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of single crystalline yttria-stabilized tetragonal zirconia nanopillars
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Department of Materials Science and Engineering, Missouri University of Science and Technology, Rolla,
Missouri 65409, USA

(Received 3 April 2017; accepted 20 June 2017; published online 6 July 2017)

The nanoscale plastic deformation of yttria-stabilized tetragonal zirconia (YSTZ) is highly depen-
dent on the crystallographic orientations, i.e., dislocation is induced when the loading direction is
45° tilted to {111} and {101} slip planes, while tetragonal to monoclinic phase transformation
dominates the plastic deformation when loading direction is perpendicular to the slip planes. This
study investigates the effects of specimen size and yttria concentration on the mechanical response
of single crystalline YSTZ nanopillars. Through uniaxial compression test, the smaller-is-stronger
phenomenon is revealed in nanopillars deformed through a dislocation motion mechanism.
Serrated stacking faults are observed in the smallest nanopillar, while neat primary slip plane forms
in the largest nanopillar. In contrast, the larger-is-stronger relation is observed in nanopillars in
which deformation is mediated by tetragonal to monoclinic phase transformation. It is noted that
the ratio of transformed monoclinic phase to the remaining tetragonal phase is the highest in the
smallest nanopillar. The strength of nanopillars is identified to decrease by increasing the amount
of yttria due to the creation of more oxygen vacancies that act as weak points to facilitate disloca-

tion motion and accelerate phase transformation. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4991339]

I. INTRODUCTION

Stabilized tetragonal zirconia has become one of the
industrially important ceramic materials because of its high-
strength, low thermal conductivity, high corrosion resistance,
and high ionic conductivity. Zirconia exists in three crystal-
line polymorphs, namely, monoclinic (<1430K), tetragonal
(1430-2640K), and cubic (>2640 K).1 Of particular interest
is the martensitic transformation from tetragonal to mono-
clinic phase (f — m) of zirconia,” which is greatly important
for mechanical and structural applications, because it is the
basis for transformation toughening® and shape memory
applications.*

Tetragonal zirconia can be stabilized at room tempera-
ture by adding suitable oxides such as yttria (Y,05).> In a
recent study, by means of molecular dynamics (MD) simula-
tions, it was demonstrated that yttria-stabilized tetragonal
zirconia (YSTZ) exhibits a pronounced plastic anisotropic
property.® Various deformation mechanisms including dislo-
cation motion, phase transformation, and a combination of
dislocation motion and phase transformation were revealed
under uniaxial compression along different orientations. In a
recent experimental study,” such crystal orientation depen-
dence of martensitic transformation in zirconia-based shape
memory ceramic was also reported. Besides orientations,
other factors can also affect the mechanical properties, such
as specimen size and composition of the material.

Many materials exhibit strong size effect at the micro-
and sub-micro scale, especially at nanometer length scale.
Various studies have evidenced that material strength
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increases as the sample dimension decreases within a certain
nanometer size range.*® To date, studies on single crystal-
line,lof12 nanocrystalline,l’%*16 precipitate—strengthened,17
and nanoporous'® metals have demonstrated that the
mechanical strength of the metals is directly related to the
grain size and the sample size. Considering the extrinsic
specimen size effect, different deformation and strengthen-
ing mechanisms were identified for different small scale
materials. For example, hardening by dislocation starvation
was identified in nanoscale gold nanopillar,' and a brittle-
to-ductile transition in silicon nanopillar was observed when
nanopillar diameter decreases from 400nm to 310nm.*°
Moreover, some experimental efforts have been dedicated to
study the extrinsic size effect in micro and sub-micrometer
pillar ceramics, especially in zirconia pillars. TEM inspec-
tion of zirconia particles revealed that the crystal structure is
strongly dependent on their size.?! In recent studies, it was
shown that by reducing the sample size to submicron scale,
cracks can be suppressed in normally brittle martensitic
ceramics, such as zirconia.?>?? Furthermore, the
transformation-induced plasticity of polycrystalline tetrago-
nal zirconia micropillars was also shown to be size depen-
dent.** In the compression test of polycrystalline tetragonal
zirconia micropillars, considerable compressive strength and
four times larger failure strain than that in macroscopic tests
were obtained.?* Whereas, in comparison to micropillars, at
nanoscale, an increase of critical stress to induce the supere-
lastic effect and a decrease of the stress for final recovery of
the reverse transformation were identified.”> Although there
is recent and ongoing progress made to study the grain and
sample size effects in stabilized zirconia, a study dedicated
to investigate the size effect on mechanical response of

Published by AIP Publishing.
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single crystal zirconia nanopillars, in particular, to under-
stand the underlying governing mechanisms has not been
conducted yet. This is a difficult task for experiments to
achieve because of the possible combinations of dislocation
and phase transformation that can mediate the deformation
of zirconia nanopillars,® and also because experiments are
unable to capture the dynamic process of nanostructural
evolution.

