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Abstract

Incipient room-temperature plastic deformation in SrTiO3; at the nanoscale and the microscale is
contrasted by applying a scale-dependent indentation technique. Using nanoindentation pop-in,
nanoindentation creep, and an evaluation of dislocation spacing via etch pit study, we demonstrate a
reversal of yield stress for crystals with different vacancy concentrations and pre-existing dislocation
densities. A competing mechanism between dislocation nucleation and dislocation motion on crystal
plasticity at different length scales is highlighted. This finding enables us to complete the understanding
of dislocation-mediated plasticity for ceramic oxides at the nanoscale as compared to the microscale and

macroscale.

Keywords: defects, room-temperature plasticity, dislocation nucleation and motion, nanoindentation,

SrTi03

1
ACS Paragon Plus Environment


mailto:fang@ceramics.tu-darmstadt.de
mailto:k.durst@phm.tu-darmstadt.de
mailto:anaka@nagoya-u.jp

oNOYTULT D WN =

Graphical Abstract:

@ Indenter tip IP

Stressed volume

Nano Letters

O Vacancy

L Pre-existing dislocation

S e gy, ool o Yo vy

7 o °°°° o oJ'Oo on B J'b S y o4 : L

ooo T_" o °g°°°° oo LI : °°o o 3 o ° g o

i S v e Sl B e | v wk

: : Oo ooooooo . 900900 019 Zo°°o oi ks |°— X \y

E y!" el [isTo 100 § ol A Gl

& 100 ~100

£ fesTOo-100 £ & g |[-sto1008 %

Z 80| = STO-1.04 - > 80lls STO-1.04|5 «

5 > = I

g F : S -

3 o9 H 5 601 -

o F oy = i

o 40 : oz o 40 2" 1

= = 5 = u H

© » = o n

g a 1 O ] ] )

g 20 » ™. "Indenter radius 2 20 g £ Indenterradius

» m LY _

(3 = .. " R_gor?m 8 0 .II.I " . RI—25}.1IITI

10 12 14 16 18 20 0 2 4 6 8 10

Max. shear stress (GPa)

Max. shear stress (GPa)

ACS Paragon P%s Environment

Page 2 of 21



Page 3 of 21 Nano Letters

oNOYTULT D WN =

l. Introduction

Crystal defects such as vacancies (0-dimensional) and dislocations (1-dimensional) play critical roles in
determining functional properties in ceramics. For instance, dislocations in ceramics have demonstrated
enormous potential to tune electrical conductivity ', thermal conductivity 2 3, and ferroelectric hardening
4. While in the last decades nanoscale defects were used to tune functional properties of bulk oxides 5 8,
corresponding nanoscale concepts had been mostly neglected in the area of mechanical properties of
ceramics. The vast majority of ceramics are known to be of brittle nature at room temperature. The strong
ionic and covalent bonding states, as well as the very low numbers of dislocations (sources), yield limited

or no plasticity, which greatly impairs the mechanical reliability in application.

The few ceramics that can be plastically deformed as single crystal at room temperature have been
tagged as “surprising” for SrTiO; 7, “unexpected” for KNbO 8, and “extraordinary” for ZnS °. Yet little effort
has been made to actively tune the plasticity in ceramics compared to metallic materials * ', In a recent
ground-breaking work, room temperature plasticity of ceramics was tuned by changing the cation ratio in
SrTiO3 '2. In comparison to samples with Sr/Ti=1.00, the samples with Sr/Ti=1.04 in the starting powders
exhibit lower yield strength (~15% decrease) and much higher fracture strain (~70% increase). However,
a fundamental understanding of the basic dislocation mechanisms (dislocation nucleation, multiplication,

and motion) as well as scale-dependent plasticity remained elusive.

In contrast to bulk testing, nanoindentation has been proven a powerful tool owing to the small volume
requirement, high throughput, and fast screening capabilities. Besides the determination of mechanical
properties such as Young’s modulus and hardness, it can be used to unmask the fundamental dislocation
mechanisms involved in the local plasticity '3-15, with a majority of studies focusing on metallic materials.
For ceramics, due to the brittle nature and frequent occurrence of fracture, indentation as a means to
interrogate local plasticity has been less investigated. Some representative nanoindentation studies in
ceramics can be found in MgO 1618 CaF, 920, ZnO 2!, and SrTiO; 2224, yet no attempt has been made

to address the scale-dependent plasticity with respect to varying defect concentrations.
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SrTiOs, as a model perovskite oxide, has been known as a “soft” oxide that can be plastically deformed
at room temperature. In addition to bulk deformation 2527, Javaid et al. ?>?* have systematically
investigated the indentation size effect and 3D dislocation structure of SrTiOs. The slip system of single-
crystal SrTiO; at room temperature has been reported to be <110>{110} 25-%7.

