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ABSTRACT

Magnesium oxide (MgO) serves as a model material for plastically deformable ceramics. In previous studies, it has mainly been
investigated via uniaxial compression, with studies often focusing on a particular deformation mechanism and temperature range.
In this work, the novel high temperature scanning indentation (HTSI) nanoindentation method is applied to characterize the
mechanical properties of single-crystalline MgO from room temperature to 800°C, allowing a quasi-continuous measurement of
hardness, elastic modulus, the coefficient of strain rate sensitivity, and the activation volume.

Results show that the hardness is controlled by hard 1/2<110>{100} slip, while the activation parameters are influenced by both
1/2<110>{100} and 1/2<110>{110} slip systems. The temperature dependence of the hardness follows two linear regimes, while
the strain rate sensitivity shows complex behavior with a maximum of m = 0.05 at a temperature of 675°C. In the same regime,
the activation volume remains approximately constant at ¥V = 10-20 b®. At higher temperatures, it increases to ¥V = 100 b’.
The combined hardness and activation parameter data enable the determination of transition temperatures between different
deformation regimes. With increasing temperature, MgO first shifts from a kink-pair to an obstacle-controlled regime at 240°C,
with long-range dislocation interactions setting in at higher temperatures above 675°C.

are summarized in-depth in Messerschmidt’s 2010 book [11] and
a 2018 review by Amodeo et al. [12].

1 | Introduction

Recent years have seen a renewed interest in the investigation of

dislocations in ceramics [1-4]. This not only includes functional
properties, but also aims to modify the mechanical properties by
changing the dislocation density to ensure longevity of future
functional devices [5, 6]. One model material for the investiga-
tion of dislocations and plasticity in ceramics is MgO, which
can be plastically deformed down to cryogenic temperatures

[7].

Its temperature-dependent mechanical properties and deforma-
tion mechanisms have mostly been studied in the latter half of
the 20th century [8-10]. The key findings of those investigations

In literature, most tests were performed via macroscopic uniaxial
compression of single crystals. The yield strength of MgO strongly
depends on both temperature and crystal orientation [13, 14].
This can be attributed to the available slip systems. Due to the
positions of the ions in the unit cell, slip without equal charges in
close proximity during intermediate states is only possible with
a Burgers vector of b = 1/2<110> [9, 15]. The soft 1/2<110>{110}
slip system shows a strong decline in critical resolved shear stress
(CRSS) from low to intermediate temperatures, with reported
athermal transition temperatures T, on the order of 500-700 K
[11, 12, 16, 17]. Values of CRSSy;,o; ranging from 20-60 MPa have
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FIGURE 1 | Experimental values of the CRSS of the 1/2<110>{110} (a) and 1/2<110>{100} (b) slip systems. Source: Reproduced from [12] under the

CC BY 4.0 license.

been reported at room temperature, resulting in a yield stress of
40-120 MPa for [100] compression (Figure 1a). Deformation on
the 1/2<110>{110} slip system is reported to be governed by the
kink-pair mechanism, as well as localized obstacles and impurity
hardening [11, 18, 19].

At higher temperatures, slip on the hard 1/2<110>{100} system
also becomes possible. Its CRSS is significantly higher and
strongly decreases up to temperatures of around 1000 K [12-14]
(Figure 1b).

Despite the low yield stress when a sample is compressed in the
[100] orientation, the indentation hardness is significantly higher
than what an estimate via H = 3 * o, would suggest reaching
values on the order of 8-10 GPa [20-22]. This discrepancy arises
due to the rock salt structure, which possesses six physical, but
only two independent 1/2<110>{110} slip systems [23, 24]. This
necessitates slip on secondary systems to accommodate the more
complex deformation below the indenter. The relation between
uniaxial and indentation tests is discussed in detail in Section 3.2.