In addition to the size effect, another key factor affecting
the mechanical properties of stabilized zirconia is the com-
position, i.e., the amount of stabilizer (Y,03). It is well
known?®~?® that at room temperature undoped zirconia has a
monoclinic structure; by increasing the dopant’s concentra-
tion, the material transforms to a tetragonal form, which is
called partially stabilized zirconia; by doping with more than
17mol. % YO, 5 (or about 9mol. % Y,0s), the cubic phase
is stabilized, which is called fully stabilized zirconia.
Experimental studies have demonstrated that tetragonal
zirconia doped with low yttria content, e.g., 1-4mol. %
Y203,29’30 can transform to monoclinic phase. Zirconia stabi-
lized by different percentages of Y,O3 has been revealed to
show rather different properties and therefore has been used
in a wide variety of applications. The first observation of
superplasticity in a 3mol. % YSTZ polycrystalline ceramic
was reported by Wakai er al®' Zirconia stabilized with
2-4mol. % of Y,05 has been used as a structural material
due to the incomparably high fracture toughness derived
from the stress-induced phase transformation.’® Fracture
toughness of nanocrystalline tetragonal zirconia ceramic sta-
bilized with 1.5mol. % Y,03; was measured to be much
higher than that of zirconia stabilized with 3 mol. % Y203.33
Masaki and Sinjo also observed a non-linear increase of frac-
ture toughness with decreasing yttria content from 2.5 to
2.0mol. % and achieved a maximum fracture toughness of
20 MPa m'”? in tetragonal zirconia stabilized with 2.0 mol. %
Y,0:.3 In particular, zirconia stabilized with 8§ mol. % of
Y,0;5 is found to have the high ionic conductivity and thus
used as a solid electrolyte. The effect of Y,O5 content on
improving the catalytic performance of zirconia was also
studied.* In general, the effect of the composition of shape
memory alloys on martensitic transformation tempera-
ture*®?’ is a common popular topic. In spite of the impor-
tance of the composition effect in YSTZ, an understating of
Y,0j5 concentration on mechanical response of YSTZ nano-
pillar over a wide concentration range of Y,0O5 has not been
established yet.

In this study, we utilize molecular dynamics (MD) simu-
lations to study the effects of nanopillar specimen size and
stabilizer (Y,Os3) concentration on the behaviors of disloca-
tion motion and phase transformation and subsequently on
the mechanical response of YSTZ nanopillars.

Il. MODEL AND SIMULATION DETAILS

Atomic-level simulation approaches have played a cru-
cial role in understanding the detailed atomic evolution of
dislocation motion and phase transformation in various
materials.®®*-° The ability of MD simulations to produce
trustable data is essentially dependent on the reliability of
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the interatomic potentials. Thus, a transferable interatomic
potential is required to simulate phase transformation
between tetragonal and monoclinic phase of stabilized zirco-
nia. In this study, we use the combination of short-range
Born-Meyer-Buckingham (BMB) potential and the long-
range Coulomb potential,*® which was employed in the ear-
lier studies of plastic deformation of YSTZ nanopillars® and
has been demonstrated to be capable of capturing dislocation
dynamics and t — m phase transformation simultaneously.
The functional form of the potential and the parameters were
given by

Tjj

iqi i C
£y =10+ ajexp (‘%) T M

rij

where ¢; and ¢; are the ionic charges of ions 7 and j, while
Ajj, p, and C are potential parameters, as listed in Table I.

To build the atomic model of YSTZ, Zr*" cations are
randomly substituted by Y ions. In order to maintain the
electrical neutrality, the substitution of Zr*" by Y>" causes
the formation of oxygen vacancies, which are equal to half
of Y** ions. All computer models of single crystalline YSTZ
nanopillars have square cross sections. To study the speci-
men size effect, two types of representative YSTZ nanopil-
lars whose plastic deformation are dominated by dislocation
migration and phase transformation are chosen. For each
type, three nanopillar models with different specimen sizes
but same height-to-width ratio are generated and subjected
to uniaxial compressive loading. Similarly, for the study of
yttria concentration effect, YSTZ nanopillars with different
deformation mechanisms are categorized. A composition
range of 1-4mol. % Y,0; is selected. In order to compre-
hensively understand the governing mechanisms account for
composition effect, pure tetragonal zirconia nanopillar is
also generated and compressed for the purpose of making a
comparison. Slip vector and coordinate number are chosen
for the clear visualization of dislocation migration and phase
transformation behaviors, respectively. And the output files
are viewed in Tecplot, a commercial data visualization soft-
ware. Free surface boundary conditions are used in all the
simulations.