In order to pave the road for active engineering of room temperature plasticity of ceramics, the
fundamentals of dislocation mechanics in oxides need to be understood first. We focus on SrTiO; as a
model system in this study to advance the understanding applicable to ceramics in general. Samples with
Sr/Ti=1.00 and Sr/Ti=1.04 (details see Material & Method at the end) with different vacancy

concentrations and dislocation densities are used to understand the defect-based plasticity.
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Fig.1 Representative load-displacement curves highlight scale-dependent deformation with pop-in event
corresponding to the incipient plasticity: (a) small indenter radius R = 90 nm; (b) large indenter radius R
= 25 ym. The elastic portions for STO-1.00 and STO-1.04 are well overlapped, indicating an identical

elastic modulus.

We address scale-dependent plasticity from the nanometer range to microscale range (see scale analysis
in Table S1 in Supporting Information) in order to unveil scale interactions between ensuing stress field
and local microstructure. We start by presenting representative indentation pop-in (the sudden

displacement burst) in the load-displacement curves featuring nanoscale plasticity for a small indenter

4
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(R=90nm) (Fig.1a) and a large indenter (R = 25 pm) for microscale plasticity (Fig.1b). Prior to the pop-in,

the stressed volume undergoes purely elastic deformation, which can be described by the Hertzian fit 28:

Pz%Er\/Eh” (1)

The reduced modulus E, is calculated from the elastic constants of the indenter and the specimen by

2 2
1 = ] EVS ,with E,=1140 GPa and v, =0.07 for the diamond tip, E, =264 GPa 2’ and v, =0.237

r i K

24 for SrTiOs. The indenter radius is fitted with the Hertzian analysis.

It has been widely accepted in metallic materials that the initial pop-in (in a dislocation-starved region)
corresponds to the dislocation nucleation. In brittle oxides, however, care must be taken since cracking
or phase transformation could also result in a strain burst or pop-in 2°. Here the room temperature
deformation involves no phase transformation in SrTiO;. Furthermore, in single-crystal SrTiOs,
dislocation-mediated plasticity occurs prior to crack initiation, as verified by previous experiments with
compelling proof from in situ TEM study by Kondo et al.3® and etch pit study by Javaid et al.?3. Hence the
which is

onset load of the first pop-in (Fig.1) allows the computation of the maximum shear stress, 7

max ’

responsible for dislocation activation beneath the indenter during deformation, by following Ref. 28:

6’
7[3R2

z-max = 03 1( Ppop—in)1/3 (2)
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Fig.2 Comparison of the statistical distribution (25 indents each) of maximum shear stress using (a)

indenter radius R = 90 nm; and (b) indenter radius R = 25 ym.

Figure 2 ascertains the “indentation pop-in size effect” '3 14, namely, for both samples, the maximum
shear stress is much larger for small indenter (R = 90 nm) than that for large indenter (R = 25 ym).
Strikingly, the change of scale further reverses the order of maximum shear stress under two different
indenter radii. The STO-1.04 with macroscopically lower yield stress 2 features a lower shear stress on
the microscale (R = 25 um) but a higher shear stress on the nanoscale (R = 90 nm).

Let us first consider the impact of pre-existing dislocation density. Etch pit study reveals that the pre-
existing dislocation density in the pristine STO-1.00 is ~10'° m=2 and ~10'" m-2 for STO-1.04 (Fig. S1 in
Supporting Information). For indentation with small radius R = 90 nm, pop-in is most likely to occur in a
dislocation-free region (Fig. S2) considering the pre-existing dislocation density. Hence, homogeneous
dislocation nucleation is considered the dominating process in the pop-in event '°, resulting in a maximum
shear stress (14-17.5GPa in Fig. 2a, which is G/8-G/6, with G being the shear modulus of SrTiO3) close
to the estimated theoretical strength (~G/21) 3" 32, Note that even with the small indenter, there is a
chance that pre-existing dislocations or surface asperities existed in the stressed volume. These events
are likely to result in a lower maximum shear stress, as evidenced by the tail of the probability distribution

of the maximum shear stresses in Fig. 2a.
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For R = 25 ym, there is a much higher chance of probing pre-existing dislocations in the stressed volume
(Fig. S2), resulting in heterogeneous dislocation nucleation and/or motion of pre-existing dislocations,
yielding a much lower maximum shear stress (2-6GPa in Fig. 2b). In ceramics, such effect of pre-existing
dislocations on the plastic deformation was previously reported on CaF, by Lodes et al.?® using

nanoindentation experiments and molecular dynamic simulations.

