , 4] . The universality of this defor-

ation mechanism to crystalline solids implies that it should be

uitable to prepare nanowires from any stable crystalline systems.

mploying precision micromanipulation would enable determinis-

ic placement of single nanowires or controlled nanowire arrays.

owever, observations of related phenomena are, too the authors’

nowledge, limited. 

Coble creep also provides a valuable tool for assessing inter-

ace diffusivity [5 , 6] , a property whose measurement is typically

aborious. Polycrystalline microstructures, however, often compli-

ate the calculation of diffusivity [1 , 7] . The process, in theory, pro-

ides a basis for measuring fundamental aspects of transport at the

anoscale in addition to its ability to produce novel nanostructures.

icrystalline Coble creep has not been the subject of significant

nvestigation, likely due to scaling laws that suggest its relevance

nly at the microscale or nanoscale during timescales accessible to

aboratory experiments [8] . Related experiments, therefore, require

mall scale manipulation and testing of specimens. 

https://doi.org/10.1016/j.actamat.2020.08.069
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.08.069&domain=pdf
mailto:sdillon@illinois.edu
https://doi.org/10.1016/j.actamat.2020.08.069
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Glossary of Symbols 

f Helmholtz free energy per unit volume (J/m 

3 ) 

[ V 
Z j 
j 

] Mole fraction of j -th chemical species (–) 

[ Sc ′ 
Zr 

] Mole fraction of Scandium defects (–) 

[ V ··
O 

] Mole fraction of Oxygen vacancies (–) 

ηi Structural order parameter (–) 

η× Order parameter for solid crystalline lattice (–) 

ηd Order parameter for structurally disorder region 

(–) 

ηv Order parameter for open and closed porosity (–) 

ρ Local charge density (C/m 

3 ) 

φ Electrostatic potential (V) 

Z j Valence of j -th chemical species (–) 

T Temperature (K) 

k b Boltzmann Constant (eV/atom) 

f d 
V ··

O 
− f X V ··

O 
Segregation energy of oxygen vacancies to grain 

boundary (eV) 

f v 
V ··

O 
− f X 

V ··
O 

Segregation energy of oxygen-vacancies to sur- 

face (eV) 

f d 
Sc ′ 

Zr 

− f X 
Sc ′ 

Zr 

Segregation energy of scandium defects to grain 

boundary (eV) 

f v 
Sc ′ 

Zr 

− f X 
Sc ′ 

Zr 

Segregation energy of scandium defects to sur- 

face (eV) 

w × d Energy barrier between order-disorder phases 

(J/m 

3 ) 

w dv Energy barrier between disorder-porous phases 

(J/m 

3 ) 

w v × Energy barrier between order-porous phases 

(J/m 

3 ) 

�Sc ′ 
Zr 

V ··
O 

Interaction parameter (eV) 

�H 

× → d Latent heat of fusion (J/m 

3 ) 

T m 

Melting temperature (K) 

∈ Dielectric constant (F/m) 
�
 E Electric field (V/m) 

σ ij ij -th component of stress tensor (N/m 

2 ) 

C ijkl Component of stiffness matrix (N/m 

2 ) 

ɛ ij ij -th component of strain tensor (–) 

βm 

i j 
ij -th component of Vegard tensor of m -th species 

(–) 

[ V Z m m 

] o Stress free mole fraction of m -th species (–) 

�
 u Mechanical displacement (m) 

↔ 

σ Stress tensor (N/m 

2 ) 
↔ 

ε e Strain tensor (–) 
↔ 

β
j 

Vegard tensor of j -th species (–) 

F Total Helmholtz free energy (J) 

θ Crystallographic orientation (degree) 

α× Grain boundary energy coefficient of order- 

disorder interface (J/m) 

αd Grain boundary energy coefficient of disorder- 

porous interface (J/m) 

αv Grain boundary energy coefficient of order- 

porous interface (J/m) 

s 1 Structural coupling parameter (J/m 

2 ) 

s 1 Structural coupling parameter (J/m) 

g ( η×) Coupling function (–) 

p ( ηi ) Interpolation function (–) 

�
 v Velocity (m/s) 

M η× Kinetic coefficient for crystalline transformation 

(m/Js 3 ) 
n

M θ Kinetic coefficient for orientation transformation 

(m/Js 3 ) 

M ηv Mobility of porous phase (m 

5 /Js 3 ) 

M j Mobility of j -th species (m 

5 /Js 3 ) 

ρm 

Condensed phase (–) 

The current work focuses on measuring the interfacial kinet-

cs and thermodynamics of cubic ZrO 2 bicrystals during nanowire

rowth. ZrO 2 ranks amongst the most important ceramic materi-

ls; serving as the prototypical oxygen ion conductor [9–11] , an

deal thermal barrier coating for high temperature applications

12] , and a mechanically robust structural oxide [13] . The creep

ate of polycrystalline ZrO 2 has been measured in multiple prior

tudies. [14–18] Grain boundary and surface transport of cations,

rimarily investigated in this work, affects the microstructural and

echanical stability of porous thermal barrier coatings, [19 , 20] the

ressure induced formation of pores in solid oxide electrolyzer

ells, [21] and the sintering kinetics of ZrO 2 ceramics [22 , 23] . Ex-

erimental reports of tetravalent cation diffusion, e.g. Zr 4 + or Hf 4 + ,
n different doped ZrO 2 samples vary by ≈3 orders of magnitude

t a single temperature. [24–34] The large variations in reported

rain boundary diffusivities have not been completely rationalized.

btaining accurate grain boundary tracer diffusivities from extrin-

ic oxides sensitive to dopants and impurities is challenging in the

o-called Harrison’s type B regime, where lattice diffusivity must

e known to calculate grain boundary values. [35] Lattice diffusiv-

ties are typically obtained from single crystals of inherently dif-

erent chemistry than the polycystals or from fitting the near sur-

ace portion of composition depth profiles, which often produces

purious results. Measurements of grain boundary diffusivity inde-

endent of lattice diffusivity are, therefore, desirable particularly in

xides that have impurity sensitive lattice diffusivities [36] 

