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ABSTRACT

Dislocation networks have been demonstrated to substantially enhance func-

tional properties. As-sintered samples are virtually devoid of dislocations, new

innovative techniques for introducing sufficiently high dislocation densities into

polycrystalline ceramics are needed. While dislocation-based plasticity at high

temperatures has been demonstrated for a large range of ceramic single crystals,

plasticity in polycrystals is much less understood. Here, we demonstrate plastic

strains in excess of several % based on dislocation motion in polycrystalline

SrTiO3 at & 1100 �C with 3.9 lm grain size. Ultra-high voltage electron

microscopy reveals an associated increase in dislocation density by three orders

of magnitude. Achievable strain rates are comparable to creep-based mecha-

nisms and much less sensitive to applied stress than observed for metals. A

specialized testing protocol allows quantification of the deformability via stress

exponent, activation volume and activation enthalpy giving additional quan-

tification. In conjunction with TEM images, the mechanical data gives insight

into the underlying mechanisms.

Introduction

Dislocations are experiencing renewed interest for

their potential to tune functional properties [1–3].

Electronic [4, 5], ionic [6, 7] or thermal [8, 9] con-

ductivity and other functionalities can be influenced

by dislocations via their strain field and core charge

with its compensating space charge. For perovskites,

the influence on mechanical [10] and ferroelectric [11]

properties was recently demonstrated. However,

efficient insertion of a high density of dislocations

into ceramics [12] still remains elusive.
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In the 1960s and 1970s hot forging experiments

were conducted to increase the dislocation density in

polycrystalline ceramics [13, 14]. Even though sig-

nificant potential was elucidated, frequent sample

failure remained critical. Additionally, reports from

rock deformation in geology at low strain rates

underscore the potential in the plasticity of poly-

crystalline ceramics [15].

Because of decreased complexity, single crystals

are more extensively studied. Some exhibit disloca-

tion-based deformability at ambient conditions

[16–18] while others require thermal activation

[16, 19–21]. In contrast, even though data on the

respective single crystals is available, plasticity of

polycrystalline ceramics is much less understood for

two key reasons: (1) The mechanistic understanding

is much more complicated than in single crystals due

to the compatibility of the limited number of slip

systems [22, 23]. (2) Additional mechanisms, such as

diffusion or grain boundary sliding [24, 25] interfere

with dislocation plasticity.

Here, we investigate the massive deformability of

several % of polycrystalline SrTiO3 as model per-

ovskite and document a substantial increase in dis-

location density during deformation. Achievable

strain rates are tested between 1050 �C and 1150 �C to

illustrate a suitable parameter range for dislocation-

based deformation. Consequent quantitative map-

ping of the strain rate over large stress ranges allows

to quantify the stress exponent, activation volume

and activation enthalpy. This data are contrasted to

available data from single crystals [16, 19] to give

insight into the underlying mechanisms.

Materials and methods

Materials

High-purity stoichiometric strontium titanate was

synthesized by the mixed oxide/carbonate route

based on SrCO3 and TiO2 (purity of 99.95% and

99.995%, Sigma-Aldrich Chemie GmbH, Taufkirchen,

Germany). The raw materials were attrition-milled,

calcined at 975 �C for 6 h and subsequently milled in

a planetary ball mill. Green bodies were cold-iso-

statically pressed (400 MPa) and sintered at 1425 �C
for 1 h in O2 atmosphere followed by 15 h at 1350 �C
in O2 atmosphere. Resulting specimen were of rel.

density[ 99.5% with a mean grain size of 3.9 ± 0.5

lm [26].

It was documented that this processing results in

single-phase, high-purity polycrystals [27]. Particu-

larly, the grain boundaries were shown to be free of

any amorphous layers or other secondary phases

[28]. Even from small impurity concentrations, such

as 0.1% [24, 29], secondary phases can form at the

grain boundaries which can lead to grain boundary

sliding and sample failure during high-temperature

deformation.

The base surfaces of the cylindrical samples were

ground plane-parallel to a height of 8 mm with a

grinding machine, while the diameter was reduced to

4 mm using a lathe. As a precaution to minimize

residual stresses from post-processing, the samples

were annealed in air at 400 �C for 2 h before

deformation.