More recent publications on MgO have dealt with deformation at
high temperatures and high pressure, aiming to better describe
deformation in the Earth’s mantle [16, 25, 26]. Most indentation
studies on MgO have focused on incipient plasticity and the
dislocation structure around the indent [27-30], and the strain
rate sensitivity or stress exponent have largely only been inves-
tigated at temperatures beyond 1000°C via macroscopic creep
experiments [31-33].

This work aims to characterize the temperature-dependent
mechanical properties of MgO using the novel high tempera-
ture scanning indentation (HTSI) nanoindentation method [34]
to demonstrate the applicability of modern nanoindentation
methods for the investigation of ductile ceramics, as recent
developments in dislocation engineering [5] necessitate the deter-
mination of local mechanical properties in areas with different
dislocation densities.

During an HTSI measurement, high-speed indentations on the
order of 1 s per indent are carried out while heating the sample,

enabling the quasi-continuous measurement of the hardness
and elastic modulus. Furthermore, by analyzing a relaxation
segment at the maximum load, the coefficient of strain rate
sensitivity and the activation volume can be determined as a
function of temperature, which can provide insight into thermally
activated deformation mechanisms [35-37]. HTSI experiments
are performed on single-crystalline (100)-oriented MgO from
room temperature to 800°C, recording data at a resolution of 1
indent per 3°C.

The obtained results are discussed with respect to activity on
the soft and hard slip systems and the underlying deformation
mechanisms.

2 | Experimental Methodology

A single-crystalline single-sided polished (100) 10 X 10 X 1.5 mm?
MgO wafer was purchased from Alineason Materials Technology
GmbH (Frankfurt am Main, Germany). The rear surface was
subsequently mechanically ground up to 4000-grit paper. The
roughness of the tested surface was measured via an Olympus
LEXT OLS4100 confocal laser scanning microscope (Waltham,
MA, USA) as R, ~4-6 nm.

The high temperature nanoindentation experiments were per-
formed using a KLA HTIK “Prometheus” (Milpitas, CA, USA)
ultra-high temperature nanoindenter [38] equipped with a dia-
mond Berkovich tip (Synton-MDP AG, Nidau, Switzerland).
The indenter assembly was mounted inside a TESCAN VEGA3
SEM (Brno, Czech Republic), and testing was carried out in
vacuum (p < 1x1073 Pa). Before testing, the tip area function was
calibrated on fused silica according to Oliver and Pharr [39]. The
temperature matching procedure for the HTSI measurement was
performed at 400°C according to Minnert et al. [38].

The HTSI measurement cycle was performed with a tip and
sample heating rate of 3°C/min and 3.47°C/min, respectively, up
to a tip temperature of 800°C and a corresponding sample mount
temperature of 922.2°C. The chosen heating rates enabled an
approximate equilibrium of tip and sample surface temperature
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FIGURE 2 | Representative load-time (a) and load-displacement (b) curves from HTSI measurements at room temperature (RT) and 400°C.

during the experiment. As the temperature of the sample heater
is measured via a thermocouple inserted into a molybdenum
spacer sheet between the heater and the sample, the sample
mount temperature needs to be higher than the tip temperature
to account for the thermal gradient along the thickness of the
sample.

An indent with a target depth of 1000 nm was placed every
minute. For each indent, the load to reach this constant depth
was adjusted according to [40] to minimize the influence of
size effects. The load was applied in 0.5 s following a half-
sinus loading profile described in [34, 41]. After a 0.5 s holding
segment at maximum load, the load was removed in 0.2 s via
a continuous unloading segment. Representative load-time and
load-displacement curves can be seen in Figure 2.

The unloading stiffness was determined by fitting the load (P)-
displacement (k) curve as Equation (1):

P=A(h-hy)", €]

according to [39], with A, hy, and n being fitting parameters. The
hardness H (Equation 2):

P..
H — max 2
= @
elastic modulus E (Equation 3):
1-— 2
E= —Uz (3)
1 1_Ulip
Er Etip

and the coefficient of strain rate sensitivity m (Equation 4):

din(H
m= 200D, @
dln(é)
were determined as described in [42] with the maximum load
P,.., contact area A., reduced elastic modulus E, and Pois-
son’s ratio v. The activation volume was then calculated as

Equation (5):

V3KT  34/3kT

o~ TmH ®)

V:
y mH

[43, 44], with the Boltzmann constant k, absolute temperature T,
and assuming a constraint factor of 3. This is discussed in Section
3.2.