Our constant volume and temperature (NVT) MD simu-
lations are performed using the open source software
LAMMPS.*" The velocity-Verlet algorithm** with a time
step of 1 fs is used for time integration. Prior to loading, all
nanopillars are fully relaxed for 0.1 ns at 298 K to reach their
equilibrium by using Nose-Hoover thermostat.** Uniaxial

TABLE I. Interatomic potential parameters for the yttria-stabilized tetrago-
nal zirconia (YSTZ).*

Interaction A (V) p(A) C(@eVA® Mass(amu) Charge (e)
Zr-Zr 0.0 1.0 0.0 Zr:91.0 Zr: +4.0
Zr-Y 0.0 1.0 0.0 - -
Zr-0 1453.8 0.35 0.0 - -
Y-Y 0.0 1.0 0.0 Y: 89.0 Y: +43.0
Y-O 826.744  0.35587 0.0 - -
0-0 227643 0.149 27.89 0:16.0 0: —2.0
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compressive deformation (displacement control) is applied
on the simulated nanopillars at a constant strain rate of
1 x 107/s, which has been demonstrated to be slow enough
for MD simulation® and no significant strain rate effect is
detected. The strength of nanopillar is defined at the point
where the maximum stress is reached.

lll. RESULTS AND DISCUSSION
A. Specimen size effect: Dislocation migration

Our recent study6 showed that [001] is one of the loading
directions, in which dislocation propagation is the dominant
deformation mechanism; accordingly, [001]-oriented single
crystalline YSTZ nanopillars are selected to study the size
effect on dislocation propagation and consequently on the
mechanical properties of zirconia nanopillars. Three typical
[001]-oriented small, medium, and large 3 mol. % YSTZ nano-
pillars are constructed, with sizes of 12.0 x 12.0 x 30.0 nm3,
16.0 x 16.0 x 40.0nm>, and 20.0 x 20.0 x 50.0nm°, respec-
tively. The height to width ratio of nanopillars is maintained at
2.5. Figure 1 presents the simulated stress-strain responses
under compression for [001]-oriented nanopillars having differ-
ent specimen sizes. As it can be seen, the three stress-strain
curves show very similar deformation patterns. It is worth to
clarify that the first sudden drop in stress is attributed to the ini-
tial dislocation gliding. Thereafter, a local periodicity is
observed, which corresponds to the subsequent dislocation
nucleation and migration. In addition, as shown in Fig. 1, the
smaller the nanopillar size is, the larger the strength and yield
strain are, i.e., the so-called “smaller-is-stronger” phenomenon
is evident. The small-sized nanopillar shows the lowest abrupt
stress drop after elastic deformation, which indicates a stronger
barrier for dislocation migration. Dislocations nucleate from the
sharp four edges of the nanopillar in all cases; but, the relatively
high surface energy to total energy ratio of the smallest nanopil-
lar causes its edges to be less sharp after relaxation, which con-
sequently suppresses the emission of dislocations compared to
other cases.

To disclose the reason behind the observed smaller-is-
stronger phenomenon, we track the evolution of atomic

Stress (GPa)

Strain (%)

FIG. 1. Stress-strain responses of [001]-oriented zirconia nanopillars with
respect to specimen size effect. The plastic deformation is dominated by dis-
location migration.
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structure. Slip vector is employed to clearly elucidate the
process of dislocation migration (see Fig. 2). It is worth to
point out that with the increase of specimen size, the ratio of
surface energy to total energy becomes smaller. In other
words, the smallest nanopillar has the largest surface effect.
Therefore, as it can be seen in Figs. 2(a) and 2(b), serrated
dislocation lines are observed in the smallest pillar and sev-
eral layers of stacking faults form after gliding. By increas-
ing strain to 1.4% and 2.0% [Figs. 2(b)-2(d)], slip plane
becomes much more amorphous and thicker, and new dislo-
cation nucleates from the surface edge of the nanopillar con-
tinuously. In addition, dislocation bifurcation is observed to
accelerate energy release, as marked by black arrows in Figs.
2(b)-2(d). The primary slip system is {110}, which is also
the main slip system of cubic zirconia.** Figures 2(b)-2(d)
demonstrate that in YSTZ nanopillars with width smaller
than a critical size, which is between 12 and 16 nm according
to our simulation results, dislocation motion is interrupted
and it is hard for a dislocation to travel through the nanopil-
lar, which consequently results in an increase in strength and
yield strain. Furthermore, this obstruction of dislocation
motion leads to a higher magnitude for the local periodic
peaks in the plastic flow region (see blue line in Fig. 1).

