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BaTiO3 single crystals were deformed in compression along the 〈110〉 crystal axis to study the plastic 
deformability and dislocation structures at high temperatures under different loading conditions. The 
yield strength is determined from stress–strain curves under strain rate control, load control, strain rate 
cycling tests, and under step‑wise loading conditions to elucidate the impact of measurement approach 
in yield strength behavior. A comparison between the chosen methods based on stress‑dependent strain 
rate plots indicates that load control measurements are a suitable alternative to the commonly used 
strain rate‑control experiments in metals. This allows avoiding overloading and providing an estimate 
of the overall achievable strain rates in a ceramic. Activation energies and activation volumes in the 
temperature range of 1100–1170 °C indicate a similar mechanical deformation behavior to  SrTiO3.

Introduction
Dislocation-based functionality in ceramics has attracted much 
attention in recent years. A charged dislocation core and a sur-
rounding space charge layer affect not only ionic and electronic 
conductivity [1, 2] but also thermal conductivity [3]. Ferroelec-
tric properties can also be affected by dislocations [4]. While dis-
locations can provide transport routes and scattering centers in 
dielectric materials, they have the potential to form nucleation 
and pinning sites for domain walls in ferroelectrics. Domain 
walls are borders between regions with different spontaneous 
polarization orientations. Such nucleation and pinning of ferroe-
lectric domain walls at dislocations has been predicted in several 
simulations [5], leading to a change in ferroelectric and ferroe-
lastic domain structure, polarization, and coercive field (electric 
field at which domains switch) [6]. Most of these predictions 
have been experimentally demonstrated only in thin films [7] 
or around indentations [8]. Recently, plastic deformability for 
ferroelectric  KNbO3 single crystals has been addressed [9, 10] 
and the influence of the dislocation imprint at high temperature 

on the dielectric and piezoelectric properties of bulk  BaTiO3 has 
been reported [4].

Both the small number of experimental studies on charac-
terization and affected properties by dislocations in bulk fer-
roelectrics stem from the difficulty of introducing dislocations 
without significant sample damage. Therefore, there is still 
insufficient understanding of dislocation dynamics and high-
temperature plasticity that need to be addressed. Some basic 
understanding of the deformability and dislocation mechanisms 
in perovskites has been obtained for isostructural  SrTiO3 single 
crystals. Macroscopic compression experiments from 113 to 
1800 K [11–13], and studies on the effect of crystal orientation 
[12] emphasized a large dislocation-based macroscopic deform-
ability up to several percent [12, 13]. Although the dislocation 
density can be increased to  1013 1/m2, the design and control 
of dislocation structures are challenging, indicating a complex 
multiplication and motion mechanism [14].

For  BaTiO3, one of the most widely used ferroelectric model 
materials with a Curie temperature of 130 °C and a spontaneous 
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polarization direction of 〈001〉 , deformation studies suggest 
different dislocation- and non-dislocation-based deforma-
tion mechanisms depending on experimental conditions [10, 
15–19]. In particular, the compression of  BaTiO3 micropillars 
has attracted attention [20] due to a superelastic behavior [21]. 
Previously, larger bulk samples have only been deformed in 
compression under high-temperature creep condition [15, 16, 
22]. The activation of the limited slip systems [23], and thus, 
the movement and multiplication of dislocations depend on the 
crystallographic orientation of the single crystal [12], covalent 
and ionic bonds, applied temperature, and stress [13, 24]. Both 
the {110}�110� and {100}�001� slip systems can be thermally 
activated [23], leading to dislocation-controlled deformation. 
In contrast to metals, in ceramics, not only the lower disloca-
tion density but also its mobility (e.g., 1 µm/s) limits high plastic 
deformation rates [25, 26].

From an experimental point of view, the yield strength is one 
of the most important characteristic parameters to identify when 
dislocation-based deformation begins. Near the yield strength, 
the dislocation density increases rapidly due to an increase in 
dislocation multiplication rate. The multiplication rate depends 
on the effective stress and temperature. The stress required for 
continuous deformation is described as flow stress and changes 
during the deformation due to, for example, multiple slip, strain 
hardening, softening, and variation in dislocation multiplication 
[24, 27].