Figure 3a shows that the target depth was reached for most tests
with a deviation below 2.5%. The graph shows the depth at the end
of the holding segment, so changes with increasing temperature
are expected. The temperature delta ramp dT = Tgmpie — Tiip
in Figure 3b is linear over most of the tested temperature
range, indicating good control of both tip and sample mount
temperature. A slight oscillation is observed at temperatures
below 50°C, which can be attributed to a slower initial response
of the sample heater.

In addition to the HTSI measurement, continuous stiffness
measurement (CSM) tests were performed at room tempera-
ture and 400°C with an indentation strain rate of ¢ = h/h =
0.257!. The hardness and elastic modulus values obtained
by the CSM measurement were averaged between depths of
750-1250 nm to be comparable to the HTSI measurements.
In all CSM measurements, the hardness and elastic modulus
reached an approximately constant, depth-independent value
at depths above 400 nm, in line with the study by Feng and
Nix [45].

After the HTSI measurement cycle, indents with a load of
1IN were placed at temperatures of 150°C and 400°C, using a
diamond Vickers tip (Synton-MDP AG, Nidau, Switzerland). The
orientation of the indenter tip and sample was adjusted so that
the edges of the indenter imprint are parallel to the edges of
the sample, aligning the preferred {110}-type indentation fracture
planes with the “corners” of the Vickers indent.

Supplementary strain rate jump (SRJ) nanoindentation tests
[43] at room temperature were carried out using a Keysight
G200 nanoindenter (Santa Rosa, CA, USA) equipped with a
diamond Berkovich tip (Synton-MDP AG, Nidau, Switzerland).
The indentation strain rate was varied in the order of
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FIGURE 3 | The maximum depth reached at the end of each test (a) and the difference between the temperature measured at the rear surface of

the sample and the indenter tip (b). The ideal temperature delta is defined as starting from 0°C at a tip temperature of 20°C.

0.05s7! - 0.005s7! - 0.05s™! - 0.001s™! — 0.05s' in depth
increments of 300 nm.

The sample was subsequently etched with 20% aqueous sulfuric
acid for 30 s [5], and etch pit analysis was performed using a
TESCAN MIRA3 SEM (Brno, Czech Republic).

3 | Results and Discussion

In the following, the results of the HTSI measurement are
presented. Each data point represents a single indent at a given
temperature. The margin of error is given by the test-to-test
variation and the overall width of the curves.

3.1 | Temperature-Dependent Mechanical
Properties

The measured hardness (Figure 4a) and elastic modulus
Figure 4b show a good agreement between HTSI, CSM, and litera-
ture data [29, 46, 47]. The CSM measurements show a decrease in
hardness and elastic modulus from H =10.93 + 0.02 GPaand E =
306.8 + 1.8 GPa at room temperature to H = 5.04 + 0.09 GPa and
E = 267.2 + 3.4 GPa at 400°C, respectively. The elastic modulus
decreases linearly with temperature, following the trend seen in
C,, by Isaak et al. [47], which will differ from the absolute values
of the bulk and indentation modulus, but is proportional to E. An
offset between the CSM and HTSI data is visible, which can be
explained by inaccuracies in the determination of the unloading
stiffness for fast unloading during thermal ramping. The hardness
is only weakly affected by this.

The hardness data obtained by HTSI initially show a strong
decrease with increasing temperature. The trend can be linearly
described, indicated by the dashed line. At a temperature of
approximately 240°C, the hardness curve starts to deviate from
the linear trend. It enters a transient regime up to a temperature
of approximately 400°C, above which the decrease remains linear
with a lower slope until the maximum experiment temperature of
800°C, indicated by the second dashed line.
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FIGURE 4 | Measured hardness (a) and elastic modulus (b) as a
function of temperature. Zabels et al. [46] and Tromas et al. [29]
performed nanoindentation experiments at room temperature, while the
elastic constant data by Isaak et al. [47] were obtained via rectangular
parallelepiped resonance. In (a), the modeled CRSS from [48] was used
for the calculation.