In nanopillars with medium and large specimen sizes,
formation of neat primary stacking faults are observed, as
presented in Figs. 2(f) and 2(j). Particularly, in the nanopillar
with medium size, a secondary § (111) partial dislocation is
observed to nucleate from the edge of the nanopillar, then
propagates along the primary slip plane {111} until reaches
the primary stacking fault [Figs. 2(g) and 2(h)], and this
results in a lock of dislocation migration. The neat primary
slip planes, as shown in Figs. 2(f)-2(h) and Figs. 2(j)-2(1),
imply that the dislocation motion encounters less barrier
energy and dislocation moves much easier in nanopillars
having a size larger than a critical value of 16 nm; this con-
tributes to lowering the yield stress and strain. In addition,
the secondary slip planes that slightly tilts to the loading
direction form with continuation of loading, which will
accelerate the energy release and consequently cause the
mild fluctuation of plastic stress flow (Fig. 1). Moreover, the
dislocation lines show a curvy character in all the three mod-
els. However, with the increase of specimen size, the curvi-
ness of slip plane becomes less and less observable due to
the decrease of surface effect. In all the cases, surface steps
(or surface corrugations) are seen after dislocation migration
[Figs. 2(a), 2(e), and 2(1)].

B. Specimen size effect: Phase transformation

Besides dislocation migration, our recent study® also
showed that, in particular, the loading directions such as [Olﬂ,
phase transformation is the dominant deformation mechanism
in YSTZ. Accordingly, three [01T]-oriented 3mol. % YSTZ
nanopillars with sizes of 10.0 x 10.0 x 25.0 nm3, 15.0 x 15.0
x 37.5nm’, and 20.0 x 20.0 x 50.0nm’ are generated to study
the size effect on the phase transformation and mechanical
response of YSTZ nanopillars under compression. The
obtained stress-strain relation in Fig. 3 indicates that the larger
the pillar size is, the larger the strength and yield strain are,
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i.e., the so-called “larger-is-stronger” trend is observed, which is
opposite to the observed “smaller-is-stronger” phenomenon in
the case of size effect where dislocation migration is the domi-
nant deformation mechanism (Fig. 1). It is worth to mention
that the sudden stress drop after linear-nonlinear elastic region
corresponds to the initiation of # — m phase transformation.

To reveal the reasons behind the stress-strain curves in
Fig. 4, we present the atomistic structure evolutions by
means of coordination number (CN). It should be noted that
compared to the phase transformed configurations of
medium-sized [Figs. 4(e)—4(h)] and large-sized [Figs.
4(1)-4(D] nanopillars, the ratio of transformed monoclinic
phase to the remaining tetragonal phase is much higher in
the small-sized nanopillar [Figs. 4(a)-4(d)] at an equivalent
strain. Furthermore, due to the significant surface effect in
the smallest nanopillar at the early stage of phase transforma-
tion, the band of transformed monoclinic phase is almost
parallel to the (100) top/bottom surfaces of nanopillar rather

J. Appl. Phys. 122, 014302 (2017)
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FIG. 3. Stress-strain responses of [01T]-oriented zirconia nanopillars with
respect to specimen size effect. The plastic deformation is dominated by
phase transformation.
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than rotating an angle of ~9.2° as observed in the medium
and large nanopillars, which is in good agreement with the
experimental observation.*> Since + — m phase transforma-
tion is responsible for the plastic deformation in [011]-ori-
ented YSTZ nanopillars, the smallest strength observed in
the small-sized nanopillar (Fig. 3) is attributed to the rela-
tively large band area of the transformed monoclinic phase.
On the other hand, the transformed monoclinic phase in the
medium-sized nanopillar is found to fail at a lower strain
than that in the large-sized nanopillar, as indicated by
orange/yellow atoms in Figs. 4(g) and 4(h). The failure of
new phase implies the unstable character of the material.
Therefore, the strength of medium-sized nanopillar is smaller
than that of the large-sized nanopillar. Surface corrugations,
as indicated by black arrows in Fig. 4, are observed in all
three cases after phase transformation.