The measurement approaches and influencing parameters 
for single-crystal deformation are numerous, i.e., temperature, 
stress, and strain rate, and therefore, must be carefully selected. 
The most common experimental parameters are constant strain 
rate, strain rate cycle (step-wise changes of strain rate), stress 
relaxation, and creep tests. These methods are used to quantify 
plasticity and allow the extraction of activation volume, activa-
tion energy, and plastic strain rates [28], but their values depend 
on the choice of method and the active processes [29]. While 
stress–strain curves recorded with constant strain rate are far 
more common, control of the loading rate [30, 31] can prevent 
overloading of the specimen, which is critical for brittle ceram-
ics. Regardless of whether the experiments are under strain rate 
control or load control, the applied or determined strain rate 
in most cases is the total strain rate ε̇tot with a superposition of 
elastic ( ̇εelas ) and inelastic ( ̇εinel ) contributions from the sample.

None of the above-mentioned methods does allow to 
answer all questions concerning the deformability of ceramic 
materials by its own. Interestingly, although the deformation 
phenomena have been studied for selected ceramics such as 
MgO [27, 30],  ZrO2 [24] and alkali halides [32]; there is still 
a large gap in knowledge regarding the influence of the cho-
sen plastic deformation experiment type on the yield strength 
of ceramics. Therefore, this work aims to provide an overview 
of the evolution of the yield strength and flow stress, as well 

as the parameter field for uniaxial compression experiments at 
high temperatures on the deformability of  BaTiO3 single crys-
tals. We focus on experimental conditions beyond the typical 
creep parameters to distinguish our work from creep studies 
and to allow a comparison between different loading conditions. 
Our overall goal with these experiments is to compare  BaTiO3 
with the findings of  SrTiO3 in order to consider, whether both 
perovskite materials form an isomechanical group. Such isome-
chanical association is well known for metals (e.g., fcc, bcc, hcp) 
but has not yet been reported for ceramic materials. To enable 
such a study, 〈110〉-oriented  BaTiO3 single crystals were chosen. 
With this orientation, the dominant {100}�001� slip system can 
be activated due to the highest possible Schmid factor  (ms) of 
0.5 at high temperature. From a mechanistic point of view, the 
activation volume and activation energy are determined by step-
wise loading experiments, as they allow an interpretation of the 
dislocation mechanism and overall plastic deformation behavior.

Results and discussion
Slip system and dislocations in the deformed sample

Figure 1 summarizes observations by optical microscopy and 
transmission electron microscopy (TEM) on two representative 
samples subjected to step-wise deformation to a plastic strain 
of about 6% at either 1100 °C or 1170 °C. Figure 1a presents a 
differential interference contrast optical microscopy image of a 
sample deformed at 1100 °C. Activation of the {100}�001� slip 
system is demonstrated at one of the {100} sides at a 45° angle, 
similar to the results of Taeri et al. [12] for  SrTiO3. Several sam-
ples featured barreling after deformation, which was directly 
related to the deformation degree. Thus, most of the deforma-
tion experiments were stopped in the low percentage range of 
1–10%, yet (only minor) microcracking was occasionally noted. 
An undeformed sample is displayed in Fig. 1b, revealing only 
ferroelectric domain walls (yellow arrows). Dislocations were 
observed in both the deformed samples (see TEM images in 
Fig. 1c–f). The TEM images provide an overview of different 
but common dislocation features (white arrows) and domain 
walls (yellow arrows) in deformed  BaTiO3 single crystals. The 
mesoscopic arrangement varies locally from straight disloca-
tions passing through domain walls (c) and (d), to dislocation 
loops (e)–(f). With increasing deformation temperature from 
1100 to 1170 °C, dislocation loops or dislocation loop segments 
were observed more often than straight dislocations [marked 
individually in (e)–(f)], indicating that dislocation configuration 
can be tuned by changing the deformation conditions.

Evaluation of the yield strength

As loading under strain rate control is common in metals and 
has also been applied to characterize single crystal  SrTiO3 [12, 
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33], this method was chosen as the starting point for quantifi-
cation of the yield strength. Changes in strain rate reveal the 
stress dependence of the strain rate tested at initial strain rates 
of  10–5 1/s and  10–4 1/s, as presented in Fig. 2a. Both strain 
rates were alternately applied for three times. Quantification 

of the extracted σp0.2 (Fig. 2b) illustrates that a higher σp0.2 is 
required for the faster deformation. As the number of strain rate 
cycles increases, a stabilization of the σp0.2 values was observed 
(Fig. 2b). For  10–5 1/s, a pronounced yield point is noted in 
Fig. 2a (black), which increases from 40 to 60 MPa from the first 

Figure 1:  (a) Differential interference contrast optical image of a 6% deformed sample at 1100 °C. The straight features at an angle of about 45° 
are related to the plastic deformation. (b) BF STEM image of a reference-undeformed  BaTiO3 sample. (c–d) Two beam condition BF images of the 
dislocation structures deformed at 1100 °C and (e, f ) deformed at 1170 °C. The g vector is given in (c–f ).