3.2 | Relating Hardness to Bulk Uniaxial Tests

The indentation hardness of MgO is significantly higher than
what would usually be expected based on uniaxial tests. The
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relation between uniaxial yield stress o, and indentation hard-
ness H is generally discussed in terms of the constraint factor
(Equation 6):

Cp=HJ/a,. (6)

It is approximately 3 for metals [49] and assumes values between
1.5and 4 for most materials [50]. Cr depends on the yield criterion,
representative strain, and elastoplastic work ratio [51-53]. As dis-
cussed in the following, the determination of a constraint factor
for MgO via the comparison of uniaxial and nanoindentation
tests is not trivial. In this study, a value of 3 is assumed for the
calculation of the activation volume (Equation 5) by common
convention [43], as changes of Cy in the expected range of 2-3
do not strongly change the obtained results and do not influence
their interpretation.

The uniaxial yield stress of [100]-oriented MgO is on the order
of 80-100 MPa at room temperature [11, 12], which would
suggest a constraint factor around 120 at first approximation. This
discrepancy has already been mentioned in literature [20-22].

The high hardness of MgO can be correlated to the anisotropy of
the rock salt structure and the resulting fundamentally different
deformation modes under uniaxial loading and indentation. In
uniaxial [100] compression, only the four 1/2<110>{110},s slip
systems, which are inclined 45 ° to the surface (see Figure 5a), are
active, while the remaining 1/2<110>{110},, and 1/2<110>{100}
slip systems have a Schmid factor of 0. In practice, deformation is
mainly localized on one or two soft 1/2<110>{110},5 systems [54,
55]. When the compression direction is changed to [111], which
only allows slip on the hard 1/2<110>{100} systems, the yield
strength strongly increases by a factor of approximately 40 [13, 14]
due to the significantly higher CRSS of the 1/2<110>{100} system,
which reaches values beyond 1 GPa at room temperature [12, 48].

The rock salt structure possesses six physical but only two
independent 1/2<110>{110} slip systems [23, 24], which are not
sufficient to accommodate the complex deformation and geo-
metrically necessary dislocations during nanoindentation. This
necessitates the activation of secondary slip on other planes.
Gilman and Lloyd et al. concluded that the high hardness is
caused by slip on {100} planes [21, 22]. Tromas et al. [30] have
observed local {211} slip via atomic force microscopy analysis of
shallow indents with a depth of 20-40 nm.

The indentation hardness of MgO is therefore not directly
comparable to uniaxial tests, but requires taking the hard slip
systems into account. A lower-bound estimate of the hardness as
H = Cp * 0, = 3 % 2 % CRSS};; [22] would be on the order of 6-
9 GPa at room temperature, assuming a Schmid factor of 0.5 and
not considering strain hardening in the plastic zone. In Figure 4a,
this is plotted for the modelled CRSS from [48].

In the case of indenting a (100) surface, the underlying defor-
mation therefore is a complex interplay between geometrically
necessary activity on hard slip systems in the near-field and
soft slip systems in the far-field. Etch pit analysis of Vickers
indents (Figure 5b) shows discrete slip bands belonging to the
1/2<110>{110} slip system in the far-field, matching previously
reported data [28, 56]. Both {110},; and {110}y, arms can be

identified, indicating that all six physical {110} systems are active
[27]. The width of the slip bands shows the dislocation cross-
slip capabilities. In Figure 5d, the intersections of slip lines from
horizontal and vertical {110},5 slip planes can be seen, causing
local dislocation pile-up that results in the formation of cracks
along {110} planes despite the natural {100} cleavage planes of
MgO [28, 57, 58]. This mechanism is caused by the formation of
sessile junctions via dislocation reactions (Lomer locks) [59] and
subsequent pile-up from both glide planes against this obstacle.