The current authors recently applied a combination of laser

eating and small-scale mechanical testing to ultra-high tempera-

ure mechanical testing of ZrO 2 with an emphasis on yield strength

etermination and the role of temperature and microstructure in

ffecting this property. [37] This manuscript extends high temper-

ture mechanical testing to investigation of single grain boundary

oble creep. The ability to measure grain boundary diffusivity, the

tress dependence, as well as the energy dissipated during creep in

 model single grain boundary system provides a robust set of ex-

erimental data describing interfacial kinetics and thermodynam-

cs. For this reason, the current work is separated into two parts.

his manuscript emphasizes measurement of interfacial diffusivity

uring and after bicrystal Coble creep and uses phase-field simu-

ations to provide independent validation of the proposed mech-

nism. A companion paper uses data from this series of exper-

ments to measure interfacial energies as well as the formation

nd migration volumes for the grain boundary diffusion mediat-

ng point defects. [38] The thermodynamic and kinetic data from

oth texts are then applied in the companion paper to the problem

f understanding the mechanism for densification during sintering

38] . 

. Experimental 

Dense 10%Sc 2 O 3 doped ZrO 2 (10ScSZ) samples were prepared

ollowing a procedure detailed elsewhere. [39 , 40] A focused ion

eam (FIB) was used to prepare pillar shaped samples of dimen-

ion ≈ 500 nm x 500 nm x 600 nm. The samples were pre-

nnealed in situ at T ≈ 20 0 0 °C for ≈15 min, which allowed the

hape of the pillar to relax, the grain size to coarsen to d > 20 μm

esulting in single crystalline asperities, and evaporation of any mi-

or Ga O contaminant introduced during FIB preparation, T ≈
2 3 boil 
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1900 °C. Ion beam deposited Pt was deposited in the adjacent ≈
50 μm to enhance optical absorption but was found to have evap-

orated during the high temperature experiments; suggesting that it

was not critical to the heating process. A 1064 nm 20 W laser with

an ≈ 100 μm spot size was used to heat the sample. The temper-

ature was determined in part from electron diffraction-based mea-

surements of lattice parameter expansion, a o , referenced to prior

x-ray based measurements reported in the literature. [41] Prior

in situ laser heating experiments using both diffraction and 4-

probe electrical resistance measurements indicate sample heating

is reasonably linear at applied powers beyond P > 1.5 W, which

slightly exceeds the threshold for emission P > 1.4 W. [42] The

onset of laser emission, the rhombohedral to cubic phase transi-

tion, and the melting temperature were also used as references

to calibrate the temperature as a function of laser power assum-

ing linear response; an assumption supported by the diffraction

data and prior experiments performed in the same microscope.

The onset of grain growth and the onset of surface diffusion medi-

ated changes in pillar shape were also used as secondary reference

points to support the calibration. [43] These data provide indepen-

dent confirmation of the overall calibration curves constructed; see

Figure S1. 

The bicrystals were formed using two different sam ple sets.

In one case 10ScSZ asperities were sintered in situ to an 8%Y 2 O 3 

doped ZrO 2 (8YSZ) single crystal, and in a second set of experi-

ments it was sintered to another 10ScSZ prepared from the same

bulk sample. The samples will subsequently be described as YSZ-

ScSZ and ScSZ-ScSZ. The opposing samples in the bicrystal were

prepared in a similar manner as described above, via FIB and Pt

deposition, but with a larger contact diameter, ≈ 10 μm for 8YSZ

and ≈ 50 μm for 10ScSZ. Both samples were prepared from bulk

material approximately 2 mm in length and wedge polished to 20-

40 μm in thickness. The single crystal 8YSZ enabled testing of the

same bicrystal over multiple experiments, whereas the 10ScSZ was

polycrystalline and enabled the testing of random grain bound-

aries. The 8YSZ based bicrystal formed a ‘general’ type boundary

with a misorientation of 21 o about the [ 1 1̄ 16 ] ; as measured by

electron diffraction. The temperature of the 8YSZ was found to be

slightly lower, ≈ 100 °C, when measured out-of-contact, possibly

due to differences in optical absorption or thermal impedances be-

tween opposite sides of the holder. This amount of temperature

difference produces at most a systematic error of ≈4-7% in the

temperature determination, although it may be reasonable to ex-

pect the error is intermediate to the maximum difference; i.e. an

error of ≈2-4%. This error is an addition to any errors introduced

by the calibration. 

Experiments were performed in a 200 kV JEOL 2100 using a

Bruker PI-95 picoindenter. The laser is set in colinear alignment

with the electron beam. Samples were tested in tension using dis-

placement rates varying between 0.5 nm s −1 and 10 0 0 nm s −1 .

Two types of experiment were performed; one in which the sam-

ple was allowed to sinter for > 30 s prior to tensile loading, i.e.

YSZ-ScSZ experiments, and one in which tensile loading was ap-

plied just after contact; the ScSZ-ScSZ experiments. The first type

of experiment provides time for a relatively large grain bound-

ary neck to form at the contact, while the latter does not. The

large neck allows for accurate measurement of the stress-strain re-

sponse, but many of those samples ultimately fracture rather than

exhibit steady-state creep under displacement control. ScSZ-ScSZ

were rested without pre-sintering to ensure that they would creep

for all experiments performed below a threshold displacement rate

determined by the rate limiting diffusion process. The laser repe-

tition rate, 33 kHz, is fast relative to the thermal relaxation time

of the sample, due to its high thermal impedance. Equilibration of

the sample temperature required times on the order of 10 min-

utes, which was determined to have occurred when thermal ex-
ansion ceased to be observable at the nanoscale. At this point the

ample temperature will have reached a steady-state. Experiments

ere performed using a load-displacement data acquisition rate of

200 Hz and an in situ image acquisition rate of ≈ 15 Hz (Ti-

tz video and image processing system). Electron irradiations per-

ormed on ZrO 2 reveal that the threshold electron energy for dis-

lacement damage only occurs at ≈ 1 MeV. [44] Thus, it is con-

luded that electron irradiation in our experiments, at 200 keV,

hould not induce displacement damage that could affect diffusion.

urthermore, electron beam induced heating at the beam current

ensities employed is calculated to be at most on the order of 1 o C

nd should not influence the temperature significantly. The result-

ng images were analyzed using ImageJ. Local curvature of particles

as calculated using the compute curvatures algorithm in Image J.