Figure 2:  Strain rate cycling test with alternating initial strain rates of  10–5 1/s and  10–4 1/s represented as stress–strain curves in (a) and σp0.2 values 
dependent on strain rate in (b).
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to the second and third deformation steps at the same strain rate. 
This is suggested to indicate strain hardening [34]. In contrast to 
 10–5 1/s, the yield point is less pronounced during deformation 
at  10–4 1/s and increases only slightly with increasing degree of 
deformation, which underlines that the yield strength at  10–4 1/s 
is quasi-independent of previous history of the sample and the 
actual degree of deformation, which is above 5% for the third 
cycle.

As the  BaTiO3 single-crystal samples exhibit pronounced 
strain rate sensitivity at 1150 °C, we investigated how this mate-
rial behaves under different loading conditions.

To this end, stress–strain curves for (a) initial strain rate-
control, (b) load control, and (c) load control experiments at 
different temperatures are presented in Fig. 3, with each meas-
urement starting with an undeformed single crystal. All meas-
urements were stopped in the range of 2–10% deformation to 
avoid fatal failure.

In the first step, initial strain rate-control experiments were 
recorded (Fig. 3a) and the resulting loading rate was deter-
mined as function of time (Fig. S1). Similar to the strain rate 
cycling tests, an increase in strain rate prompts a higher σp0.2. 
Further, flow stresses at a deformation level of 3% increase with 
faster deformation. In terms of loading rate, a level of 20 N/s is 
required at the yield strength at 5 ×  10–4 1/s. With increasing 
time, the loading rate decreases (Fig. S1). A different behavior is 
observed for  10–5 1/s, where the resulting loading rate is almost 
constant at 0.2 N/s. Due to the combination of low initial dis-
location density and low dislocation velocity [35], high initial 
strain rates can initially result in a sharp increase in applied load, 
as seen here for the 5 ×  10–4 1/s measurement. This stress peak 
results from the difficulty of initially multiplying and moving the 
dislocations to meet the specified initial total strain rate ε̇tot —a 
challenge not commonly encountered in metals. For higher 
strain rates, such a stress peak may lead to sample failure by 
initiating crack growth.

In the second step, load control experiments were conducted 
to avoid stress peaks, presented in Fig. 3b, and to determine 
an optimum strain rate (Fig. S2). Stress values increase with 
increasing loading rate for both σp0.2 and the flow stress (e.g., at 
3% deformation). While 3% total deformation is already reached 
below 100 MPa for the 0.5 N/s measurement, almost 200 MPa 
are required for the 5 N/s loading rate. Due to higher loading 
rate, strain rate also increases drastically, as quantified in Fig. 
S2a, e.g., from  10–6 for 0.5 N/s to  10–4 for 5 N/s after 100 s, cor-
responding to a strain of < 0.01% and 1.8%, respectively (Fig. 
S2b). When the 0.5 N/s measurement is stopped at approxi-
mately 3% deformation, the achieved strain rate is in the range 
of  10–4 1/s, which agrees well with the results of the strain rate-
control measurements.

Figure 3c depicts the temperature-dependent deformation 
behavior at a loading rate of 2 N/s and a temperature range from 

1050 to 1250 °C. As the temperature increases, σp0.2 and the 
stress required decrease, while the effective strain rate increases 
(see Fig. S2c, d). A more detailed comparison of the character-
istic values follows in the discussion section.

Discussion: stress–strain curves

The effect of loading condition and temperature on yield 
strength σp0.2 and the slope and shape of the stress–strain curves 
are discussed below.

Figure 4 features a similar trend, σp0.2 increases with increas-
ing initial strain rate (a) and loading rate (b) but decreases with 
increasing temperature (c).