It should be mentioned that {100} slip traces are indistinguishable
from {110},5 on the surface via the chemical etching method, and
the high dislocation density close to the indentation makes the
characterization of the near-field deformation difficult even in the
TEM [22]. Sufficiently spaced etch pits may also be assigned to
specific slip systems based on their symmetry [60], which was not
achieved in this work.

3.3 | Thermally Activated Deformation
Mechanisms

At 400°C (Figure 5c), broadening of the {110}y, slip bands is
observed, and the gap between the bands is filled with disloca-
tions from the center, consistent with dislocation multiplication
near stress concentrations like the Vickers imprint “corners”. The
dislocation activity is less concentrated on individual slip planes,
causing the {110},; bands to appear significantly less pronounced
and resulting in a more diffuse arrangement of dislocations
around the indent. Crack nucleation via dislocation pile-up is
circumvented by this higher cross-glide probability, as it allows
the avoidance of obstacles like sessile junctions.

As mentioned above, the hardness of MgO is mainly governed
by hard slip systems like 1/2<110>{100}, which are necessary to
accommodate the near-field deformation. It is therefore reason-
able to assume that its temperature dependence follows that of
CRSS;100; [22].

Figure 6 shows the measured hardness change of the sample,
as well as the lower-bound estimate H = 6 * CRSSy,(;, using
the modelled CRSS from [48]. The relative changes in measured
and estimated hardness, H,,; = H(T)/H,, are in good agreement
until temperatures above 400°C, where the measured hardness
shows a less steep decline. This could be explained by strain
hardening effects and increased dislocation densities at elevated
temperatures. The results indicate that the hardness cannot be
fully described by CRSSy,o;. The absolute value of 6 * CRSS;4, is
plotted in Figure 4a.

Beyond hardness, the creep segment at maximum load enables
the derivation of thermal activation parameters (Figure 7). The
coefficient of strain rate sensitivity m initially shows values of
0.01-0.015 at room temperature, in line with the strain rate jump
tests and the values reported by Golovin [61] and Messerschmidt
[11]. The data points for Messerschmidt’s measurements were
converted from the reported flow stress and activation volume
according to Equation (5). It initially decreases up to approxi-
mately 50°C, which can be attributed to the initial deviation from
the thermal ramp. m then linearly increases up to a temperature
of 240°C, where it enters a plateau value of approximately 0.022.
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d) 150 °C

FIGURE 5 | Top: Schematic orientations of {110} slip planes in MgO. The subscript denotes the inclination angle of the slip plane to the top surface.
Bottom: SEM images of etch pits around Vickers indents at 150°C and 400° C with marked slip traces. The unmarked straight lines in (c) are small surface

scratches and unrelated to the slip features.
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FIGURE 6 | Relative change in hardness as a function of tempera-
ture for the experimental data and the Hx6*CRSSy;opy approximation.

Above 500°C, the strain rate sensitivity increases to a peak value
of 0.05 at a temperature of 675°C, above which it rapidly decreases
to a value of 0.01 at the maximum temperature of 800°C.

The activation volume, derived via Equation (5), remains constant
at 8-9 b® until a temperature of around 240°C, above which it
slightly increases to 22 b® at 500°C. At temperatures above 675°C,
the activation volume strongly increases to 80-100 b3.

The bulk compression literature values for the activation volume
around room temperature are much higher than in this work,
on the order of 150-200 b? [7, 11]. This can be attributed to the
significant difference in the stress used in this analysis. V' is a
function of the effective stress o* and increases sharply at low
stresses [62-64]. As discussed previously, the local stress acting
below the indenter is significantly higher than during uniaxial
testing. Additionally, the high dislocation density in the plastic
zone results in a smaller dislocation spacing.
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An activation volume around 10 b? is indicative of deformation
via the kink pair mechanism [62, 65], while the strong increase
to around 100 b* indicates long-range dislocation interaction
and cross-slip [35]. At higher temperatures, above the athermal
transition temperature for the {100} slip system, dislocation forest
hardening is expected [66, 67], corresponding to an activation
volume of several hundred b® [68]. While the trend seen in the
measured data points in this direction, such high values of V are
not observed in the current dataset, likely due to the experiment
being limited to a maximum temperature of 800°C.