J. Appl. Phys. 122, 014302 (2017)

oO=NwWhATO~N®D Z

FIG. 4. Atomistic snapshots of deformed
[01T]-oriented YSTZ small [(a)<(d)],
medium [(g) and (h)], and large [(1)—(1)]
YSTZ nanopillars at different strains.
Atoms are colored by CN.
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C. Composition effect: Yttria concentration

To study the effect of composition, i.e., yttria concentra-
tion, in order to simulate tetragonal zirconia phase, [001]-
and [01T]- oriented YSTZ nanopillars with the following
compositions are generated: 0.0 mol. % Y,03-ZrO,, 1.0 mol. %
Y203-Zr02, 2.0mol. % Y203-Zr02, 3.0mol. % Y203-Zl’02,
and 4.0 mol. % Y,03-ZrO,, hereafter referred to as pure ZrO,,
1YSTZ, 2YSTZ, 3YSTZ, and 4YSTZ, respectively. The size
of all specimens is 20.0 x 20.0 x 47.0nm> containing around
1.6 x 10° atoms.

To study the Y,O5 concentration effect on dislocation
migration and the consequent mechanical response of YSTZ
nanopillars, simulations with compressive loadings along
[001] direction are conducted. The simulated stress-strain
relation is plotted in Fig. 5(a). The data on strength and yield
strain are extracted from Figs. 5(a) and 5(b), and the relations
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of strength versus composition and yield strain versus com-
position are plotted in Figs. 6(a) and 6(b), respectively. It
can be seen that the nanopillars with different percentages of
Y,0; show rather different plastic deformation behaviors.
Pure zirconia exhibits the highest strength and largest yield
strain. With the increase of the quantity of Y,0Oj3, the strength
and yield strain become smaller and smaller. In particular,
the strength of nanopillars decreases linearly with the
increase of yttria concentration. Moreover, after the initial
yield peak, the plastic flow stress of pure zirconia fluctuates
periodically with a large magnitude, while these fluctuations
in other YSTZ nanopillars show a much milder pattern. The
dislocation migration trajectories colored by slip vectors at
strain of 1.0% are shown in Figs. 7(a)-7(e), which manifest
various dislocation gliding behaviors. In pure zirconia, clear
dislocation locks are observed with each dislocation glides
on different {111} slip planes [Fig. 7(a)]. This highly sym-
metry dislocation intersection behavior is attributed to the
homogenous distribution of atoms in pure zirconia, in which
once the critical stress is achieved, dislocations will be stim-
ulated and emit from the four edges of the nanopillar almost
simultaneously; then these dislocations continue to glide
along the direction of highest shear stress until they meet
each other and create dislocation locks in the interior of the
nanopillar. This kind of dislocation locking will result in a
strong energy barrier that the upcoming dislocations need to
overcome, and meanwhile this behavior is responsible for
the severe periodical fluctuation of plastic stress flow in Fig.
5(a). Non-symmetrical stacking fault intersections are
observed in the nanopillars of 1YSTZ and 2YSTZ, as shown
in Figs. 7(b) and 7(c). More dislocation locks form in
1YSTZ nanopillar. In 2YSTZ nanopillar, although two dislo-
cations on different slip planes meet with each other, the

generated barrier is not as strong as the one observed in pure
zirconia or 1YSTZ nanopillar. This is due to the formation
of secondary slip planes that slightly tilts to the loading
direction, which is also observed in 3YSTZ and 4YSTZ
nanopillars [Figs. 7(d) and 7(e)].

It is worth to emphasis that to maintain the charge neu-
trality, the addition of Y,O5; will cause oxygen vacancies
(half amount of Y>T). It was observed in metallic systems*®
that dislocations act as rapid diffusion path for vacancies.
Hence, it is reasonable to infer that in our current study the
oxygen vacancies act as local weak points to facilitate the
dislocation motion. In addition, dislocation crossing is
detected in 3YSTZ [Fig. 7(d)], which indicates a much faster
energy release than dislocation locking and consequently
reduces the strength of the nanopillar. In comparison, neat
primary slip plane and more secondary slip planes are
observed in 4YSTZ nanopillar [Fig. 7(e)].

