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Vickers indentation and nanoindentation methods were used to explore the hardness, elastic modulus, and
fracture toughness of single-phase (CoCuMgNiZn)O transition metal high entropy oxides. Bulk samples with
grain sizes ranging from 0.075um to 1.4 um were consolidated using spark plasma sintering. Measurements
reveal relatively small differences in elastic modulus and comparable hardness to Rule-of-Mixture calculations,
alluding to minimal effects of entropy stabilization on mechanical properties. Hardness values exhibit a Hall-
Petch relationship until an average grain size of 0.11 um. Below this grain size an Inverse Hall-Petch relation-
ship is observed with values decreasing up to 70 %. The measured hardness deviates from calculations of
hardness using a grain interior-grain boundary composite model, indicating that other mechanisms, such as
nanocracking or grain boundary sliding, contribute to the decrease in hardness at smaller grain sizes. Variations
in elastic modulus are attributed to grain boundary effects, and variations in fracture toughness are attributed to
the absence of grain bridging and transgranular fracture at smaller grain sizes. This grain-size dependent me-
chanical behavior, which is similar to behavior in MgO, must be controlled when designing (CoCuMgNiZn)O

materials for various applications.

1. Introduction

High entropy stabilization of single-phase materials has emerged as a
promising design strategy in the development of novel materials. In
2004, Cantor et al. developed an equiatomic multicomponent alloy
composed of Cr, Mn, Fe, Co, and Ni that exhibited an unexpected single-
phase FCC structure [1]. The structures anticipated by scientists of the
time were either metallic glass or the formation of many intermetallic
compounds [2,3]. Therefore, the appearance instead of a solid solution
material garnered much interest, as evidenced by the significant in-
crease in publication rate for multicomponent alloys during the
following years [4,5]. Yeh et al. were the first to coin these equiatomic
multicomponent alloys as “high entropy alloys” (HEAs) [6]. Inspired by
the promise of novel properties and an expanded compositional space,
the design principles behind high entropy stabilization have since been
applied to ceramic materials. The first high entropy oxide (HEO),
(CoCuMgNiZn)O, hereafter referred to as TM-HEO, was discovered by
Rost et al. [7]. TM-HEO is composed of five oxide components in
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equimolar ratios that form a single-phase rocksalt crystal structure after
processing. The single-phase state has been shown to be highly stable,
being achievable using a range of synthesis methods such as solid state,
combustion, wet chemical, or pyrolysis methods [7-9]. Despite the
complexity of these materials, HEOs appear to be single phase and
chemically homogeneous down to the atomic level [10,11]. The above
studies have prompted others to explore high entropy stabilization in
other ceramic materials such as fluorites [12], perovskites [13], and
other non-oxide systems [14-16].

The recent interest in these materials is partly due to the exciting
properties that can be obtained with access to the expanded composi-
tional space that high entropy stabilization allows. Several studies have
revealed that the TM-HEO composition possesses a wide variety of
promising properties including low thermal conductivity [17], high
electrical storage capacity [18], controllable phase composition [19],
and excellent ionic conductivity [20]. Despite considerable interest in
HEOs and their functional properties, research into their mechanical
properties remains relatively limited. For the above functional
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properties to be widely utilized, a better understanding of the mechan-
ical behavior in HEO materials is also needed. This understanding is
particularly crucial for relevant applications such as thermal barrier
coatings [17] and batteries [21,22], which require a certain degree of
robustness and control of elastic modulus, hardness, and fracture
toughness to properly function [23,24].

Microstructure features, such as porosity, phase composition, and
grain morphology, can influence the mechanical properties of ceramics
[25,26]. Grain size, in particular, is known to significantly affect the
mechanical behavior of polycrystalline materials. The well-known
Hall-Petch phenomenon describes how mechanical strength is
inversely related to the grain size [27,28]. As the grain size decreases,
the hardness generally increases due to the grain boundaries acting as
barriers to dislocation motion. There is often a limit to this grain
boundary strengthening effect, with many materials exhibiting an in-
verse Hall-Petch relationship at very small grain sizes. A number of
different mechanisms have been proposed to explain the inverse
Hall-Petch effect in ceramics, such as grain boundary sliding and
nanocrack-based deformation [29,30].

Some initial studies in the literature have examined the mechanical
properties of TM-HEO, such as elastic modulus, elastic isotropy, hard-
ness, bending strength, and scratch behavior [17,31-35]. For example,
elastic modulus measurements conducted on thin film samples using
contact resonance atomic force microscopy demonstrated values of
152.0 + 10.6 GPa [17]. Hong et al. explored the role of grain size on
mechanical behavior in bulk sintered samples using three-point bend
measurements [31]. They found that grain size influences the elastic
modulus, with the modulus ranging from 67 GPa at a grain size of
0.5um, to 108 GPa at a grain size of 3.5um. Wang et al. conducted
nanoscratch tests on coarse grain (1.4 um) and nano grain (0.075 um)
samples [34]. Post-deformation transmission electron microscopy
revealed dislocation activity in the coarse grain samples and grain
boundary sliding and intergranular cracking in the nano grain samples.
While these previous studies are insightful, they are limited in scope.
Thus, there is a need for a more robust investigation into the influence of
microstructure on the key mechanical properties of hardness, elastic
modulus, and fracture toughness in single-phase TM-HEOs. Therefore, in
this study we investigate the role of microstructure on the mechanical
properties of TM-HEO, by altering sintering parameters to produce bulk
single-phase samples with a range of grain sizes. We then use mechanical
indentation measurements to explore how grain size influences the
hardness, elastic modulus, and fracture toughness in single-phase
TM-HEO. We combine these measurements with modeling and elec-
tron microscopy characterization to reveal the mechanisms governing
changes in mechanical behavior with variations in grain size.

