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Intrinsically brittle Ferroelectrics have attractive applications such as
flexible/wearable electronic devices and mechanically-written high-density
memory that depend on both functional and mechanical performance [1-3]. One
potential way to mitigate their brittle behavior is through large superelastic
deformation stemming from strain-driven phase transformations and domain
evolution. Therefore, we investigated free-standing single-crystal BaTiOs; and
Pb(Mgi1sNb,3)0s-PbTiOs  sub-micrometer pillars during large superelastic
deformation, directly observing the stress-induced phase transformations and
domain evolution by using in situ Scanning Transmission Electron Microscope
(STEM). We found ultra-small and multiple-phase coexistence with sizes down to a
few unit cells, and we were able to study them at atomic resolution while under
load. Notably, extremely small phase transformation structures and domain
structures are often introduced during the large superelastic deformations since
the stress field is not screened in ferroelectrics, as compared to the situation with
electrical field or thermal cycling.

We prepared the free-standing sub-micrometer pillars from bulk single crystals
of BaTiOs; by Focused lon Beam (FIB). The in situ observations were carried out
using a probe and imaging Cs-corrected (S)TEM from FEI providing sub-atomic
resolution (TEAM | at NCEM) equipped with a direct-electron-detector (K2-IS,
Gatan). In situ mechanical testing was carried out using a picoindenter TEM holder
(PI-95, Hysitron). To limit the influence of the electron beam, we performed TEM
observations using a low current density (=102A/cm?) and STEM measurements
were performed using a relatively low beam current (=35pA). During deformation
we performed four-dimensional scanning transmission electron microscope (4D-
STEM) to provide phase and strain information from the unit-cell to micrometer
scale in order to map the deformed microstructure while the samples were under
load [4-5].

Through our in situ S/TEM experiments we were able to quantitatively study



the nucleation, forward growth, side growth and merging of the twinning domains
and bundle domains (as shown in Figure 1). At atomic resolution, we were able to
observe the nucleation and growth of the strain-driven phase transformation
structures during the large superelastic deformation. The distributions of local
strains and mobile point defects were also analyzed. Based on our experimental
findings, the ‘controversial’ large superelastic deformation in ‘brittle’ ferroelectrics
can be well understood with a model that accounts for multiple mechanisms
contributing at multiple length scales.

In conclusion, the full superelastic deformation process and the strain-driven
phase transformation and domain evolution during large superelastic deformation
in ferroelectrics has been investigated at multiple length scales by using in situ
S/TEM. Such observations provide crucial insight into the multiple mechanisms
involved in superelastic deformation.
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Figure 1. (a) The domain evolutions in a single-crystal BaTiOs; sub-micrometer
pillar under compression loading. We use the models below to illustrate the
domain evolutions in the pillar. (b) HRSTEM observation on a domain wall.