45] The areas, lengths, and geometric alignment of ellipses fitted

o image features were determined using ellipse split in Image J.

46] Data based on measurements of distance in the TEM images

re reported at 2 significant figures since the pixel size in most

mages is on the order of 5 nm. 

. Simulation 

.1. Theoretical Framework 

Following previous work [47–49] , Helmholtz free energy per

nit volume, f , is defined for an ionic solid with N charged species,

 [ V 
Z j 
j 

] } = { [ V Z 1 
1 

] , . . . .., [ V 
Z N 
N 

] , and three distinct microstructural re-

ions, { ηi } = { η×, ηd , ηv } , where, η×, is the solid crystalline lat-

ice, ηd , is the structurally disordered regions, and ηv , represents

pen and closed porosity. The volumetric chemical and structural

ree energy density is: 

f 
({ ηi } , 

[
Sc 

′ 
Zr 

]
, [ V ··O ] ; T 

)
= 

1 

ν

[ 
( f ×V ··

O 
( T ) p ( η×) + f d V ··

O 
( T ) p ( ηd ) + f v V ··

O 

( T ) p ( ηv ) ) [ V 
··

O ] + 

(
f X 
Sc 

′ 
Zr 

( T ) p ( η×) + f d 
Sc 

′ 
Zr 

( T ) p ( ηd ) + f v 
Sc 

′ 
Zr 

( T ) p ( ηv ) 

)
Sc 

′ 
Zr 

]
+ k b T [ V 

··
O ] log [ V ··O ] + k b T ( 1 − [ V ··O ] ) (1 − log [ V ··O ] ) + k b T 

[
Sc 

′ 
Zr 

]
og 

[
Sc 

′ 
Zr 

]
+ k b T 

(
1 −

[
Sc 

′ 
Zr 

])(
1 − log 

[
Sc 

′ 
Zr 

])
+ �

Sc 
′ 
Zr 

V ··
O 

[ V ··O ] 
[
Sc 

′ 
Zr 

]
+ w ×d η

2 
×η2 

d + w dv η
2 
d η

2 
v + w v ×η2 

v η
2 
× + 

�H 

×→ d �T 

T m 

p ( η×) 

]
(1)

Each charged species has a valence of Z j and contributes to the

ocal charge density through the expression, ρ = 

N ∑ 

j=1 

e Z j [ V 
Z j 
j 

] , and

 local electrostatic potential, φ. Further, the material is electro-

tatically polarized with a dielectric constant, ∈ , and a local elec-

ric field, � E = −∇φ [47 , 50] . Each charged species imposes a change

n lattice parameter which develops an elastic stress following a

odified Hooke’s law: σi j = C i jkl ( ε kl −
N ∑ 

i =1 

βm 

kl 
( [ V Z m m 

] − [ V Z m m 

] o )) , [51] ,

here βm 

i j 
is the ij -th component of the Vegard tensor for the m -th

pecies. In the small deformation limit, the geometrical strain, ɛ ij ,

nd mechanical displacement, � u = ( u 1 , u 2 , u 3 ) 
T are related through

he expression: ε i j = 

1 
2 ( 

∂ u i 
∂ x j 

+ 

∂ u j 
∂ x i 

) . The segregation of each charged

pecies, here, results in the development of elastic energy inhomo-

eneities, i.e. , 1 
2 σ̄ · ε̄ e ≥ 0 . 

The sum of all the contributions to the total free energy func-

ional, F , including the grain boundary interfacial energy and exter-

al surfaces, as a function of local misorientation, �θ , is given by

47,49,51] : 

 

[{ ηi } , θ, 
[
Sc 

′ 
Zr 

]
, [ V ··O ] , ρ, φ, u 1 , u 2 , u 3 ; T 

]
= 

∫ 
�

 

f 
({ ηi } , 

[
Sc 

′ 
Zr 

]
, 

[
V ··O 

]
; T 

)
+ 

α2 
×
2 ( ∇ η×) 

2 + 

α2 
d 

2 ( ∇ ηd ) 
2 + 

α2 
v 

2 ( ∇ ηv ) 
2 + 

g ( η×) 
(
s 1 | ∇θ | + s 2 | ∇θ | 2 ) + ρφ − ∈ 

2 ( ∇φ) 
2 + 

1 
2 
σ̄ · ε̄ e 

] 

d�

(2)
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Table 1 

Summary of physical parameters used in phase-field simulation. 

Parameter Symbol Value Units Ref 

Oxygen vacancies ionic valence Z O 2 – –

Scandium defects ionic valence Z Sc -1 – –

Segregation energy of oxygen vacancies to grain boundary f d V ··
O 

− f X V ··
O 

-0.5 eV [88] 

Segregation energy of oxygen vacancies to surface f v V ··
O 

− f X V ··
O 

-0.5 eV [88] 

Segregation energy of scandium defects to grain boundary f d 
Sc ′ 

Zr 

− f X 
Sc ′ 

Zr 

0.0 eV [88] 

Segregation energy of scandium defects to surface f v 
Sc ′ 

Zr 

− f X 
Sc ′ 

Zr 

0.0 eV [88] 

Order-disorder interfacial energy γ × d 1.67 J/m 

2 

Order-porous interfacial energy γ × v 1.34 J/m 

2 

disorder-porous interfacial energy γ dv 1.34 J/m 

2 

Interfacial thickness between order-disorder phases δ× d 1 nm 

Interfacial thickness between disorder-porous phases δdv 1 nm 

Interfacial thickness between order-porous phases δ× v 1 nm 

Energy barrier between order-disorder phases w × d 5 × 10 9 J/m 

3 [52] 

Energy barrier between disorder-porous phases w dv 4 × 10 9 J/m 

3 [52] 

Energy barrier between order-porous phases w × v 4 × 10 9 J/m 

3 [52] 