2. Experimental procedure

TM-HEO nanopowders (average particle size on the order of
~0.050 pm) were prepared using solid-state synthesis. The starting
constituent oxide nanopowders were purchased from US Research
Nanomaterials (Houston, TX, USA) as CoO (0.05um particle size,
99.7 wt%), CuO (0.022-0.055 um, 99.95 %), MgO (0.05 um, 99.95 %),
NiO (0.018 um, 99.98 %), and ZnO (0.018 um, 99.95 %). These powders
were blended in equimolar amounts using a mortar and pestle, followed
by planetary ball milling (PBM) using a Premium 7 ball mill (Fritsch
GmbH, Idar-oberstein, Germany). The powders were suspended in iso-
propanol and milled at 300 rpm for 3 hours using silicon nitride jars and
media. These blended oxide powders were heat treated at 900°C for
20 minutes to complete the solid-state reaction and form single-phase
rocksalt TM-HEO powders. The pre-reacted powders were reground to
nano size using the PBM at 450 rpm for 12 hours.

The reacted TM-HEO nanopowders were consolidated into bulk
samples using graphite tooling in a Fuji model 8258S (Fuji, Saitama,
Japan) spark plasma sintering (SPS) apparatus. The powders were
heated to a temperature of 700, 750, 800, 850 or 900 °C at a heating rate
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of 200 °C/min, under 100 MPa of pressure. The temperature was held
for 5minutes and then cooled at 50 °C/min while the pressure was
slowly reduced to zero. The as-consolidated bulk samples were subse-
quently polished to 1 pm diamond suspension. Archimedes method was
used to determine the density of the bulk consolidated samples. A
SmartLab (Rigaku, Tokyo, Japan) X-ray diffractometer (XRD) was used
to confirm the phase state of both the TM-HEO powder and bulk
consolidated samples. Microstructure analysis was performed using a
FEI (Hillsboro, OR, USA) Magellan 400 XHR scanning electron micro-
scope (SEM). Micrographs of fracture surfaces were collected to capture
the samples’ representative bulk microstructure. The average grain size
(AGS) values for each sample were calculated by measuring the major
axis of approximately 400 grains observed in several micrographs using
the ImageJ software [36]. Fracture surfaces were used as these could be
consistently acquired from all of our samples and previous studies have
found that grain size measurements from fracture surfaces provide
similar information to those acquired from etched surfaces [37].

Hardness measurements were performed using a Duramin (Struers,
Cleveland, Ohio) hardness tester with a Vickers diamond indenter.
Through trial and error, the optimal maximum load was determined to
be 1.96N for 5s, which avoids any cracks or chipping that could in-
fluence the measurements. An Agilent (Santa Clara, CA, USA) G200
nanoindenter equipped with a diamond Berkovich tip and NanoSuite®
software was also used to determine the local hardness and elastic
modulus of the bulk consolidated samples. Each sample was indented
with a 7x7 array of indents, each using a maximum load of 400 mN with
a peak hold of 5s.

Fracture toughness measurements were performed on the bulk
consolidated single-phase TM-HEO samples with the same Duramin
hardness tester discussed above using a load of 4.9N to induce radial
cracks. At these higher load values, the test can produce radial cracks in
line with the pyramidal shaped indenter, which serve as an indicator of
fracture toughness [38,39]. A schematic of a Vickers indent used for
fracture toughness measurements is depicted in Fig. 1 A. The variable ‘a’
is the indent half-diagonal, ‘I’ is the surface crack length, and ‘c’ is the
length of the indent half-diagonal plus crack length. Figs. 1(B) and 1(C)
provide cross sectional views that distinguish a Palmgqvist-style crack,
which is predicted to occur with a characteristic length ratio of c/a <
2.5, from a Median-style crack, which occurs when c/a > 2.5. Together
with the hardness and elastic modulus values, the length of the radial
crack can be used to determine the fracture toughness. The uncertainty
estimates for average grain size, hardness, elastic modulus, and fracture
toughness were calculated as one standard deviation from the mean.

3. Results
3.1. Microstructure and phase state

XRD analysis of the sintered samples confirms each sample exhibits a
single-phase rocksalt structure (Supplemental Figure S1), free of any
secondary phases or oxide reduction reactions, similar to previous
studies [7,19,31,40]. A summary of the sintering temperature, average
grain sizes (AGS), and relative densities of the bulk consolidated
single-phase TM-HEO samples is presented in Table 1.