Figure 3:  (a) Initial strain rate-control and (b) loading rate-control 
experiments at 1150 °C. (c) Temperature-dependent stress–strain curves 
at 1050 °C, 1100 °C, 1150 °C, 1200 °C, and 1250 °C, obtained at 2 N/s.
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σp0.2 varies from 20 MPa for  10–5 1/s, 70 MPa for  10–4 
1/s to 150 MPa for 5 ×  10–4 N/s, corresponding to a tenfold 
and 50-fold increase in strain rate and a threefold or seven-
fold increase in σp0.2, respectively. Such a strong strain rate 
dependence of σp0.2 was observed in the strain rate cycling 
test, signifying a changing dislocation structure and variations 
in dislocation density. Changes in yield strength gained for the 
two different strain rate-control methods, e.g., σp0.2 = 70 MPa 
(Fig. 4a) and 90–97 MPa for the strain rate cycling test, can 
be rationalized by slight tilting of the sample during compres-
sion and sample-to-sample variation. For  SrTiO3, stresses in 
the range of 90 MPa were reported for a strain rate of  10–4 1/s 
at 1141 °C [12], which is in the same range as the results for 
 BaTiO3. These stress and strain rate values are well above the 
creep experiment on  BaTiO3 single crystals, where 25.2 MPa 
were applied at 1151  °C, reaching a creep strain rate of 
2.1 ×  10–7 1/s. [16].

The selected load control conditions (Fig. 4a) require at 
least 50 MPa to reach the yield strength at 0.5 N/s and increase 
to 135 MPa at 5 N/s, which implies a threefold increase in σp0.2 
for a tenfold increase in loading rate. This indicates either that 
 BaTiO3 has a loading rate sensitivity of σp0.2 or may feature a 
delayed yield at 1150 °C. When the dislocation multiplication 
requires longer time spans, than it is likely that the system has 
already applied much more load than actually necessary until 
a change in the multiplication can have an impact [36]. Above 
σp0.2, the flow stress increases continuously, indicating strain 
hardening. Such a strong dependence between loading rate 
and yield strength was not observed in MgO [30], where only 
the flow stress was strongly affected by the increase in load-
ing rate. This difference in σp0.2 could be related to different 

applied temperature (1321 °C for MgO), differences in crystal 
structure, slip system, low yield strength of 0.03 MPa (0.004 
psi), and higher dislocation mobility in MgO [30]. An increase 
in loading rate results in an increase in strain rate with time 
(see Fig. S2a). Corresponding total strain rates easily reach 
values above  10–4 1/s at high loading rates, which is in the 
upper range of strain rate-control compression experiments 
on oxides [12, 33]. Note that due to the changing strain rate, 
the relatively high degree of deformation and the tendency to 
barreling (see Fig. 1a), the steady-state deformation condi-
tion cannot be used to interpret the data as the dislocation 
structure and density are not constant [37]. Although it is 
unclear how large the contribution of plastic strain rate is, 
the results point towards a dislocation-driven deformation 
mechanism with dislocation multiplication and an increase 
in mobile dislocation density, as indicated in the TEM images 
(Fig. 1c–f). Dislocation movement is a thermally activated 
process, which is reflected in the temperature-dependent σp0.2 
in Fig. 4c. An increase from 1050 to 1250 °C causes a reduc-
tion of σp0.2 from 220 to 50 MPa for a loading rate of 2 N/s. 
Taeri et al. [12] reported for  SrTiO3 a decrease of 250 MPa (at 
982 °C) to 90 MPa (at 1141 °C) with a strain rate of  10–4 1/s. 
This temperature trend is confirmed for several other ceramic 
materials and loading conditions such as  SrTiO3 [12, 13] (ini-
tial strain rate),  ZrO2 [38] (initial strain rate), and MgO [39] 
(load rate control).

The increase of strain rate with increasing temperature 
follows an Arrhenius type behavior (see Eq. 1) and quantifies 
higher dislocation mobility.

(1)ε̇ = ε̇0exp

(

−
�G∗

kBT

)

Figure 4:  Critical compressive stress as function of loading condition at 1150 °C (a, b) and temperature (c).
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with ε̇0 as prefactor, �G∗ as activation energy,  kB as Boltzmann 
constant and T as temperature, independent of the type of defor-
mation experiment.