Grain boundary energy coefficient of order-disorder interface α× 10 × 10 −9 J/m [52] 

Grain boundary energy coefficient of disorder-porous interface αv 8 × 10 −9 J/m [52] 

Grain boundary energy coefficient of order-porous interface αd 10 × 10 −9 J/m [52] 

Structural coupling parameter s 1 9.2 J/m 

2 [52] 

Structural coupling parameter s 2 0.008 J/m [52] 

Atomic volume of zirconia ν 3.6 × 10 −29 m 

3 /atom –

Latent heat of fusion �H 

× → d 3.5 × 10 9 J/ m 

3 –

Melting temperature T m 2988 K –

Interaction parameter �Sc ′ 
Zr 

V ··
O 

-0.13 eV [89] 

Relative dielectric permittivity of ScSZ ∈ r 31.45 – [90] 

Relative dielectric permittivity of pores ∈ ◦ 1 –

Elastic Modulus E 160 GPa [91] 

Vegard coefficient of scandium defects in zirconia lattice βSc ′ 
Zr 

0.001 – [90] 

Kinetic coefficient for crystalline transformation M η× 3.5 × 10 −8 m/Js 3 [47 , 52] 

Kinetic coefficient for orientation transformation M θ 3.6 × 10 −7 m/Js 3 [47 , 52] 

Mobility of porous phase M ηv 7.02 × 10 −28 m 

5 /Js 3 [47 , 52] 
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4

 

s  
Locally, for small deviations away from equilibrium, spatial in-

omogeneities of the variational derivatives of the free energy

unctional of Eq. (2) with respect to the controlling variables,

 { ηi } , { [ V Z j j 
] } , θ, φ, u 1 , u 2 , u 3 } result in the kinetic equations: 

∂ η×
δη

+ 

�
 v · ∇ η× = − M η×

[
∂ f 

∂ η×
− α2 

×∇ 

2 η× − α2 
d 

2 

∇ 

2 ηv 

 

∂g 

∂ η×

(
s 1 | ∇θ | + 

s 2 
2 

|∇θ | 2 
)]

∂θ

∂t 
+ 

�
 v · ∇θ = M θ g ( η×) 

(
∇ ·

[
s 1 

∇θ

| ∇θ | 
]

+ s 2 ∇ 

2 θ

)
∂ ηv 

∂t 
+ 

�
 v · ∇ ηv = −M ηv 

[
∂ f 

∂ ηv 
− α2 

v ∇ 

2 ηv −
α2 

d 

2 

∇ 

2 η×

]
∂ 
[ 

V 

Z j 
j 

] 
∂t 

+ 

�
 v · ∇ 

[ 
V 

Z j 
j 

] 
= ∇ · M j ∇ 

⎡ 

⎣ 

∂ f 

∂ 
[ 

V 

Z j 
j 

] + Z j eφ − σ̄ · β̄ j 

⎤ 

⎦ 

δF 

δφ
= ∇· ∈ ∇φ + ρ = 0 

δF 

δu i 

= ∇ · σ̄ = 0 

(3) 

The kinetic equations are coupled to the continuity equation

n its differential form, ∂ ρm 

∂t 
+ ∇ · ( ρm 

�
 v ) = 0 , where ρm 

= 1 − ηv is

ensity of condensed phase, which is 1 in condensed phase and

 in porous region, and 

�
 v = 

d � u 
dt 

is rate of change in mechanical

isplacement due to externally applied stresses or local chemome-

hanical stresses. The first row of Eq. (3) defines the non-conserved

rder-disorder phase transformation, η× → ηd , and defines the

inetics of structural disorder, if any, in the elongated polycrys-

al. The second row corresponds to the crystallographic orienta-

ion kinetics in agreement with Kobayashi and coworkers [52] . The

hird row defines the porous phase, ηv , a conserved quantity. The

oncentration of solute and point defects in the condensed phase

re conserved and follows convection-diffusion mass transport as
hown in fourth row of Eq. (3) , in agreement with several authors

47 , 49 , 50] . The gradients in local structure, electrical and mechan-

cal stresses in convection-diffusion equation allow for mass and

harge flow. The fifth row corresponds Coulomb’s equation in its

ifferential form. Lastly, the sixth row corresponds to the mechan-

cal equilibrium equation, in agreement with continuum mechan-

cs theory [51] . The terms, � v · ∇ η×, � v · ∇θ, � v · ∇ ηv , � v · ∇[ V 
Z j 
j 

] , ac-

ount for convective flow of the condensed, porous and chemical

pecies in the Eq. (3) , in agreement with recent work [53] . 

.2. Numerical implementation 

A two-dimensional indenter-substrate ScSZ bicrystals were sim-

lated, (see Figure S2). The physical properties of ScSZ are sum-

arized in Table 1 . Initial [ V ··O ] and [ Sc ′ Zr ] were set to their macro-

copic, experimentally reported equilibrium values, and set to zero

n porous regions. Electrically, the bottom edge of the simulation

omain was grounded. The indenter in the simulation domain was

ulled vertically at a fixed velocity from the top edge, by removing

ass from the top edge at a fixed rate. The bottom edge is me-

hanically constrained. Eq. (3) was solved across a 1 μm × 1 μm

omain and discretized into a 10 0 0 × 10 0 0 finite volume mesh,

sing FiPy [54] . The relative tolerance for convergence was set to

 × 10 −10 . The mechanical equilibrium of Eq. (3) was solved us-

ng OOF2 [55] . The relative tolerance for convergence was set to

 × 10 −8 . Simulations were carried out on a 2.6 GHz, 16 core,

buntu 16.04 workstation with 128 GB of RAM. Each simulation

ook approximately eight hours of wall time. 