The influence of sintering temperature on AGS) is also illustrated in
Fig. 2A. As expected, lower temperatures yield smaller grain sizes (0.075
=+ 0.050 pm), while higher temperatures produce coarser grains (1.4 +
0.5 pm). Fig. 2(B-F) show fracture surface micrographs of the consoli-
dated samples, illustrating variations in grain size and morphology.
Notably, all samples exhibit densities > 95 %, despite the low sintering
temperatures and short consolidation times. It is important to note that
voids visible in the fracture surface micrographs (Fig. 2B-F) are not
pores, but are instead bulk material that was dislodged during fracture
surface preparation.
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Fig. 1. (A) Schematic of a Vickers style indentation used for fracture toughness measurements displaying the indent half-diagonal a (blue), the crack length [ (red),
and the combined length c (black). Inset (B) shows the cross section of a Palmqvist style crack with the crack length I, which is predicted to occur with a characteristic
length ratio of c/a < 2.5. Inset (C) shows the cross section of a Median style crack with the crack length I, which occurs when c/a > 2.5.

Table 1
Summary of the sintering temperature, average grain size, and relative density of
the bulk consolidated single-phase TM-HEO samples.

Sample Sintering Temperature  Average Grain Size Relative
Label Qo (um) Density
SPS700 700 0.075 + 0.050 95.6 %
SPS750 750 0.11 + 0.08 98.4 %
SPS800 800 0.23 + 0.11 97.4 %
SPS850 850 0.59 + 0.26 98.8 %
SPS900 900 1.41 + 0.55 97.9 %

3.2. Hardness and elastic modulus

Nanoindentation measurements reveal that hardness in the consoli-
dated TM-HEO samples is influenced by grain size, as seen in Fig. 3.
Dashed lines are included in Fig. 3 to help guide the reader. The sample
with an AGS = 0.075 pum (sample SPS700) exhibits the lowest hardness
value in this study (2.9 GPa). The sample with an AGS = 0.11 ym
(sample SPS750) exhibits a large increase in hardness to 10.2 GPa.
Hardness then decreases with increasing grain size for AGS values
greater than 0.11 um. Elastic modulus values measured using nano-
indentation exhibit a similar trend to the hardness data, as seen in Fig. 3.
Sample SPS700, having the smallest grain size (AGS = 0.075 um), ex-
hibits the lowest elastic modulus value in this study (63 GPa). The elastic
modulus reaches its highest value of 163 GPa at a grain size of 0.11 pm
(sample SPS750). For samples with AGS values greater than 0.11 um, a
decrease in elastic modulus values is observed. For AGS = 1.4 pm, our
largest grain size (sample SPS900), the consolidated TM-HEO sample
exhibits the second lowest elastic modulus value observed in this study
(112 GPa).

3.3. Fracture toughness

Fracture toughness values were determined on the basis of the radial
cracks on the surface, such as those seen for the indent in Figs. 4A and 5.
Interpretation of fracture toughness based on these crack length values
depends on the type of cracking present underneath the surface adjacent
to and below the indent. One crack type is the Palmqvist crack, which is
characterized by half-elliptical cracks that emanate from the edges of the

indent, but do not extend underneath the indent, as illustrated in Fig. 1B.
The second crack type is the Median style crack, which forms a half-
penny crack profile around and underneath the indent (Fig. 1 C). As
fracture primarily occurs beneath the surface adjacent to and under-
neath the indent, it is not possible to visually confirm the type of crack
system induced during indentation without sectioning the material.
However, the crack system can be predicted based on the observed
indent geometry and crack length. Zhuang and Niihara have described
methods in which the ratios of the ‘c’(crack length + indent half-
diagonal) and ‘a’(indent half-diagonal) values, as depicted in Fig. 1 A,
can be used to predict the likely crack type [38,39]. Calculating the c/a
ratio provides an indication of the appropriate fracture toughness
equation, without requiring invasive sectioning procedures. A value of
¢/a > 2.5 indicates the presence of half-penny Median style cracking, for
which the appropriate Niihara equation [38] for fracture toughness (Kj¢)
is:

EN}/p
Kec= 0.0309 (H) (E) o)

where E is elastic modulus, H is hardness, P is load, and c is the crack plus
indent half-diagonal length. If c¢/a is less than 2.5 then Palmqvist style
cracking is expected, and the Niihara equation for fracture toughness is:

E\:/HeP\}

where [ is the crack length.

The c/a ratio was calculated to identify the cracking style and the
correct fracture toughness equation for each sample. Fracture toughness
is observed to generally increase with increasing grain size, as seen in
Fig. 4B. Sample SPS700 (AGS = 0.075 um) exhibits the lowest fracture
toughness value of 0.83 + 0.04 MPa/(m'/Z), while sample SPS850 (AGS
= 0.59 um) exhibits the highest fracture toughness value of 1.88 +
0.17 MPa/(m").
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Fig. 2. (A) Measured average grain size values versus sintering temperature used during spark plasma sintering (SPS). (B-F) Scanning electron micrographs of
representative fracture surfaces used to measure the average grain size for bulk consolidated single-phase TM-HEO samples sintered at the following temperatures:
(B) 700 °C (sample SPS700), (C) 750 °C (SPS750), (D) 800 °C (SPS800), (E) 850 °C (SPS850), and (F) 900 °C (SPS900).
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Fig. 3. Elastic modulus (black dataset) and hardness (red dataset) measured
from nanoindentation with respect to inverse squared average grain size for
bulk consolidated single-phase TM-HEO samples. Error bars for most samples
are smaller than the data points presented.

