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Results & Analyses
1) A novel indentation pop-in size effect:
Combining nanoindentation pop-in stop tests and etch pit study (Fig. 3), we reveal a novel

indentation pop-in size effect, which is unique for brittle ceramics: with small indenter tip

radius (≤2 μm for SrTiO3), the pop-in event corresponds purely to dislocation-mediated plastic

deformation without crack formation; while larger tips induce cracks during pop-in.

2) Defect chemistry engineering 3) Dislocation-based crack formation

Summary & Perspective

Motivation:
Dislocations are being engineered into oxides to

harvest various functional properties (electrical

conductivity, thermal conductivity, ferroelectric

hardening. Fig. 1). However, the brittle nature of

most oxides at room temperature imposes great

challenge in introducing dislocations into the

materials via mechanical deformation. Therefore,

understanding dislocation-based mechanics

(plasticity and crack formation) is critical for

paving the road for the rising topic of dislocation-

based functionality in oxides.

Method:
Dislocations can be introduced into oxides

mainly via three approaches: 1) novel sintering

methods (e.g., flash sintering) due to the highly

non-equilibrium process; 2) bi-crystal fabrication

with well-aligned dislocations but very

demanding sample preparation; 3) mechanical

deformation including bulk compression and

small scale deformation at various temperatures.

In our case, we focus on room-temperature

nanoindentation.
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Background

The novel indentation pop-in size effect (validated also on various oxides, e.g., TiO2,

Al2O3, and BaTiO3) suggests that for indentation with tip radius smaller than critical size,

purely dislocation plasticity dominates; with the increasing of the indenter tip size,

concurrent crack formation and dislocation plasticity are observed after the pop-in events.

Guidelines can be made for dislocation-based functional studies using nanoindentation

tests to introduce dislocations (without crack formation!) into target oxides using highly

programmable patterning of indentation tests as well as controlling load and indenter size.
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Fig. 1 Dislocation-based functional properties. Dislocations (a) act as

fast diffusion tracks for charged ions to increase electrical conductivity

[R1]; (b) scatter phonons to reduce thermal conductivity; (c) pin the

domain walls in ferroelectric materials to minimize energy loss [R2].

Fig. 2 Different methods to introduce dislocations into oxides: (a) flash-

sintering of TiO2 [R3] and large strain in micro-pillar compression; (b)

bi-crystal fabrication and TEM images of the dislocations [R4]; (c)

mechanical deformation of bulk Al2O3 sample at high temperature [R5].

Fig. 3 (Left) SEM images of surface dislocation etch pits on single-crystal SrTiO3 revealing dislocations and cracks under

different indenter tip radii R: (a-b) purely dislocation plasticity after pop-in; (c-d) concurrent dislocation activity and crack

formation after pop-in. (Right) Representative load-displacement curves showing the pop-in events and pop-in stop tests [P1].

 SrTiO3 crystals (Shinkosha Co., Ltd., Japan), grown by the Verneuil method with high purity

SrTiO3 powder (99.9 wt % and Sr/Ti = 1.00 and 1.04) and high purity SrCO3 powder

(99.99wt %) were used for indentation tests on the (001) surface. The change of the Sr/Ti

ratio yields samples with different oxygen vacancy concentration and dislocation density.

Nanoindentation tests with various effective tip radii (R = 100 nm, and 2, 5, 25 μm) were 

carried out, with pop-in stop tests performed immediately after the pop-in events (Fig. 3). 

Fig. 4 Competing effect between the dislocation nucleation (small

tip radius 90 nm) and dislocation motion (large tip radius, 25

μm) is revealed for STO-1.00 (Sr/Ti=1.00) and STO-1.04. Note

that STO-1.00 sample has a higher oxygen vacancy concentration

and lower pre-existing dislocation density [P2, P3].

Fig. 5 (a-b) SEM images of surface etch pits reveal a critical

condition for crack initiation due to dislocation pileup (tip

radius R = 2 μm, indentation load about 11 mN); (c-d)

schematic showing the Zener-Stroh theory of crack initiation

by dislocations and excellent correlation with experiment [P4].

Change of the defect chemistry (hence vacancy

and dislocation density) leads to a reversal of

the incipient plasticity (pop-in) at small scale.

Dislocation pileup under indenter tip leads to 

crack initiation (Zener-Stroh crack theory).

SrTiO3