. Results and discussion 

.1. Nanowire growth and grain boundary diffusivity 

Fig. 1 shows time-lapse images of the YSZ-ScSZ and ScSZ-ScSZ

amples tested at similar temperatures, T = 1928 °C and T = 1975
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Fig. 1. Example constant displacement rate experiments performed at 40 nm s −1 on YSZ-ScSZ and ScSZ-ScSZ at T = 1928 °C and T = 1975 °C, respectively. The YSZ-ScSZ 

were performed with a 30s pre-anneal after bicrystal formation that enables the formation of a larger neck and results in an initially higher strength, as seen in the load- 

displacement curves. The grain boundaries are highlighted by red arrows. Coble creep via diffusion from the surface into the grain boundary results in the formation of the 

nanowire-like features. Due to the small area of the grain boundary neck, the associated loads are comparable to the accuracy of the measurement ≈1 μN, which has a 

precision ≈0.2 μN. Note that the color scale represents time and starts at the onset of tensile displacement. 
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°C, respectively, and under identical constant displacement rates,
˙ l = 40 nm s −1 ; also see Videos S1 and S2. The former sample was

allowed to pre-sinter for > 30 s while the latter was tested im-

mediately after contact. The pre-sintered asperity contact forms a

larger neck. Under tensile displacement the load increases rapidly

prior to grain boundary fracture. The grain boundary tensile frac-

ture strength, σgb ≈ 0 . 5 − 1 . 9 GPa, is somewhat independent of

temperature but sensitive to strain rate when brittle fracture oc-

curs prior to grain boundary yeilding; as discussed in further detail

in the companion paper [38] . In a fraction of the YSZ-ScSZ samples

tested, a new neck formed after fracture. This occurs due to the

small hysteresis in the displacement control after a fracture event

that brings the two crystals slightly back into contact. New con-

tacts formed only in ≈ 20% of the YSZ-ScSZ experiments. Upon

formation of a new neck, continued displacement resulted in the

formation of elongated nanowire-like structures at stresses more

than one order of magnitude lower than either the grain bound-

ary fracture stress or the compressive yield strength measured at

similar temperatures [43] . For the samples not given any time to

pre-sinter, an initial transient in load exists, but the grain bound-

ary typically does not fracture. These samples similarly form one

or multiple nanowire-like structures that grow in length during

displacement at relatively low stresses; i.e. well below the bulk

yield stress or grain boundary fracture stress. The authors are only

aware of a single prior report of a similar grain boundary me-

diated nanowire growth phenomenon. [56] In that work a clus-

ter of nanoparticles formed a nanowire during Joule heating from

a probe contact, but it was suggested that the wire grew under

compression rather than tension. [56] A similar mechanistic idea,

Coble creep referred to as ‘pseudo-elasticity’, has been invoked to

understand the contact induced deformation response of metallic

nanoparticles studied both in situ and ex situ. [57 , 58] In our lat-

ter experiments, the nanowire-like structures formed in every ex-

periment performed within a certain range of displacement rates.

Multiple nanowires often evolved in parallel when the samples

were tested under these conditions, because multiple pre-existing

point contacts could all induce nanowire growth. Single nanowires

only formed when the samples were pre-sintered, since the ini-

tial brittle fracture only produced single point contacts after frac-
ure and only in ≈20% of the experiments. During the formation of

he nanowires the grain boundaries may be observed through the

resence of surface triple junctions that form measurable dihedral

ngles and the reduced thickness contrast when the boundary is

ear an edge on condition. The boundaries are quite dynamic dur-

ng the process; both migrating along the length of the nanowire

nd varying in grain boundary plane orientation; e.g. see Video S3.

he mechanical tester must return to its initial position at the end

f the experiment, which typically destroys the nanowire structure

nd reconsolidates it into the tip. At the end of each test, sintering

nd surface diffusion facilitate the formation of a new asperity of

he same orientation that can be used in subsequent experiments;

moothing of asperities is discussed below in the context of mea-

uring surface diffusivity. This phenomenon makes this approach

ery efficient in obtaining large experimental data sets. 

Fig. 2 a shows images obtained from a series of tensile ex-

eriments performed at various temperatures and loading rates,

hich will subsequently be referred to as “nanowire-growth” ex-

eriments. The average neck width at the grain boundary posi-

ion measured as a function of displacement rate and tempera-

ure is shown in Fig. 2 b. The parabolic relationship between neck

idth and displacement rate suggests a diffusion-controlled pro-

ess; specifically grain boundary diffusion. Neck width is used

s the primary measure, because surface energy anisotropy can

ause the shape of the nanowire cross-section to evolve over time.

he neck width does not necessarily have to be isometric due to

nisotropic diffusion in-plane, however the approximate parabolic

caling observed in Fig. 2 b measured over multiple experiments

t random misorientations suggests that the assumption of an ap-

roximately circular neck is reasonable. Coble creep describes the

train rate, ˙ ε , of a polycrystal during creep; 

˙  = 

J V m 

d 
(4)

here d is the grain size and J is the atomic flux; 

 = A 

δ

d 2 
σ

RT 
D gb (5)

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

nd δ is the grain boundary thickness. The analysis used herein
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Fig. 2. A) Example images taken from ScSZ-ScSZ experiments performed at different tem peratures and displacement rates. The resulting data are used to plot B) the average 

neck width versus displacement rate and C) the average grain boundary diffusivity versus displacement rate. 
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onsiders the time constant, t c , associated with inserting a single

tomic plane into a grain boundary neck with a circular cross sec-

ion, which is taken to be the displacement rate divided by the

urger’s vector. This yields a similar equation for 2-D diffusion in

he grain boundary at steady-state; 

 gb = 

x 2 RT / 2 πt c σV m 

(6) 

here x is the neck radius. In each experiment, an average value of

 is obtained from 5 to 10 measurements made at random times. A

ombination of surface diffusion and grain boundary sliding could

lso cause similar nanowire growth. If this process were dominant

hen the wires should grow at large angles off axis, which is not

he case. Furthermore, grain boundary diffusivity was determined

ndependently via separate experiments, as discussed in the com-

anion paper [38] , and those results are in good agreement with

alues calculated from this data. Therefore, diffusion is taken to be

he dominant mechanism. The force values measured from creep

eformation of the small nanowire-like features formed are small

elative to the accuracy of the instrumentation, ≈ 1 μN. AA A con-

act force evolves upon initial contact of the indenter to the sam-

le, which makes it difficult to define zero load at the μN level.