Quantification of the deformability

The objective of this section is to determine strain rate maps 
(strain rate as a function of stress), activation energy, and activa-
tion volume to interpret the deformation mechanism.

To this end, step-wise stress experiments were conducted at 
a given temperature (Fig. 5a) with intermittent constant load-
ing rate of 2 N/s. The stresses applied here are much higher 
than applied in creep experiments (< 25 MPa) for  BaTiO3 [16] 
to distinguish between creep and flow. In order to assess the 
stress dependence, the data featured in Fig. 5a are divided into 
dynamic measurements (component of constant loading rate, 
similar to Fig. 3b) and static measurements, where the stress is 
held constant for several minutes (similar to creep tests).

Plotting the corresponding strain rate as function of applied 
stress affords construction of a strain rate map, presented in 
Fig. 5b with lines (dynamic) and circles (static). Such a map 
informs on the rate of the deformation process at a given stress 
level and the required stress in strain rate-control experiments 
and vice versa. The results indicate that load control (dynamic) 
measurements can provide comparable strain rates to the typi-
cal step-wise stress measurements, like in creep studies. In such 
tests, the stress is held constant and the change in strain is meas-
ured as a function of time, see e.g., [16, 40].

A detailed comparison of the different measurement 
approaches is presented in Fig. 5b. Four types of data are plotted 
in the same graph: (1) The yield strength recorded with strain 
rate control and (2) the values recorded with loading rate con-
trol. (3) The strain rate values extracted from step-wise constant 

stress measurements, and (4) continuous lines for dynamic 
loading with loading rate control. All data points coincide well, 
suggesting that all four approaches give comparable results. 
This allows at least for an initial screening—selecting the easi-
est mechanical testing approach. The full strain rate maps for 
the load control, initial strain rate control, and temperature-
dependent load control experiments from Fig. 3 are featured in 
Fig. 3. Beyond a certain point (~ 100 MPa), applying a higher 
stress results only in a small increase in strain rate. Such a flat-
tening of the strain rate as a function of the stress curve is rarely 
reported in metals at elevated temperatures.

In the next step, we analyze the influence of the stress levels 
in combination with the temperature on the activation energy 
and the activation volume. The apparent activation energy  
( �G∗ , Eq. 1) and activation volume ( VA , Eq. 2) were determined 
based on the temperature-dependent step-wise stress data pre-
sented in Fig. 5. Both equations contain a term for the strain rate, 
the Boltzmann constant  kB, and the applied shear stress τ (τ =  ms*σ).

While all stress levels reveal a similar slope at high tempera-
ture, the slopes vary considerably at lower temperature. These 
trends suggest that the stress sensitivity, and thus, the defor-
mation mechanisms, varies with temperature (Fig. 6a). The 
activation energy of the deformation mechanisms is correlated 
to the slope in Fig. 6a. The respective values of the activation 
energy are presented in Fig. 6b as a function of applied stress 
level and temperature range. In the temperature range between 
1100 and 1150 °C, considerable stress dependence leads to pro-
nounced differences in activation energies of 10.8 eV for 50 MPa 
and 4.2 eV for 100 MPa. In contrast, the activation energy is 

(2)VA(τ ) = kBT

(

∂ ln(ε̇ ∗ 1s)

∂τ

)

T

.

Figure 5:  (a) Stress–strain curve as function of temperature and stress level (stat.) loading condition 2 N/s. (b) Strain rate as function of the applied 
compressive stress. Data from (a) are represented as lines in (b). The continuous increase in load is indicated with straight lines (dyn.), strain rates 
determined at the stress plateau in (a) are highlighted with circles (stat). Strain rates at the σp0.2 values of the data in Fig. 2 are presented as red 
symbols. Absolute strain values were smoothened with the Savitzky-Golay method before and after the strain rate was determined.
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with 2.1–4.1 eV almost independent of stress in the tempera-
ture range from 1150 to 1170 °C. At 4.1 eV at 150 MPa, the 
data are within the range of the climb-controlled mechanism 
(4.9 eV) reported by Beauchesne et al. [16] for creep experi-
ments on  BaTiO3 single crystals at higher temperatures. Note 
that 131Ba diffusion (3.6 eV) is in a similar range, suggesting 
that Ba is the rate-controlling cation of the mechanism [41, 
42], which would support that a non-conservative dislocation 
mechanism like climb is involved. Since the activation energy 
alone can include both dislocation-based and diffusion-based 
mechanisms, an inspection of the activation volume is recom-
mended. The activation volume is in the range of 140–175b3 
at low stresses (50 MPa), reaching 33–38b3 at higher stresses, 
under the assumption that the predominant high-temperature 
{100}�001� slip system is active (see Fig. 6c). The large activation 
volume at 50 MPa can be rationalized by the fact that σp0.2 is not 
yet reached for this loading condition. Above σp0.2, the activa-
tion volume decreases considerably. At 150 MPa our results of 
about 35 to  40b3 compare favorably with the value of  30b3 at 
1177 °C presented by Taeri et al. [12] for the same single-crystal 
orientation in  SrTiO3.