4. Discussion
4.1. Processing and microstructure

Through SPS consolidation of nanocrystalline powders, it was
possible to prepare bulk single-phase TM-HEO samples with grain sizes
ranging from 0.075 um to 1.4 um. The low temperatures and short
processing times associated with SPS allow for significant control over
the final grain size of our TM-HEO samples. Increasing SPS consolidation
temperatures resulted in TM-HEO samples with larger grains (Fig. 2B-F),
which is consistent with our previous work [19,40]. These samples, with
their wide range of grain sizes, provide an ideal platform for studying
the influence of grain size in single-phase TM-HEOs on mechanical
behavior. Furthermore, despite the range of processing temperatures
and final microstructures, all of our samples exhibit relative densities
>95 %. The high density of the samples allows the mechanical behavior
to be explored independent of porosity.

4.2. TM-HEO rule-of-mixtures comparison

Values of hardness and elastic modulus for each of the five constit-
uent oxides were acquired from the literature [32,41,42] as a basis for
comparison to the relative mechanical performance of our equimolar,
single-phase bulk TM-HEO samples (Fig. 5). From the literature values
for the constituent oxides, an estimate of the value for the equimolar
TM-HEO is calculated using a Rule-of-Mixtures approach, as also shown
in Fig. 5. To facilitate comparison, the range of values measured for our
bulk single-phase TM-HEO samples are illustrated with shaded regions
in Fig. 5. Specifically, hardness values range from 2.9 &+ 0.1 GPato 10 +
0.2 GPa, and elastic modulus values range from 63 + 0.8 GPa to 163 +
3.7 GPa. It is important to note that the literature hardness values for the
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Fig. 4. (A) Example of cracks observed on the surface of a bulk consolidated
single-phase TM-HEO sample, induced using a Vickers hardness indenter during
a fracture toughness measurement. (B) Fracture toughness versus inverse
squared average grain size.

five constituent oxides were measured from samples with a range of
different microstructure conditions [41,42], while the literature
modulus values were acquired from first-principles calculations [32].
Furthermore, the reader is asked to note the logarithmic scale in Fig. 5.
The hardness values for the constituent oxides range from ~2 GPa for
CuO [42] to ~13 GPa for MgO [31], yielding a Rule-of-Mixtures value of
~7.45 GPa. In comparison, each of the TM-HEO bulk consolidated
single-phase samples, except sample SPS700 (AGS = 0.075 um), exhibits
a hardness value of 7.5 GPa or greater. DFT calculated elastic modulus
values for the constituent oxides range from ~122 GPa for CuO to
~287 GPa for MgO [32], yielding a Rule-of-Mixtures value of 176 GPa.
The elastic modulus values for our TM-HEO samples are on the same
order of magnitude, yet all are slightly less than the Rule-of-Mixtures
estimated value. Based on the relatively small difference in elastic
modulus and comparable hardness to Rule-of Mixture calculations, en-
tropy stabilization does not seem to have a significant effect on these
properties in single-phase TM-HEO.
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Fig. 5. Literature values for the hardness [41,42] (indentation testing) in blue
and elastic modulus [32] (DFT calculation) in orange for the constituent oxides:
CoO, CuO, MgO, NiO, and ZnO. Rule-of-mixtures values calculated assuming
equimolar concentrations of the five constituent oxides in (CoCuMgNiZn)O are
also listed in darker shades of blue and orange. The range of experimental
values measured in this study for bulk consolidated single-phase equimolar
TM-HEO are represented by the blue and orange shaded regions for hardness
and elastic modulus respectively. Note the logarithmic scale on the y-axis.

4.3. Composite model analysis

The mechanical properties of ceramics are known to be highly sen-
sitive to grain size [41]. One of the primary grain size effects is due to
Hall-Petch strengthening, although changes in the relative contributions
of different microstructural features (i.e., grains, grain boundaries, and
triple points) and deformation mechanisms can also influence the me-
chanical properties. Assuming the material does not undergo any
chemical or structural transformations, the thickness of the grain
boundaries and the size of the triple points is thought to remain constant
as grain size decreases. As such, as the grain size decreases, the relative
volume fraction of grain boundaries and triple points will increase,
relative to the grain interior. Grain boundaries and triple points are
thought to be mechanically more fragile than the grain interior [43],
resulting in the mechanical properties of a ceramic being highly
dependent on the volume fraction of the various microstructure features.
A few different models can be used in conjunction to estimate the in-
fluence of these microstructure features on the mechanical behavior of
polycrystalline ceramics. The first model considered in this study is the
Chaim composite model, which can be used to calculate the volume
fractions of different microstructural features [43]. Secondly, the Hill
composite estimation (HCE) method approximates mechanical proper-
ties on the basis of the respective volume fractions of the grain interiors
and the intercrystalline regions (grain boundaries and triple points) [41,
43,44]. Lastly, the well-established Hall-Petch relationship is commonly
believed to strengthen polycrystalline materials on the basis of dislo-
cation pileup at grain boundaries.