n order to avoid introducing random errors, the nominal sintering

tress, σs = 

2 γ/ r , where r is the radius of the wire, is taken as the

tress on the neck but as a tensile stress rather than a compres-

ive stress. In certain samples, the unloading curve is stress-free,

n which case the zero load can be well defined at each position

f displacement. In these cases, the stress during nanowire forma-
ion is a factor of 2 lower than σ s . Johnson-Kendall-Roberts con-

act mechanics theory in the reversible elastic regime predicts an

dhesion stress of σad = 

3 γ/ r . [59] This value has been obtained

or fracture of nanoscale Au grain boundaries at high displacement

ates. [60] It is found from constant load experiments, discussed

n the companion paper [38] , that when the applied stress exceeds

he sintering stress by more than a factor of 2 the samples are in-

erently unstable. Furthermore, the energy dissipated due to sur-

ace formation and due to irreversible entropy are experimentally

solated, and it is found that the surface energy term dominates

hen the stress is less than ≈ 5 σ s , assuming linear extrapolation

o this relatively higher stress. Since energy dissipation is primar-

ly through the surface energy term, the error introduced by the

ssumption that σ = σs will be systematic and should be less than

 factor of 2 when in steady-state. 

Calculated grain boundary diffusivities for the ScSZ-ScSZ sam-

les presented in Fig. 2 c exhibit no appreciable displacement rate

ependence. Experiments were performed across a range of dis-

lacement rates. At high displacement rates, the nanowires rapidly

aper down and pinch off, ceasing to grow rather than reach a

teady-state. This imposes an upper bound on the measurement.

s shown in Fig. 2 c, an approximately parabolic relationship be-

ween the maximum displacement rate and the diffusivity exists,

hich is consistent with diffusion limited kinetics. A minimum dis-

lacement rate also bounded the ScSZ-ScSZ nanowire growth ex-

eriments. At sufficiently low rates nanosheets formed rather than

anowires. This could be confirmed during unloading, where some

heets would twist and their thickness would be observable. This
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Fig. 3. Arrhenius plot of the grain boundary diffusivity versus temperature for YSZ- 

ScSZ and ScSZ-ScSZ samples determined from the growth of the nanowire-like fea- 

tures during Coble creep. 
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nanowire shape anisotropy is clearly visible in Video S3 when the

sample loaded at 80 nm s −1 is unloaded and the its thickness can

be observed as it rotates. The minimum rate was somewhat sen-

sitive to initial contact geometry as confirmed by performing mul-

tiple experiments at the same displacement rates. Despite these

variations, the relationship between the minimum displacement

rate and the diffusivity also appears to follow somewhat parabolic

scaling. The breakup of sheets into wires is observed in several ex-

periments and should involve a Rayleigh instability that has some

characteristic distance defined by the rate limiting diffusivity. This

instability is also a possible source of multiple nanowires observed

in the ScSZ-ScSZ experiments; for example see Video S3. 

The grain boundary diffusivities from both sample sets are

plotted in Fig. 3 . The data agree well despite the small dif-

ferences in chemistry and the measurement of a fixed set of

high-angle bicrystals in the YSZ-ScSZ sample versus random grain

boundaries in the ScSZ-ScSZ samples. Large grain boundary diffu-

sion anisotropy is commonly observed in tracer diffusivity exper-

iments with somewhat stationary boundaries. [61] In our exper-

iments, the grain boundary plane orientation varies significantly

during the experiment. Grain boundary energies vary strongly with

grain boundary plane orientation, even for the case of misori-
Fig. 4. The microstructure of ScSZ indenter and ScSZ substrate (gray box (II) of Fig. 10)

distribution, and C shows hydrostatic stress distribution. The grain boundary and free sur

naturally attracts [ Sc ′ Zr ] due to its opposite charge polarity. The accumulated [ Sc ′ Zr ] defects

stress. 
ntations with a high coincidence of lattice sites. [62 , 63] Thus,

he measurements here represent an average of multiple con-

gurations that likely provides a measurement somewhat repre-

entative of general boundaries in the system. The variation in

rain boundary plane and the associated variations in instanta-

eous diffusivity likely account for much of the experimental un-

ertainty captured by the error bars. Local variations in temper-

ture as a function of time and local geometry, however, could

ontribute to the experimental uncertainty. Similarly, the assump-

ion of axial geometric symmetry could also contribute to the

ncertainty. These latter factors are difficult to assess. The av-

rage grain boundary diffusivities for the two sample sets are

escribed by D 

ScSZ−ScSZ 
gb 

= ( 0 . 056 ± 0 . 05 ) exp ( −380 , 0 0 0 ±40 , 0 0 0 
RT ) m 

2 s −1 

nd D 

Y SZ−ScSZ 
gb 

= ( 0 . 0039 ± 0 . 0014 ) exp ( −360 , 0 0 0 ±32 , 0 0 0 
RT ) m 

2 s −1 . The

ata are Arrhenius between 1433 °C and 2098 °C. The Arrhenius

ehavior suggests no change in mechanism occurs in this range.

xygen grain boundary tracer diffusion has mainly been measured

t considerably lower temperatures, where it exceeds cation tracer

easurements by several orders of magnitude and has an activa-

ion energy ≈25-35% of the cation value; see Figure S3. Extrapo-

ating various low temperature anion values to high temperatures

uggests that they could intersect measured cation values between

 ≈ 1450 °C and T > T melt . The Arrhenius behavior, having an ac-

ivation energy consistent with cation tracer measurements, sug-

ests that our results should be interpreted as measurements of

ation transport. Furthermore, since cation diffusivity for both yt-

rium and scandium exceeds the rate of self-diffusion, [64] the re-

ults are interpreted primarily as zirconium cation diffusion lim-

ted. It has been suggested that zirconium cation diffusion in the

attice is mediated by an anion-cation vacancy pair. [65] . 