Deformation

For deformation, a load frame (Z010, Zwick GmbH &

Co. KG, Ulm, Germany) equipped with centered

alumina rods for sample contacting, was used. The

alumina rods were surrounded by a clamshell fur-

nace (LK/ SHC 1500-85-150-1-V-Sonder, HTM Reetz

GmbH, Berlin, Germany). The sample displacement

was quantified with a linear variable differential

transducer (LVDT) system with a nominal accuracy

of 10 nm and final height reduction in the sample

selectively confirmed ex situ with a lm gauge. To

assure a uniaxial stress state, the sample was centered

carefully. Additionally, a hemispherical cap was

placed on top of the sample to minimize tilting.

The chosen temperature range between 1050 �C
and 1150 �C was determined by the operation limit

for superalloys that could be used as forming tools

for hot-working of polycrystalline ceramics and data

available from single crystals [16, 30, 31]. In order to

obtain a deformation map with some predictability

for other stresses and strain rates, a large spread of

strain rates was aspired using step-wise loading,

ranging from 20 to 300 MPa. As a result, strain rate

levels down to below 3 9 10–8 s-1 (which approaches

the instrumentation limit of the LVDT) could be

quantified and up to above 2 9 10–5 s-1 could be

obtained. All tests were done with a heating rate of

5 Kmin-1 and a pre-load of 1.5 MPa. The tempera-

ture was equilibrated for 20 min when reaching the

experiment’s temperature. Cooling to room
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temperature was done with no load applied.

Throughout the manuscript, the stresses are defined

as absolute values in compression direction.

For each temperature, the stress levels were

recorded with the same sample in a series from low

to high stresses and consequentially at 1100 �C and

1050 �C. The data for 1150 �C were recorded twice in

a row on the same sample to confirm that deforma-

tion history has no significant impact. Hence, all data

in the strain rate map stems from one sample. The

time for which the load was held constant was chosen

as best compromise for each load and temperature so

that the degree of deformation in each step was kept

small but large enough to assure getting into the

regime of constant strain rate.

Electron microscopy

An ultra-high voltage electron microscope was uti-

lized in scanning transmission electron microscopy

(STEM) mode. The acceleration voltage was set to

1 MeV in BF-STEM imaging mode using the JEOL

JEM-1000 k RS (JEOL, Tokyo, Japan). This high

acceleration voltage allows observing relatively thick

sample sections and large sample areas. An as-sin-

tered sample was contrasted to a 4.2% deformed one.

Conventional polishing and ion milling was used for

sample preparation. The dislocation density was

quantified by the number of lines per unit area as

averaged over 10 grains.

Results

Preliminary experiments and testing
strategy

To test the boundary conditions, preliminary experi-

ments clarified two aspects:

(1) Diffusion was ruled out as deformation mech-

anism under uniaxial compression. Nabarro-Herring

or Coble creep would yield a dependence of the grain

size d of order 1=d2 and 1=d3, respectively, for the

strain rate _�. Instead, strain rates decrease with

decreasing grain size, as exemplary depicted in

Supplemental 1.

(2) Deformation history showed a negligible effect

and sample failure was not observed in the first few

percent of deformation with 28% strain as maximum

value tested, as presented in Supplemental 2.

This allows us to safely apply the standardized

protocol, presented in Fig. 1a, for quantifying the

deformability.

During the step-wise increased constant stresses,

the sample displacement was recorded. Based on the

displacement, true strain is calculated. The applied

compressive stress and recorded strain is given as

function of time in Fig. 1. A closer observation of

Fig. 1b verifies that after several seconds, indicated

by a linear behavior, steady-state compression is

reached and the slope can be fitted linearly as the

resulting strain rate for the respective stress. In order

to capture the temperature dependence, three dif-

ferent temperatures were investigated. After record-

ing all data points at 1150 �C, data points of the same

stress levels were consecutively recorded for 1100 �C
and 1050 �C on the same sample. By adjusting the

time interval of constant load, it was possible to

restrict all data points to a deformation of around

0.1% per step. By doing so, the cumulative defor-

mation over all temperatures and all stresses was

kept to 2–5% in reference experiments (see Supple-

mental 3) and 3.2% in the presented case to avoid

geometry changes.

Figure 1 Step-wise deformation of polycrystalline SrTiO3.

a Strain signal recorded during the deformation at 1150 �C
using step-wise increased stress plateaus. b Magnification of a

constant stress section of (a) illustrating a fit of strain rate from the

linear regime.
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Quantification of plasticity

Stress and temperature dependence of the achievable

strain rate was mapped over different stress levels

and temperatures as displayed in Fig. 2. Data points

are collected over a large stress regime covering both

low and high stresses according to Fig. 1. This data

are featured in Fig. 2 both in double-logarithmic and

in semi-logarithmic form allowing analysis from two

different perspectives.