The Chaim composite model allows for the microstructure of a
ceramic to be modeled as a composite consisting of grain interiors, grain
boundaries between two grains, and triple points between three grains
[43]. It is possible to calculate the volume fraction of the grain bulk and
intercrystalline regions, respectively, by modeling each grain as a tet-
rakaidecahedron. The model detailed by Chaim [43] estimates the vol-
ume fraction of the grain interior, Vj, as:

3
Vg:(lf%og) 3

where d is the grain size and A is the grain boundary thickness. The
volume fraction of the intercrystalline region, V;, can then be calculated
as:

Vi=1-V, “@
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Furthermore, x is a function used to simplify the relation between
grain size and grain boundary thickness in a tetrakaidekahedron system
by:

3 2
= —eo—

V6 d
Thus, the intracrystalline component, including the grain boundary
volume fraction (Vg), can be defined as:

X

)

Vg = 3x(1 — x)? (6)
and the triple point fraction (Vy) defined as:
Vp = 3x%(1 —x) 7

Using Egs. 3-7, it is possible to estimate the relative volume fractions
of the grain and intercrystalline features that constitute the micro-
structure of bulk single-phase TM-HEO as the grain size changes. For this
analysis, a value of 1 = 2 nm was used based on fitting of the hardness
data using the HCE method (as discussed below). The 1 value of 2 nm is
also consistent with TEM imaging [45]. The estimated volume fraction
of each microstructural component is illustrated in Fig. 6 (note the
logarithmic scale on the x-axis). The estimated volume fraction of the
intercrystalline region is negligible at larger grain sizes but increases
significantly as the grain size is reduced. For instance, for a grain size of
0.10 pm, the volume fraction of the intercrystalline region is approxi-
mately 10 %, whereas the estimated value increases to approximately
50 % for a grain size of approximately 0.012 um, at which point the
volume fractions of the grain interior and intercrystalline region are
roughly equal.

The mechanical properties for both coarse and nanocrystalline grain
sizes can be assessed using the method introduced by Ehre and Chaim,
which estimates the bulk mechanical properties using the tetrakaide-
cahedron model and the HCE [41,43]. The HCE takes into account the
models of Reuss and Voigt, which represent the lower (Tgeyss) and upper
(Tyoige) bounds, respectively, of property T [43]:

(Treuss) ' =ZVa [ Tq ®)
TVoigt =XVye T, ©

where T, is the corresponding property of component n, and V,, is the
volume fraction of component n. For polycrystalline materials, the
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Fig. 6. Estimated volume fraction of grain interiors (grey) and intercrystalline
regions (red) with respect to grain size using the Chaim model [43] and an
assumed grain boundary thickness value of 2 nm. Grain boundary (blue) and
triple point (green) volume fractions, which make up the intercrystalline re-
gions, are also shown. Note the logarithmic scale on the x-axis. Average grain
size values relevant to this study are represented by black dashed lines.
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effective property usually lies in between these two bounds [43,44].
Averaging these upper and lower bounds, it is possible to estimate the
hardness using the following HCE equation:
HHill_0.5<<ﬁ+E> 1+ V. e H, + V-oH~> (10)
Hg Hi g g i i
where Hpyy is the HCE value for hardness, Hy is the hardness of the grain
interior, and H; is the hardness of the intercrystalline region [43].
Whereas values for V, and V; can be estimated using the Chaim
composite model, described above, values for Hy and Hi; are still needed.
To calculate Hg, we can consider the properties when the grain size is
sufficiently large, such that the volume fraction of the intercrystalline
region can be considered negligible, and the hardness can be attributed
only to the hardness of the grain interior. The H; value can thus be
approximated by applying the Hall-Petch equation, below, assuming
coarse grain sizes:
HH—P =

Hy + an

k
Vd
where H, and k are material constants [46]. We can estimate these
material constants by fitting samples SPS800, SPS850, and SPS900 to
Eq. 11, which yields H, = 5.9GPa and k = 53.6 GPanm” (or
1.7 GPa pm'/z). Our H, and k values are within the same order of
magnitude as those used for oxides such as MgO (H, = 6.5 GPa and k =
3.0 GPa ym”), MgAl,04 (10.9 GPa, 58.62 GPanm”), and Al,SiOs
(19.7 GPa, 40.0 GPa nm'/’) [41,47,48]. For grain sizes larger than
approximately 1 um, the value of Hy.p becomes relatively constant, and
can be assumed equal to H, and Hg, at a value of ~6 GPa. Previous
studies have further estimated H; ~ 0.5H, [41], giving us a value for H; of
~3 GPa, which is consistent with the expected decrease in hardness of
the intercrystalline region compared to the grain interior. Applying
these values in Eq. 10 allows for an estimation of the hardness, assuming
the HCE model, as shown in Fig. 7, denoted in red. The hardness is
predicted to be relatively constant for larger grain sizes due to the small
volume fraction of intercrystalline regions, decreasing notably when the
grain size is less than approximately 0.05 pm.