.2. Phase-field simulation results for single grain boundary creep 

Fig. 4 shows that the simulated spatial distribution of oxygen

acancies, scandium defects, and hydrostatic stress distribution of

cSZ indenter and ScSZ substrate after 30s of pre-annealing, at

975 ◦C. The grain boundary core and the surfaces of the two-grain

ystem are both rich in oxygen vacancies (see Fig. 4 a) and attract

egative scandium defects to the structural core (see Fig. 4 b). The

ositive oxygen vacancies at the interfaces induce both an oxygen

nd a scandium depletion zone in front of interfaces as a result

f the electrostatic attraction of [ Sc ′ 
Zr 

] and [ V ··
O 

] . In addition, the

rain boundary triple junctions are more structurally disordered
 was pre-annealed for 30s at T = 1975 ◦C. A shows [ V ··O ] distribution, B shows [ Sc ′ Zr ] 

faces accumulate [ V ··O ] due to structural and chemical driving forces, which in turn 

 at the interfaces expand the zirconia lattice and imposes a compressive hydrostatic 
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Fig. 5. Defect distribution and hydrostatic stress distribution for a ScSZ indenter-ScSZ substrate system after a 30s pre-annealing step (gray box (II) of Fig. 10), at T = 1975 ◦C, 

now subjected to 5 nm s −1 , 20 nm s −1 and 40 nm s −1 to displacement rates. M, N, and O show a magnified view at triple junctions for hydrostatic stress, oxygen vacancies, 

and scandium defects distribution for � v = 40 nm s −1 . 
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han surfaces and grain boundaries and accumulate larger amounts

f [ Sc 
′ 
Zr ] and [ V 

··
O 

] . The chemical expansion coefficient of scandium

efects induces a compressive stress ~20MPa in the grain boundary

ore as well as below the surrounding free surfaces (see Fig. 4 c). To

nforce mechanical equilibrium, a weakly tensile region near the

xygen vacancy depletion region forms. In the present study, two

ajor species are mainly considered; [ V ··O ] and [ Sc ′ Zr ] . The concen-

ration of Zr vacancies, [ V ′′′ ′ Zr ], is anticipated to be 2-3 orders of

agnitude smaller than [ V ··
O 

] and [ Sc ′ 
Zr 

] based on experiments and

FT calculations. [66–68] . Therefore, [ V ··O ] and [ Sc ′ Zr ] defects are an-

icipated to dominate grain boundary thermodynamics despite the

xpectation that [ V ′′′ ′ Zr ] are rate-limiting for grain boundary diffu-

ion kinetics. 

The effect of tensile displacement rate is summarized in Fig. 5

or a macroscopic crystallographic misorientation of �θ = 22 . 5 ◦.
or 5 nm s −1 (see Fig. 5 a), the stress gradients (see Fig. 5 b) in-
uce the development of a contact neck as a result of mass be-

ng pushed from the substrate grain to the indenter through the

rain boundary, which results in nanowire growth. The asymmet-

ic stress distribution near the grain boundary induces an asym-

etric grain boundary groove and free surfaces dihedral angle,

= 83 . 62 ◦, which deviates from the equilibrium dihedral angle,

eq = 102 ◦, defined in the model. This asymmetry drives grain

oundary migration in the direction of the imposed displacement.

s compared to a pre-annealed sample not yet loaded in tension,

igs. 5 c and 5 d demonstrate that the local segregation of oxygen

acancies and scandium defects decreases. 

For intermediate tensile displacement rates, e.g., 20 nm s −1 (see

ig. 5 e), the spatial extent of the hydrostatic stress gradients in-

reases, which in turn drives more mass from the surface to the

rain boundary enhancing the elongation of the nanowire near

he grain boundary (see Fig. 5 f). The neighboring surfaces develop
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a concentration of oxygen vacancies that is lower than the grain

boundary core (see Fig. 5 g); however, corner effects (triple junc-

tions) dominate the segregation of the interface and shift the [ Sc 
′ 
Zr ]

to a preferential corner (see Fig. 5 h). Further, the [ Sc 
′ 
Zr ] defects can-

not keep up with the moving grain boundary, resulting in a de-

crease of [ Sc 
′ 
Zr ] in the grain boundary core, followed by the ap-

pearance of a small depletion zone adjacent to the grain bound-

ary. In addition, the vicinity of contact areas with negative radius

of curvature become more defect concentration depleted. Here, as

the boundary moves, diffusion is large enough to bring the extent

of the depletion zone in front of the grain boundary back to equi-

librium, thus enabling a symmetric distribution of defects in the

vicinity of the grain boundary as reported in recent work [69 , 70] . 

For large tensile displacement rates, e.g., 40 nm s −1 (see Fig. 5 i),

the hydrostatic stress increases in the necking region, which favors

larger mass fluxes from the substrate to the indenter and thus the

neck becomes thinner (see Fig. 5 j), in qualitative agreement with

the experimental results, see Fig. 2 . The surfaces in the neck por-

tion below the grain boundary develop a smaller amount of oxygen

vacancies than the surfaces above the grain boundary (see Fig. 5 k

and n). This is due to stress-driven mass flux in the necking re-

gion. Also, the fast moving (externally stressed) interfaces result in

a drastic decrease of scandium defects on the surrounding surfaces

because of its low diffusivity (see Fig. 5 l). Further, the preferential

segregation of scandium defects (see Fig. 5 o) at structurally dis-

ordered triple junctions relaxes the lattice and thus decreases the

tensile stress (see Fig. 5 m). The simulations reproduce the general

nanowire growth response and morphology resulting from single

grain boundary Coble Creep. The goal of these simulations is to pri-

marily demonstrate the phenomenology can be reproduced based

on physical parameters reported in the literature, and predict gen-

eral trends related to local chemistry that are difficult to obtain

from the in situ experiments. For example, within the range of ex-

perimental parameters tested the model predicts rare-earth segre-

gation and the development of a space charge layer occurs in all

cases, but with concentrations and distributions sensitive to the

local thermo-kinetic interactions. This supports the inherent as-

sumption in the experimental analysis, in both this manuscript and

the companion paper, that the dominate diffusion mediating defect

is consistent across the range of displacement rates and stresses

measured. 