Comparison of the deformation behavior of  BaTiO3 
and  SrTiO3

In the last section, we compare  BaTiO3 with  SrTiO3 to probe 
whether these two materials behave isomechanically. Plotting 
the strain rate against the applied stress (Fig. 7) allows us to 
capture the deformation behavior over a wide range of stresses 
and also over several orders of magnitude of strain rate. Both 
perovskite materials, 〈110〉-oriented Fe-doped  SrTiO3 evaluated 
at 1100 °C and 1150 °C (at constant stress) and 〈110〉-oriented 
 BaTiO3 at 1100 °C, 1150 °C, and 1170 °C (load control at 2 N/s), 
behave in similar fashion at high temperature. Below 75 MPa, 
the strain rate increases sharply with increasing stress, indicat-
ing high stress sensitivity for both materials. The slope for both 
materials decreases with increasing stress and reaches a limit of 

about  10–3 1/s in strain rate (unpublished data). Since for both 
materials, the yield strength is in the range of ∼80–120 MPa, 
depending on loading conditions [12], the change in slope may 
be associated with a change in deformation mechanism. At high 
stresses, the activation volume for both materials is close to the 
values expected for the kink-pair mechanism, suggesting it as 
the dominant mechanism at high stresses at 1150 °C. Never-
theless, it should be noted that the temperature sensitivity is 
less pronounced for the Fe-doped  SrTiO3 than for  BaTiO3. This 
may indicate that  BaTiO3 and  SrTiO3 behave in isomechanical 
fashion in principle, but that  BaTiO3 requires slightly higher 
temperature for the same behavior, e.g., due to different bond 
strength, dislocation core structure, and mesoscopic dislocation 
structure [14].

Conclusions
The yield strength and the flow stress of 〈110〉-oriented  BaTiO3 
single crystals mainly depend on temperature and little on the 
selected loading conditions. Mechanical testing under load con-
trol, which is uncommon in metals, features similar trends in 
yield strength as testing under strain rate control for this per-
ovskite and is, therefore, seen as complementary. By comparing 

Figure 6:  (a) Strain rate dependence as function of temperature to determine the (b) apparent activation energy from the slope in (a), and the 
activation volume (c).

Figure 7:  Comparison of the deformation behavior in  BaTiO3 and 
Fe-doped  SrTiO3 under similar conditions.
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a total of four different loading methods, the values of yield 
strength were quantified in the range of 20 MPa and 220 MPa. 
Slower deformation and higher temperature lead to lower σp0.2 
and less sample damage such as cracking and spallation, regard-
less of the parameter type (loading rate or strain rate) selected. 
Strain rate as function of stress plots was used to highlight a 
flattening of the curve at high stresses. As result, a change in 
deformation mechanism but also a maximum achievable strain 
rate is indicated. Activation energies in the range of 2–11 eV and 
activation volumes of 33–175b3 in a stress range of 50–150 MPa 
and 1100 °C to 1170 °C suggest an isomechanical behavior for 
 BaTiO3 and  SrTiO3 at high stresses.

Materials and methods
Deformation experiments were carried out on polished high-
purity top-seeded solution-grown  BaTiO3 single crystals (FEE 
GmbH, a division of Electro-Optics Technology GmbH, Ger-
many). The purchased single crystals were cut into [110]-ori-
ented samples with a dimension of 2 × 2 × 4  mm3 and loaded 
along the 4 mm axis. Compression experiments were conducted 
using two mechanical loading frames for different temperatures. 
For temperatures below 1200 °C, a load frame (Z010, Zwick 
GmbH & Co. KG, Germany) equipped with an integrated fur-
nace (LK/SHC 1500–85-150-1 V-Sonder, HTM Reetz GmbH, 
Germany) and a linear variable differential transducer (LVDT) 
for precise displacement measurements was utilized. Measure-
ments at 1200 °C and 1250 °C were performed using silicon car-
bide-based dies and a load frame (2850-30kN Instron, Instron, 
USA) equipped with a HTM Reetz furnace, a 30 kN test fixture, 
and a LVDT.