Also shown in Fig. 7 are the measured hardness values and two
additional sets of estimated values: (1) using the Hall-Petch model (in
gray), and (2) using the Hall-Petch and HCE models together (in or-
ange). The Hall-Petch curve utilizes Eq. 11 and presents a monotonic
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Fig. 7. Hardness vs average grain size for bulk consolidated single-phase TM-
HEO samples, measured experimentally (blue circles) and calculated using the
Hall-Petch relationship (dashed gray line), the Hill composite estimation (red
line), and the Hill composite estimation in combination with Hall-Petch
strengthening model (orange line).
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increase in hardness with decreasing average grain size. By combining
Egs. 10 and 11, the hardness is estimated to increase with decreasing
grain size at grain sizes >0.04 um due to the contribution of the Hall-
Petch strengthening (Eq. 11) and the small volume fraction of inter-
crystalline regions (V; < 0.17 for AGS > 0.04 ym). The hardness con-
tinues to increase until a critical grain size is reached, which the model
predicts to be ~0.04 pym for our single-phase TM-HEO. Below this crit-
ical grain size, the contribution of the mechanically weaker intercrys-
talline region begins to dominate, leading to the precipitous drop in the
calculated hardness values. Notably, the combined model presents data
trends similar to those observed in the measured values, except the
critical grain size value for peak hardness is lower for the estimated
values (~0.04 pm) compared to those for the measured values
(~0.07-0.11 pm). Adjustments to predefined variable parameters, like A
or Hj, enable the model to converge towards 0.11 um. However, this
leads to significant deviations from the Hall-Petch portion of the HCE.
Although the values in the model are approximations and are therefore
not expected to exactly match the empirical data, this divergence at
small grain sizes suggests that the presence of the weaker intercrystal-
line region does not fully explain the decrease in hardness at small grain
sizes, thus additional mechanisms are considered below.

4.4. Grain size dependence of hardness and elastic modulus

To evaluate deformation mechanisms contributing to hardness and
elastic modulus properties, it is helpful to separate samples into two
regimes: those with average grain size values greater than the critical
grain size, and those with values less than the critical grain size. The
former are expected to exhibit Hall-Petch behavior, whereas the latter
are defined to inverse Hall-Petch behavior. The transition in behavior for
the samples in this study occurs at a critical grain size in the range of
0.075-0.11 pm (see Fig. 4 and Fig.8). Hall-Petch behavior has been
observed before in other oxide materials such as MgO [41], MgAl,04
[29], Al,03 [49], and Al,O3 / SiO, composites [47]. Several of these
materials exhibit an inverse Hall-Petch relationship with critical grain
size values as follows: MgO ~0.130 pm, MgAl>04 ~0.018 pum, and Al,O3
/ SiOy composites ~0.081 um, respectively [29,41,47]. The critical
grain size exhibited for our bulk single-phase TM-HEO samples most
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closely resembles the value observed for MgO, which is unsurprising
given that MgO is a constituent in the composition used in this study and
has the same crystal structure (rocksalt) and bonding type (ionic).

Sample SPS900, having the largest grain size in this study (1.4 um),
exhibits a hardness value of 7.5 GPa. As the average grain size decreases,
the hardness increases until a grain size of 0.11 uym. The increase in
strength can be attributed to the increasing concentration of grain
boundaries with decreasing grain size, which act as barriers to disloca-
tion motion [50,51]. For average grain sizes less than approximately
0.11 um, the hardness values begin to decrease. A decrease in hardness
with decreasing grain size is indicative of an inverse Hall-Petch behavior
[50,511, which is often attributed to grain boundary sliding and nano-
cracking associated with the increasing grain boundary concentration
and increasing number of triple points at smaller grain sizes [29,41,52].
A study published by Ratzker et al. corroborates that grain boundary
sliding and rotation may also contribute to inverse Hall-Petch behavior
[30]. Similar deformation mechanisms are apparent in our previous
scratch tests for single-phase TM-HEO samples with variable grain sizes
[34]. Micron grain size single-phase TM-HEO deforms through dislo-
cation slip, while nano grain size single-phase TM-HEO exhibits grain
boundary sliding and nanocracking [34]. We propose that the emer-
gence of an inverse Hall-Petch behavior in our bulk single-phase
TM-HEO samples is related to the increased prevalence for nano-
cracking at small grain sizes from triple points. The observed Hall-Petch
and inverse Hall-Petch behavior, demonstrated by increasing and
decreasing hardness, highlights the significance of how grain size and
grain boundary response influence the TM-HEO’s mechanical
properties.