3.4 | Correlating Hardness and Activation
Parameter Regimes

The combined hardness, strain rate sensitivity, and activation
volume data show a remarkable correlation to the temperature-
dependent deformation regimes discussed in literature for uniax-
ial tests, despite the aforementioned differences:

At low to intermediate temperatures, the deformation is said to
be controlled by the kink pair mechanism, which transitions to
aregime governed by localized obstacles and impurity hardening
[11,18]. This transition occurs when the CRSS of the 1/2<110>{110}
slip system becomes athermal. Transition temperatures between
227-327°C have been reported in literature [11, 12, 16].

This is in good agreement with the experimental nanoindentation
data. At a temperature of 240°C, the hardness curve deviates from
its previous linear slope. At the same temperature, the strain rate
sensitivity enters a plateau.

At higher temperatures, the CRSS of the 1/2<110>{100} slip
system shows a steep decrease up to a temperature of ~727°C
(Figure 1b). This corresponds to the observed peak in the strain
rate sensitivity. As the high temperature behavior of ceramics is
comparable to the low temperature behavior of bcc metals [3],
increased activation of {100} slip can be likened to the brittle-to-
ductile-transition, which is indicated by a peak and subsequent
decrease of the strain rate sensitivity and an increase in activation
volume [69, 70], indicating a transition from thermally activated
deformation via kink pairs to athermal forest hardening. This
has no apparent effect on the measured hardness, affirming that

the {100} glide planes already governed the hardness before this
transition point.

The thermomechanical indentation behavior of MgO shows the
signatures of activity on both the hard and soft slip systems.
While hardness is governed by 1/2<110>{100} slip, the thermal
activation parameters show clear evidence of activity on the
1/2<110>{110} slip system, indicating the significance of far-field
deformation.

Further work is required to decouple the respective contributions
of both slip systems quantitatively. Simulations are necessary
to investigate the near-field dislocation activity on hard slip
systems, while additional indentation studies can provide further
insight into the influence of crystallographic orientation and tip
geometry [71].

4 | Conclusion

Single-crystalline (100)-oriented MgO was investigated with the
novel high temperature scanning indentation (HTSI) method.
High-speed indents were placed while heating the sample from
room temperature up to 800°C, allowing a quasi-continuous
measurement of hardness, strain rate sensitivity, and activation
volume. Results show:

* The decrease in hardness with increasing temperature can be
expressed in terms of two linear regimes, showing a transient
behavior between 240°C and 400°C.

* The strain rate sensitivity increases with increasing tem-
perature, enters a plateau at 240°C, and shows a peak
with a subsequent decrease around 675°C. The activation
volume remains approximately constant at 10-20 b* until a
sharp increase at temperatures above 675°C. This is in line
with the expected transition temperatures from kink-pair to
obstacle-controlled deformation and ultimately to long-range
dislocation interactions.

» Despite the indentation hardness of MgO mainly being gov-
erned by the hard 1/2<110>{100} slip system, the observed
trends in the activation parameters match the transition
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temperatures expected for the different regimes in soft
1/2<110>{110} slip reported from uniaxial testing in literature.

The obtained results demonstrate that high temperature nanoin-
dentation can serve as a powerful tool for the characterization
of ductile ceramics, adding to the existing toolbox [1]. The high
data density and short measurement time of the HTSI method
allow a prescreening for points of interest, while the localized
nature of nanoindentation also enables the future investigation
of the influence of mechanically engineered dislocations [5] on
temperature-dependent properties. By selecting different inden-
ter tip geometries, dislocation nucleation and cracking behavior
can also be investigated.
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