To study the composition effect on phase transformation,
compression simulations of [01T]-oriented YSTZ nanopillars
are carried out. The obtained stress-strain curves in Fig. 5(b)
indicate that by increasing the amount of the stabilizer
(Y,03), the strength of nanopillars decreases linearly [Fig.
6(a)], which is similar to the case of composition effect on dis-
location migration [Fig. 5(a)]. Particularly, it is noted from
Fig. 6(b) that the yield strain maintains the same value when
composition is less than 2.0 mol. %, but it increases sharply as
the yttria concentration increases from 2.0 mol. % to 3.0 mol. %.
The atomistic configurations of the nanopillars at the strain
of 3.5%, as shown in Figs. 7(f)-7(j), imply that the nanopil-
lars with different compositions show different phase trans-
formation behaviors. In pure zirconia nanopillar, although
the initially transformed new phase band tilts to the (010)
top/bottom surfaces with an angle of ~9°, with continuation
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FIG. 6. Relationships of (a) strength
versus composition and (b) yield strain
versus composition for nanopillars
with dislocation and phase transforma-
tion mediated deformation.
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of loading, the extension of original transformed monoclinic
phase band is suppressed, then new phase transformation
occurs with a different tilt angle, and finally makes the over-
all new phase band almost parallel to the (010) top/bottom
surfaces [Fig. 7(f)]. Clear tilted boundaries can be identified
after compression, as indicated by white arrows in Fig. 7(f).
In addition, in the pure tetragonal nanopillar, one can notice
that no secondary region of new phase forms, which is a sig-
nificant different character with respect to YSTZ nanopillars.
Considering the involvement of oxygen vacancies due to the
introduction of Y,Oj3 into zirconia, it seems that oxygen
vacancies accelerate t — m phase transformation compared
to the pure tetragonal zirconia, and this is responsible for the
high strength of pure zirconia in Fig. 5(b). Meanwhile, the
role of oxygen vacancies can be used to explain the observed
decrease of strength in YSTZ nanopillars with the increase
of yttria concentration.

In 1YSTZ, 2YSTZ, 3YSTZ, and 4YSTZ nanopillars
[Figs. 7(2)-7()], the originally transformed monoclinic
phase band expands in a way to keep a tilted angle of ~9° to
the (010) top/bottom surfaces. Besides, secondary phase
transformation regions are observed to form at the top/bot-
tom of the nanopillars to assist energy release, which leads
to a lower plastic stress than pure ZrO,, as can be seen in
Fig. 5(b). Moreover, it is noticed that with increasing the
amount of Y,03, more amorphous phase is observed near the
surface corrugation region of the transformed monoclinic
phase, as indicated by red arrows in Fig. 7(j). Such phenome-
non demonstrates that oxygen vacancies play another role to
make the transformed monoclinic phase become unstable.

IV. CONCLUSIONS

In conclusion, the effects of nanopillar specimen size
and Y,05 concentration on dislocation migration and phase
transformation and consequently on mechanical properties of
YSTZ nanopillars were studied. Dislocation motion was
noticed to be interrupted under a critical size value between

J. Appl. Phys. 122, 014302 (2017)

4YSTZ

" FIG. 7. (a)—(e) 3-D atomistic snapshots
08 of the deformed [001]-oriented nano-
04 pillars with different amount of Y,03
at the compressive strain of 1.0%
(atoms are colored by slip vector).
(f)—(j) atomistic snapshots of the
deformed [01T]-oriented nanopillars
with different amount of Y,O3 at the
strain of 3.5% (atoms are colored by
CN).

O=-NWANO~N® =

12 and 16 nm, which leads to “smaller is stronger” phenome-
non. ¢t — m phase transformation dominated YSTZ nanopil-
lars exhibit a strong size effect on mechanical properties.
The strength of YSTZ was observed to reduce with the
decrease of nanopillar size, i.e., “larger is stronger,” due to
the relatively large ratio of transformed monoclinic phase to
the remaining tetragonal phase in the small-sized YSTZ
nanopillar. Furthermore, Y,0O3 concentration also showed
significant effect on dislocation propagation and phase trans-
formation. Oxygen vacancies, which were created by addi-
tion of stabilizer (Y,0;3), acted as local weak points to
facilitate dislocation motion. Meanwhile, they play roles of
facilitating + — m phase transformation and also promoting
the unstability of transformed monoclinic phase from the
corrugation area. The strength of YSTZ nanopillar decreased
linearly with the increase of Y,Os5 content. Overall, our sim-
ulation results indicated that by suitable controlling the size
and composition of YSTZ nanopillar, dislocation migration
can be inhibited to reach higher yield strain and strength; on
the other hand, phase transformation can be facilitated to
achieve possible shape memory properties.
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