Similar to our hardness data, the elastic modulus values for the bulk
single-phase TM-HEO can be divided into two distinct grain size re-
gimes. For grain sizes >0.11 um, decreasing grain size results in an in-
crease in elastic modulus. Elastic modulus is typically independent of
grain size at large grain sizes [43,50]. Notably, Hong et al. have also
observed a grain size dependent elastic behavior in bulk TM-HEO
samples measured using three-point bending [31]. They attribute the
increase in elastic modulus to the increase in grain size, as well as
elemental segregation (note that their samples are not single-phase).
Additionally, they observed a peak in elastic modulus at a grain size

Fig. 8. (A) Scanning electron micrograph of a crack in bulk consolidated single-phase TM-HEO sample SPS900 (AGS = 1.4 um) created during a fracture toughness
measurement. Red circles highlight regions of observed grain bridging. (B-D) Magnified images of grain bridging phenomena, illustrating the stages of grain bridge

development: (B) formation, (C) interlocking, (D) and rupture.
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of 3.5 um, followed by a decrease in elastic modulus with decreasing
grain size due to the low relative density of the finer grained samples (<
94 % at AGS < 2.1 ym). Elastic modulus also can be influenced by
porosity [53-55]. We note that our sample with the smallest grain size,
which exhibits the lowest elastic modulus, also exhibits the lowest
density (95.6 %). In an effort to deconvolute possible effects due to grain
size from those due to porosity, we look closer at the literature on
TM-HEO and MgO. In the study by Hong et al., their sample with a
similar density value (95.6 %), which had an average grain size of
3.5 um, actually exhibited the peak elastic modulus value among their
samples [31]. Other studies on MgO report a decrease in hardness and
elastic modulus at a similar critical grain size value (0.130 pm), while
having comparable relative density values to our measurements (94 —
97 %) [41,56]. These additional studies support our determination that
with a density of >95 %, grain size is the dominant variable controlling
the observed changes in elastic modulus. While a similar grain size
dependent elastic modulus trend in TM-HEO has now been observed
using two different mechanical measurements techniques, more work is
needed to fully understand the role of grain size and porosity on the
elastic response in the nanocrystalline regime.

In contrast to the samples with grain sizes larger than the critical
grain size, the elastic modulus decreases significantly in sample SPS700
(AGS = 0.075 um), indicating a change in elastic behavior at such small
grain sizes. A similar decrease in elastic modulus below a critical grain
size has been observed before in MgO (~0.10 pm) and ZrO,-3 wt% Y203
(~0.06 um) [56,57]. The decrease in elastic modulus at small grain sizes
can be attributed to the increasing grain boundary concentration with
decreasing grain size. The grain boundary will have a reduced elastic
modulus compared to the grain interior [47,57,58]. For instance,
Yeheskel et al. actually evaluated up to a threefold decrease in elastic
modulus for grain boundaries in MgO [56]. Treating the samples as a
composite of grain interiors and grain boundaries, such as through the
application of the HCE model, will yield a meaningful decrease in elastic
modulus when grain boundaries occupy a significant amount of the bulk
volume. HCE-based estimates for elastic modulus for our TM-HEO
samples highlight this behavior, as illustrated in Figure S2 in the sup-
plemental materials.

4.5. Grain size dependance of fracture toughness

Fracture toughness in ceramics is complex, difficult to predict, and
can be a strong function of processing, and microstructure. Additionally,
results in the literature can be contradictory. For example, a previous
study observed that the fracture toughness of alumina prepared through
SPS was independent of average grain size [59]. Conversely, another
study found that for hot pressed alumina, fracture toughness decreases
with increasing average grain size [60]. Mechanisms that can influence
the fracture toughness include but are not limited to: plastic deformation
due to dislocation activity, intergranular or transgranular cracking,
grain bridging, porosity, as well as the relative concentration of micro-
structural features such as grain boundaries and triple points [41,
61-63]. Our fracture toughness measurements indicate that fracture
toughness generally increases with increasing average grain size in our
single-phase TM-HEO samples (Fig. 4B). Ceramics exhibit a range of
different relationships between toughness and grain size [64]. MgO, a
constituent oxide in TM-HEO, has been shown to demonstrate a similar
increase in fracture toughness with increasing average grain size, which
the authors attribute to grain boundaries as a source of stress concen-
tration and disparities in relative density [65].

In the present work, the final grain size of the bulk consolidated
samples was controlled using SPS temperature, with higher tempera-
tures yielding specimens with larger grain sizes. Higher sintering tem-
peratures can also result in increased densification and reduced porosity
in the densified samples. Porosity is known to influence fracture
behavior, with greater amounts of porosity resulting in reduced fracture
toughness [26]. However, the relative density values for all of our
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samples are high (>95 %), and thus the observed increase in fracture
toughness with increasing average grain size cannot be solely attributed
to the effect of porosity. Based on data acquired here we propose frac-
ture toughness in TM-HEO is dependent on average grain size, and
attribute this to two factors, relative volume fraction of intercrystalline
regions and the potential for grain bridging at larger grain sizes, as
discussed below.