Twenty crystals were deformed to several percent. The aim 
of these measurements was to evaluate the influence of the 
applied loading rate, strain rate, strain rate cycling tests, and 
step-wise stress tests on the measured yield strength at different 
temperatures. In addition, the step-wise stress tests were used 
to determine the activation energy and activation volume of the 
deformation process at hand. The single crystals were deformed 
under load control (0.5 N/s, 1 N/s, 2 N/s, and 5 N/s), initial 
strain rate control  (10–5 1/s,  10–4 1/s, and 5 ×  10–4 1/s) or alter-
nating strain rate control  (10–5 1/s,  10–4 1/s) at 1150 °C. During 
the alternating measurements, the strain rate alternated between 
 10–5 1/s and  10–4 1/s three times.

The range of load control experiments is approximately 
0.15–1.5 MPa/s, leading to strain rates of  10–6 1/s to  10–3 1/s, which 
are, thus, higher than in typical creep experiments [16]. They cover 
a slightly larger range than the initial strain rate-control experi-
ments. A comparison with the behavior of MgO (0.18–1.14 MPa/s) 
is also afforded [30]. Preliminary experiments indicated that too 
high strain rates can cause temporary overload for materials with 

low dislocation density, which can lead to fracture of the sample 
[35]. Therefore, we opted for load control compression to allow for 
a sufficient time period for dislocation nucleation and to identify 
feasible strain rates, although the load control method is uncom-
mon for metals where dislocation density and multiplication are 
less critical than in ceramics [24, 43]. The strain rate-control exper-
iments, or more precisely, the displacement control experiments, 
were again performed at higher strain rates than typical for creep 
deformation studies. With a variation in strain rate of 10× and 50×, 
the chosen strain rates are in a similar range as in another perovs-
kite study on  SrTiO3 [12, 33]. Strictly speaking, then, there are no 
well-defined strain rates at higher strains in displacement control 
experiments as only the sum of elastic and inelastic strain rate is 
controlled. Hence, the term “initial strain rate” is used. Further 
compression experiments were conducted at 1050 °C, 1100 °C, 
1200 °C, and 1250 °C with a loading rate of 2 N/s. This temperature 
range overlaps with the range investigated for  SrTiO3, allowing 
comparison of the yield strength σp0.2 (defined here as stress at 
0.2% plastic strain in compression) and the consideration of the 
isomechanical behavior [12]. The influence of temperature and 
stress was investigated with step-wise stress experiments (similar 
to step-wise creep tests [28] but at higher stresses) for 1100 °C, 
1150 °C, and 1170 °C at stresses between 25 and 200 MPa. The 
stress was kept constant at each stress level (static) for several min-
utes, with intermittent load increase of 2 N/s between the stress 
levels (dynamic), respectively. In order to maintain the absolute 
deformation strain in the low percentage range, the holding time 
at the different stress levels was decreased with increasing stress 
and temperature.

Optical microscopy was performed using a 3D-Laser scan-
ning microscope (LEXT OLS4100, Olympus, Shinjuku, Japan) in 
differential interference contrast mode (U-DIC) and a polarizer.

Bright field transmission electron microscopy (BF-TEM) and 
scanning TEM (STEM) images were taken by a JEOL-2100F TEM 
(Jeol, Akishima, Japan). Single crystals were cut after step-wise 
stress experiments at 1100 °C and 1170 °C perpendicular to the 
deformation direction into slices of 300 µm in thickness. The slices 
were polished using diamond-lapping film with grain sizes of 9, 6, 
3, and 1 μm, respectively, and finally thinned to 20 μm. In order 
to release the accumulated strain during polishing, the slices were 
afterwards annealed at 200 °C for 30 min with a heating and cool-
ing rate of 1 °C/min. Resulting TEM slices were mounted on a 
supporting molybdenum grid (100 mesh) and thinned by argon 
ion (Gatan model 600 dual ion mill) into electron transparency.
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