4.3. Surface diffusivity from capillary smoothing 

Typically, each nanowire-growth experiment ends with a con-

figuration containing high curvature features formed after re-

compression of the nanowire. Knowledge of the surface diffusivity
Fig. 6. An example of an asperity smoothing experiment performed on 10ScSZ demonstra

to calculate surface diffusivity. C) Arrhenius plot of the surface diffusivity versus tempera

routine used to measure the data slightly overestimates the radius of curvature at the ini

in B). 
s practically useful in predicting the stability of nanowires grown.

rom the rate of capillary smoothing it is possible to calculate the

urface diffusivity following the analysis of Nichols and Mullins.

71] They described the evolution of the radius of curvature, r , and

he position, z , of conical tips using the following relations; 

 

4 
t − r 4 t,o = A α

D s γs V m 

ν

kT 
( t − t o ) (7)

nd 

 

4 
t − z 4 t,o = B α

D s γs V m 

ν

kT 
( t − t o ) (8)

here A α and B α are independent geometric factors that both de-

end on the cone half-angle, ν is the concentration of surface dif-

usion mediating defects, D s is the surface diffusivity, t is time,

nd γs = 1 . 34 J m 

−2 is the surface energy, whose values is deter-

ined for ScSZ-ScSZ samples from related experiments discussed

n the companion paper. [38] Fig. 6 a and Video S4 show an exam-

le of an asperity smoothing experiment where both the tip ra-

ius of curvature and tip position follow the anticipated quartic

ime dependence. Using both measures allows for the determina-

ion of a consistent set of A α and B α constants, which are gen-

rally found to be in reasonable agreement with direct measure-

ent of the cone half-angle associated with the protrusions, see

ig. 6 b. Fig. 6 c plots the surface diffusivities measured as a func-

ion of temperature. The measurement is averaged over many sur-

ace orientations and thus provides an average value for the sys-

em. The experimental uncertainty is anticipated to reflect vari-

tions caused by anisotropy, although as noted above the results

ould be affected by the assumption of axial symmetry and small

ocal variations in temperature. The calculated surface diffusivity is

 s = ( 0 . 10 ± 0 . 27 ) exp ( −380 , 0 0 0 ±28 , 0 0 0 
RT ) m 

2 s −1 . 

Fig. 7 compares the grain boundary and surface diffusivities ob-

ained in this study to prior results of zirconium tracer diffusion,

ation tracer diffusion, and interdiffusion in ZrO 2 reported in the

iterature. [34 , 72–81] The grain boundary values of cation diffusion

easured in our work are intermediate to trends reported in the

iterature. Significant scatter exists in the literature data, however

ome of this may be rationalized. For example, several reported

alues were calculated using lattice diffusion constants obtained

rom their polycrystalline interdiffusion experiments. [24 , 31] This

ype of data fitting can be subject to a variety of errors, and in

ertain examples the resulting lattice diffusion coefficients exceed

ingle crystal tracer values obtained from samples of similar chem-

stry by more than 3 orders of magnitude. [64] The primary goal

ere is not to review all of the literature in detail, but instead is

o highlight that our results generally agree with the majority of

hose data to within about an order of magnitude. The current re-

ults, furthermore, do not depend on knowledge of D lattice . 
ting quadric kinetics in both A) the tip position and B) the radius of curvature used 

ture for YSZ-ScSZ and ScSZ-ScSZ experiments. Note that for B) the elliptical fitting 

tial times, which is confirmed through manual measurements that are also plotted 
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Fig. 7. Comparison of grain boundary and surface diffusivities measured in this 

study (red) with literature values (green), where tracer diffusion experiments are 

assumed to have a grain boundary width of 1 nm. Reference data from [34,72–81] 
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Few reports of cation surface diffusivity in ZrO 2 exist and mea-

urements have primarily been obtained at lower temperatures.

he two relevant data in Fig. 7 were measured from TZP and a

ixture of tetragonal and monoclinic ZrO 2 . [79 , 80] Those stud-

es measure dramatically different activation energies, but com-

arable magnitudes of diffusion at comparable temperatures. Al-

hough the existing surface diffusion data do not provide an ex-

ellent basis for comparison, overall our data extrapolates well to-

ards those values obtained from ZrO 2 samples of different chem-

stry and phase. Our measurements of interfacial diffusivity are

omparable, where D s ≈2-3D gb for the ScSZ-ScSZ and YSZ-ScSZ ex-

eriments. Surprisingly few investigations have attempted to mea-

ure surface and grain boundary diffusivity within a single study.

ohnson et al . compared surface and grain boundary diffusivities,

nd determined that the magnitudes were comparable. [82] Recent

olecular dynamics simulations performed using a Ni potential re-

orted D s ≈ 1 
2 D gb . [83] For reference, Figure S4 compares grain

oundary and surface measurements reported for Ni and Cu in a

eries of separate experiments, which produce values of D s ≈ 2-

D gb . [84–87] Surface diffusivity is highly sensitive to environment

nd adsorption; thus it is more ideal to compare under similar ex-

erimental conditions. Our results regarding the relative rates of

urface and grain boundary diffusion, nevertheless, appear to agree

ith broader trends reported in the literature. As discussed above

he neck width scales parabolically with displacement suggesting

rain boundary diffusion is the rate limiting mechanism. However,

he magnitude of the diffusivities is comparable. One explanation

or grain boundary diffusion being rate limiting, is the fact that the

rain boundary tends to remain near the asperity tip being dis-

laced such that the diffusion distance between the source mate-

ial and grain boundary remains relatively short. In fact, in sev-

ral cases where the grain boundary remains at the middle of the

anowire, the neck width tends to reduce and pinch-off. At these

emperatures the grain boundaries can be highly mobile, and it is

oted that similar grain boundary motion is observed in phase-

eld simulations. 

. Conclusion 

Through a combination of high temperature in situ nanome-

hanical testing experiments and phase field simulations it is

emonstrated that tensile Coble creep results in solid-state

anowire growth. The experiments also produce a robust set of

easurements of interface diffusivity; grain boundary diffusion

uring the experiments and surface diffusion measured from sub-

equent capillary relaxations. Surface diffusivity was found to ex-
eed grain boundary diffusivity by a comparable amount as has

een reported for other crystalline systems, although it is noted

hat few examples exist where both values were measured experi-

entally in a single study. 
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