However, the impact of pre-existing dislocations does not suffice to rationalize the intriguing reverse trend
of the maximum shear stress for STO-1.00 and STO-1.04 under different tip radii (Fig.1). In addition to
the lower dislocation density, STO-1.00 is expected to have a higher Sr and O vacancy concentration
due to the different chemical composition (Material & Method). As vacancies are known to ease
dislocation nucleation 33 34, the higher vacancy concentration of STO-1.00 is suggested responsible for
the lower maximum shear stress for dislocation nucleation in comparison to STO-1.04 for the nanoscale

plasticity beneath the indenter with R = 90 nm.

The above explanation considering both pre-existing dislocations and vacancies is schematically
illustrated in Fig. 3. According to Bei et al.’®, for large indenters such as R = 25 ym, the microscopic
plasticity resembles the macroscopic plasticity. Therefore, based on the pop-in stress obtained from R =
25 ym, one can expect a lower yield stress for bulk STO-1.04. This prediction is confirmed by the excellent

agreement with the bulk compression test probing sample size of 3 mm x 3 mm x 7.5 mm 12,
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Fig.3 Schematic of the mechanism map featuring the competing effect between the pre-existing vacancy
concentration and dislocation density for the homogeneous dislocation nucleation (small indenter,
nanoscale) and the heterogeneous dislocation nucleation or activation of pre-existing dislocations (large

indenter, microscale).

Additionally, during pop-in for the large indenters, the motion of pre-existing dislocations becomes
pertinent. To this end, the movement of pre-existing dislocations in STO-1.00 and STO-1.04 was

quantified using creep tests. The indentation creep strain is defined as ¢ = %h = h=hy

, with h being the

current depth and h, being the starting depth of the constant load hold stage 3% 3. The creep strain rate
is obtained by differentiating ¢ with time. Note that the nanoindentation hardness at the beginning of the
constant load hold is ~15 GPa for both STO-1.04 and STO-1.00. This value is identical to that reported

for (001) SrTiO; by Javaid et al. 2% at the same indentation depth (~100 nm).
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Fig. 4 Nanoindentation creep strain rate as function of time. Each curve is averaged on 10 tests, with

error bars presented for a time interval of 25 s.

The averaged (over 10 tests for each condition) indentation creep strain rates as function of time are
displayed in Fig. 4, featuring a higher creep strain rate of STO-1.04, which is almost two times that of
STO-1.00. The origin of the higher creep strain rate in STO-1.04 is suggested to lie in the different defect
chemistry. As discussed above, STO-1.00 has a higher Sr and O vacancy concentration due to Sr
evaporation during processing. In STO-1.04, the Sr excess in the starting powder was adjusted to
compensate for this loss. In SrTiO;, segregation of Sr vacancies is well known for interfaces such as
grain boundaries 37 38, For similar thermodynamic reasons, vacancies could also segregate to
dislocations as reported 39 40, As cations are immobile in SrTiO; at room temperature 4'- 42, Sr vacancies
are not following the dislocation migration and, hence, cannot result in solute drag. However, oxygen
diffusion is very fast even at room temperature 43. Accordingly, oxygen vacancies are suggested to
segregate at dislocations, leading to solute drag of the dislocations and a higher friction stress in STO-
1.00, where more oxygen vacancies are present. An analogous mechanism was reported recently for
dislocation motion in ZrO,, where fast oxygen vacancies segregate to dislocations 44, and for hydrogen

embrittlement, where hydrogen aggregation at dislocations is believed to result in the hardening effect 4°.
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Fig. 5 (a) Etch pits on STO-1.00; (b) STO-1.04 for R = 2 ym. The red dashed circles indicate the contact
circle of the indenter tip on the sample surface. The white dashed circles indicate the envelope of the
plastic zone. (c) Comparison of the plastic zone size for STO-1.00 and STO-1.04. (d) Comparison of the
distance for the outer dislocation pairs in the <110> dislocation pile-ups. Note a grey background in (a-b)

is used to highlight the white enveloping circle as it goes beyond the original SEM image.

In order to further confirm the lower lattice friction stress in STO-1.04, we conducted a study on etch pits
of indents using a tip with R = 2 ym, which inhibits the cracking in both STO-1.00 and STO-1.04 (Fig.5a,

b) under the same maximum displacement of 140 nm with a corresponding load of ~11 mN.

The method for quantification of lattice friction stress was first proposed by Gaillard et al. on MgO 6 using
the dislocation etch pits in isolated pile-ups. Following this model, the dislocation spacing in the

indentation residual impression quantifies the stress balance. Shortly put, under equilibrium condition,

the shear stress acting on the dislocation in a pile-up arm is given by 7, -7, +7, +7,, =0, where 7, is

ACS Paragon P]'L(J)S Environment



Page 11 of 21 Nano Letters

oNOYTULT D WN =

the applied shear stress from the indentation, 7, is the lattice friction stress, 7z, is the dislocation-