Fracture toughness is related to the ease with which a crack can
propagate through a material under stress, with crack propagation being
heavily influenced by the relative prevalence of transgranular and
intergranular fracture. Intergranular fracture along grain boundaries
requires less energy than transgranular fracture through grain interiors
due to the lower fracture toughness of grain boundaries [66]. Fracture
toughness often decreases with decreasing grain size due to limited
dislocation activity, the increased prevalence of intergranular fracture,
and the increasing concentration of grain boundaries in the micro-
structure [67]. Triple points can also play a role in the bulk fracture
behavior of a material [68]. Stress concentrations at the triple point can
lead to crack nucleation during mechanical loading. An increase in the
number and volume fraction of triple points would, therefore, be ex-
pected to increase the propensity for crack formation and reduce the
fracture toughness. Based on the Chaim composite model (Fig. 6), the
volume fraction of intercrystalline region, including grain boundaries
and triple points, is estimated to be 5.2x10~° for a grain size of 1.4 um
and increases to 9.7x1072 for a grain size of 0.075 pum. At our smallest
grain size, 0.075 ym, we estimate an intercrystalline region concentra-
tion of almost 10 vol%, a significant portion of the microstructure. We,
therefore, partially attribute our decline in fracture toughness with
decreasing average grain size to the increased prevalence of intercrys-
talline fracture, defects, and nanocracking.

In addition to the indentation measurements and calculations
described above, SEM micrographs were acquired on the indent-induced
cracks to further explore the fracture toughness behavior. A represen-
tative crack for sample SPS900 (AGS = 1.4 um) is shown in Fig. 8A. The
crack is observed to propagate from the left side of Fig. 8A (at the edge of
the Vickers indent) to the right side of the figure (the crack tip). The
sample is observed to fracture primarily transgranularly. Additionally,
significant grain bridging is observed in the crack (circled in red in
Fig. 8A). Grain bridging is a common toughening mechanism that may
also contribute to our observed fracture toughness behavior. It is
believed this mechanism occurs when frictional interlocking forces slow
crack growth as the grain begins to debond [69]. These frictional forces
apply a closing force on the two crack surfaces, which requires addi-
tional energy to overcome to continue crack growth. The continuous
activation of grain bridging events at the microscopic level will result in
meaningful crack growth resistance and an observed increase in the
measured fracture toughness. Alumina exhibits increasing fracture
toughness with an increase in grain size, due to the increased likelihood
of grain bridging [61,69,70]. Spinel MgAl,04 is also known to exhibit
grain bridging at larger grain sizes [62,63]. Larger grains offer increased
closure forces between the two crack surfaces by means of frictional
forces from grain bridging.

Grain bridging has been observed to be a multistep process, having a
distinct beginning, middle and end [71]. Although we did not attempt to
track the formation of grain bridging in real time, the propagation of a
crack can be used as a proxy for the evolution in a grain bridge. The
evolution in grain bridging behavior in this sample can be seen in
Fig. 8B-D, and matches closely with what is observed in AlyO3 [69].
Fig. 8B highlights the beginning of a grain bridge formation, where crack
reinitiation occurs on the other side of the grain. Fig. 8C shows the in-
termediate stage, where the grain still frictionally pulls the crack sur-
faces together. Here the crack surfaces have widened slightly more to
reveal the entire grain shape just before the bridge ruptures. Lastly, in
Fig. 8D, the crack has ruptured and separated in the later stages of
propagation and a former bridged grain can be seen with the residual
concave feature adjacent to it. The observation of the complete grain
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bridging lifecycle indicates that the fracture behavior in the bulk
single-phase TM-HEO samples is influenced by the presence, or absence,
of grain-localized bridging elements. Although some limited grain
bridging is observed in sample SPS700 (Figure S3), grain bridging and
transgranular fracture are known to become less prevalent at smaller
grain sizes [70]. We observe that cracks in sample SPS700 propagate
primarily through intergranular fracture.

At this time, we cannot unambiguously decouple the role of the
various microstructure features on the fracture behavior. However, from
the above analysis, we assert that as grain size decreases, the grain
boundary and triple point volume fractions will increase. This increase
will introduce more defects and nanocrack nucleation sites that will play
an increasingly detrimental role in the fracture behavior of our samples
as the average grain size decreases. In addition to this, the absence of
transgranular cracking and grain bridging at finer grain sizes appears to
contribute to the significant decrease in toughness.

5. Conclusions

Bulk single-phase TM-HEO samples with a range of final grain sizes
were successfully consolidated. Hardness and elastic modulus mea-
surements of these samples showed a Hall-Petch relationship with grain
size until a grain size of ~0.11 um. The hardness decreases at grain sizes
smaller than 0.11 um due to nanocracking present at grain boundaries
and triple points. Elastic modulus exhibits similar behavior, which is
attributed to reduced elastic modulus of grain boundaries. Fracture
toughness values assessed from indentation cracks exhibit a decrease in
fracture toughness with decreasing grain size. Further investigation of
the crack pathways revealed transgranular cracking with grain bridging
as a possible toughening mechanism in the coarse grain samples and a
prevalence of nanocracking at smaller grain sizes leading to a reduction
in fracture toughness. The behavior is similar to that observed in pre-
vious studies of MgO, one of the constituent oxides in TM-HEO, which
also forms the rocksalt crystal structure. Overall, the influence of grain
size on key mechanical properties presented here suggests that micro-
structure can be used to tailor the mechanical behavior of bulk single-
phase TM-HEOs for diverse applications. Conversely, grain size needs
to be carefully controlled to ensure reproducible mechanical response.
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