The double-logarithmic presentation in Fig. 2a

allows extraction of the stress exponent n: It links the

strain rate _� to the applied stress r via Eq. 1. [32] B is a

pre-factor, DG the activation energy, kB the Boltz-

mann constant and T is the temperature. A stress

exponent of n & 1.7 is found for all temperatures.

_� ¼ Brn exp � DG
kBT

� �
ð1Þ

A semi-logarithmic form of presentation of the data

affords interpretation from a different perspective.

The plot in Fig. 2b reveals a steep slope below

approximately 75 MPa, where small increases in

stress raise the observed strain rate. Above 75 MPa, a

linear dependence indicated with a dashed black line

is found where additional stress only slightly

increases the strain rate.

Moreover, the presentation form in Fig. 2b allows

to extract the activation volume V. It quantifies the

dependence of strain rate on the applied stress and

gives insight into how easily the deformation can be

accelerated by additional stress [16]. In an alternate

description to Eq. 1, Eq. 2 links the strain rate to

activation energy DG consisting of avtivation volume

V and activation enthalphy DH.

_� ¼ _�0 � exp � DG
kB � T

� �
¼ _�0 � exp �DH � V � s�

kB � T

� �
ð2Þ

Specifically, the activation volume V is the slope of

the strain rate _� on uniaxial stress, respectively shear

stress s, at a specific temperature T including the

Boltzmann constant kB [12, 16] following Eq. 3:

V sð Þ ¼ kBT
o ln _� � 1sð Þ

os

� �
T

ð3Þ

The results are presented in Fig. 3a as function of

applied stress. The y-axis is given in three different

units, i.e., in 10–27 m3, b3\110[ f110g and b3\100[ f100g
while the x-axis is given in uniaxially applied stress r.

Furthermore, the temperature dependence of the

strain rate is quantified with an activation enthalpy

using the relation provided in Eq. 2 (Fig. 3b).

Extrapolation of the high-stress value & 5.9 eV to

zero stress yields the activation energy DG in good

approximation. More advanced descriptions and

reasoning for underlying approximations can be

found elsewhere. [12]

Figure 2 Strain rate for the deformation of polycrystalline SrTiO3

plotted in dependence of stress. Data points have been extracted

for step-wise constant stresses between 20 and 300 MPa according

to the procedure presented in Fig. 1 for one sample for 1150 �C,
1100 �C and 1050 �C (in that order) with an accumulative strain of

3.2%. a Presentation in double-logarithmic form with extraction of

the stress exponent n. b Presentation in semi-logarithmic form

allowing the extraction of the activation volume. Here, a regime

with steep slope at low loads and a regime with a shallow slope at

high loads is visible.
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Ultra-high voltage electron microscopy

As-sintered samples featured a dislocation density of

6 9 10 [9] m-2, with three dislocations in 133 grains

found [10], see Fig. 4a. In contrast, a sample

deformed to 4.2% strain revealed a dislocation den-

sity of 3 9 10 [12] m-2 signifying an increase by three

orders of magnitude. However, the dislocation den-

sity was found to only increase to 6 9 10 [12] m-2 at

10.2% strain suggesting minor changes after initial

deformation. While some grains appear to remain

dislocation-free, the large majority contained abun-

dant dislocations with a multitude of morphologic

features, such as curved or facetted lines, small loops,

and areas with high and low dislocation density.

Discussion

The most eye-catching behavioral feature observed is

the insensitivity of the strain rate on the applied

stress which is in strong contrast to the behavior of

metals [32]. Even tripling the applied stress from 100

to 300 MPa accelerates the deformation only by a

factor of five. In other words, the stress exponent n &
1.7 is extremely low compared to values of n = 10 to n

= 1000 found for room temperature plasticity of fcc

metals [12].