;
dislocation interaction stress, and r,, the surface image stress 6. For the current analysis, we consider
the dislocation etch pit pile-ups in the <110> direction (Fig. 5a, b). In this specific pile-up direction, the
emerging dislocations have pure edge character lying on {110} glide planes perpendicular to the (001)

surface 22, In this case, the image force r,, is 0. A direct application from Gaillard’s model is that, given

the same loading conditions on both samples, a lower lattice friction stress gives a larger plastic zone,
indicated by the dislocation travelling distance in the radial direction (half radius of the white dashed
envelope circle that encapsulates all the dislocation etch pits in Fig. 5¢, d) and a larger spacing between
the outermost dislocation pair in single pile-up arms (short white arrow pairs in Fig. 5a, b). This offers a
straightforward approach to qualitatively evaluate the lattice friction stress based on the etch pit study.
The distribution of the radius, r, for 10 indents on both samples is given in Fig. 5c (details given in Fig.S3
and Fig.S4). A clear trend is seen that STO-1.04 has a larger travelling distance for the dislocations being
activated. Correspondingly, the distance, d, between the outermost etch pit pair is larger in STO-1.04,
based on the measurement of 16 pile-up arms. The creep tests and etch pit study consistently provide

compelling proof for higher lattice barrier for the dislocation motion in STO-1.00.

In summary, we provide compelling demonstration for reversing the order of yield stress in going from
nanoscale to microscale by altering defect concentrations in SrTiO3. SrTiO3 with higher Srand O vacancy
concentration favors dislocation nucleation and yields a lower maximum shear stress in nanoscale
indentation; while the lower pre-existing dislocation density results in a higher maximum shear stress in
microscale plasticity. This reversal is rationalized by the higher friction stress caused by the solute drag
by higher concentration of O vacancies. The competition between the dislocation nucleation dominated
nanoscale plasticity and the dislocation motion dominated microscale plasticity is explained. Our findings
have important implications for active tuning of mechanical properties for ceramic oxides at both

nanoscale, microscale, and macroscale via defect engineering 2.

1
ACS Paragon P]lus Environment



oNOYTULT D WN =

Nano Letters Page 12 of 21

Materials & Methods

SrTiO; single crystals, grown by the Verneuil method from high purity SrTiO; powder (99.9 wt %) and
high purity SrCO; powder (99.99 wt %), were used (Shinkosha Co., Ltd., Yokohama, Japan). Single
crystals grown using starting powders with Sr/Ti = 1.00 and Sr/Ti = 1.04 were selected. Typically, Sr
deficiency is induced during crystal growth of SrTiO; crystals due to the evaporation of Sr ahead of the
solidification front resulting in the formation of Sr vacancies in the single crystals because of their low
formation energy 46 47. Therefore, a single crystal with the starting composition of Sr/Ti = 1.04 was used
to achieve a lower concentration of Sr vacancies '2. The two crystals are labelled as STO-1.00 and STO-
1.04, respectively. Due to charge compensation, for negative point defects as Sr vacancies, the formation
of oxygen vacancies is favored particularly during high temperature processing “¢. Accordingly, the STO-
1.00 is assumed to have a high concentration of Sr and O vacancies, while STO-1.04 has lower
concentrations of these point defects. However, we note that the quantification of the true concentration

of these vacancies remains extremely challenging °.

All indentation tests were performed on (001) surface of bulk samples with a size of about 3 mm x 3 mm
x 7 mm. The average surface roughness measured by Atomic Force Microscopy (AFM) is less than 1
nm. The specimens were etched for 20 s in 10 mL 65% HNO; with a few drops of 40% HF to reveal
dislocations 24. Indention pop-in study was carried out using the continuous stiffness measurement (CSM)
mode with a constant strain rate of 0.05 s*' on a G200 nanoindenter (Keysight Technologies, USA), which
allows for using various tip radii from a diamond Berkovich indenter (with an effective indenter radius R
= 90 nm) to spherical indenters with R =2 ym and R = 25 ym (Synton MDP, Switzerland). A harmonic
displacement oscillation of 2 nm was applied with a frequency of 45 Hz. Creep tests with a diamond
Berkovich tip were performed with the iNano system (Nanomechanics inc., USA) due to the better force
and displacement resolution. The CSM based constant load and hold method (CLH, developed by Maier
et al. 49) was used. In the initial loading segment, an indentation strain rate 0.02 s was applied until the

load 3 mN (depth ~100 nm) was reached. Afterwards, the load was kept constant for 600 s. In this case,

2
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the harmonic displacement of 2 nm was applied with a frequency of 100 Hz. For each condition of creep

tests, at least 10 tests were performed and later averaged for comparison. For all tests with Berkovich

oNOYTULT D WN =

tips, frame stiffness and tip area functions were calibrated on a fused silica reference according to Oliver-
10 Pharr method %°. The etch pits were characterized using a TESCAN MIRA3 Scanning Electron

12 Microscope (SEM, Brno, Czech Repubilic).
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