Hence, a certain strain rate range cannot be

exceeded by further increasing the stress. In turn,

sample failure may occur when deformation is strain

rate-controlled and the strain rate is chosen too high

for the respective temperature [33–35]. Additionally,

Singh et al. report diffusion and grain boundary

sliding-based deformation with stress exponents of n

= 0.9 to n = 1.6 for SrTiO3 at low stresses. [29]

In our experiment, we avoided sample failure by

setting a stress and obtaining strain rate as response

instead of setting a strain rate and face not manage-

able stress levels. Additionally, as discussed in the

following, we find that increasing the temperature –

which has technical limitations – can substantially

enhance the velocity of the dislocations and therefore

the strain rate.

The average velocity of the dislocations can be

taken from the Orowan Eq. (4) [36, 37] which

Figure 3 Quantification of activation volume and activation

enthalpy. a Activation volume at different stress levels plotted in

dependence of the uniaxially applied stress. The y-axis scales for

absolute values and is simultaneously given as multiples of the

cubic Burgers vectors of the two relevant slip systems.

b Activation enthalpy extracted from data presented in Fig. 2b.

Figure 4 Ultra-high voltage electron microscopy images of polycrystalline SrTiO3. a After sintering, b and c after 4.2% deformation with

visible dislocations.
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connects it to the macroscopic strain rate _�, the dis-

location density q, the Burgers vector b and the

effective Schmid factor mS which is used to convert

the shear rate _c to the measured strain rate _�.

vd ¼
_�

ms � q � b ð4Þ

Using _�= 10–5 s-1, b = 0.55 nm and mS= 0.327 for

1150 �C and 200 MPa yields a dislocation velocity of

28 nms-1 or, in other words, only about 70 unit cells

per second. Identifying the exact mechanisms limit-

ing the dislocation velocity and, hence, the

deformability of polycrystalline ceramics will be an

intriguing challenge. The kink-pair mechanism is one

suggested candidate [38, 39].

The strong dependence on temperature and the

insensitivity of strain rate on stress are also found in

studies on hot forging polycrystalline ceramics from

the 1960s and 70s [31, 35, 40–43]. However, these

tendencies were neither clearly expressed nor eluci-

dated because mostly creep experiments at low

stresses or fixed strain rates or, alternatively, stress–

strain curves were used for characterization which

cover too narrow a range of stress, strain rate and

temperature.

The observed activation parameters may point

toward the limiting mechanism. While the set of\
100[ {100} slip systems is sufficiently mobile at

1100�C [16], it only has three independent slip sys-

tems [22] and therefore does not fulfill the Taylor

criterion [23]. In consequence, the much less ther-

mally activated set of\ 110[ {110} slip systems

[16, 38] must also participate in the deformation. The

activation parameters for the latter slip system were

reported to be V & 1 b3\110[ f110g and DH = 6 eV at

1100�C [16]. We observe an activation enthalpy of

DH = 5.9 eV and an activation volume of V & 2

b3\110[ f110g for the polycrystals which matches well

the values observed for the\ 110[ {110} slip system

in single crystals [16]. Further indications for the rate

limitation by the\ 110[ {110} slip system are dis-

cussed in supplemental materials 4 and 5. This leads

to the hypothesis that the overall deformation is

limited by the slowest slip system required to fulfill

the Taylor criterion.

To date, substantially more data on dislocation-

based plasticity of single crystalline ceramics is

available while for the respective polycrystalline

material it is often is unclear whether it can or cannot

show dislocation based plasticity. This simple

example on perovskite SrTiO3 features dislocation-

based hot-deformability of polycrystalline ceramics.

As little data were available on polycrystalline plastic

deformation of ceramics, beyond creep, we may

speculate for still hidden potential in other ceramics

as well.

Summary

We report excellent dislocation-based plasticity of

several % of polycrystalline perovskite SrTiO3 at

temperatures around 1100 �C without sample failure

observed. Upon deformation, the dislocation density

was found to increase by three orders of magnitude

to a range between 1012 m-2 to 1013 m-2. Mapping of

the stress- and temperature-dependent strain rate

allowed exctraction of stress exponent, activation

volume and enthalpy for a quantification of the

deformability. Most notably, the average dislocation

velocity was found to be very small (of the order of

tens of nm/s), and an increase in applied stress only

marginally increased the strain rate. Faster deforma-

tion was only attainable by increasing the tempera-

ture. The similarity of activation energy and volume

points toward the mobility of the slower\ 110[
{110} slip system being the rate limitating mecha-

nism. The relation of existing data from single crys-

tals to the behavior of polycrystals invites

investigation of dislocation-based plasticity of other

polycrystalline ceramics where large plastic strains

have not been reported to date.
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