fd_\l Tavlor & Francis

Materials

NCEERIGal |\ aterials Research Letters
Letters

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tmrl20

High entropy oxide (Co,Cu,Mg,Ni,Zn)O exhibits
grain size dependent room temperature
deformation

Xin Wang, Justin Cortez, Alexander D. Dupuy, Julie M. Schoenung & William J.
Bowman

To cite this article: Xin Wang, Justin Cortez, Alexander D. Dupuy, Julie M. Schosnung

& William J. Bowman (2023) High entropy oxide (Co,Cu,Mg,Ni,Zn)O exhibits grain size
dependent room temperature deformation, Materials Research Letters, 11:3, 196-204, DOI:
10.1080/21663831.2022.2135409

To link to this article: htips://doi.org/10.1080/21663831.2022.2135409

© 2023 The Author(s). Published by Informa  [B8 View supplementary material &z
UK Limited, trading as Taylor & Francis

Group
@ Published online: 26 Oct 2022. @ Submit your article to this journal &'
S A
il Article views: 648 & View related articles (&

@ View Crossmark data '

e Mt b

Full Terms & Conditions of access and use can be found at
htps:/fwww.tandfonline.com/action/journalinformation?journalCode=tmri20


https://www.tandfonline.com/action/journalInformation?journalCode=tmrl20
https://www.tandfonline.com/loi/tmrl20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/21663831.2022.2135409
https://doi.org/10.1080/21663831.2022.2135409
https://www.tandfonline.com/doi/suppl/10.1080/21663831.2022.2135409
https://www.tandfonline.com/doi/suppl/10.1080/21663831.2022.2135409
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2022.2135409
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2022.2135409
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2022.2135409&domain=pdf&date_stamp=2022-10-26
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2022.2135409&domain=pdf&date_stamp=2022-10-26

MATER. RES, LETT. .
2033, VOL. 11, NOL 3, 196-204 ‘@' MATERIALS e Taylor & Francis
hittps/doi.crg 1010802 1663831, 20222135409 PESAARCH LETTERE Talar i Franch Croap

& OPEN ACCESS | Chack for upuinins |

ORIGINAL REPORTS

High entropy oxide (Co,Cu,Mg,Ni,Zn)O exhibits grain size dependent room
temperature deformation

a,b

Xin Wang?, Justin Cortez?, Alexander D. Dupuy =2, Julie M. Schoenung? and William J. Bowman

3Department of Materials Science and Engineering, University of California, Irvine, CA, USA; Plrvine Materials Research Institute,
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ABSTRACT ARTICLE HISTORY

Despite their vast composition space and promising properties, little is known about the fundamen- Received 28 lune 2022

tal mechanical behavior of high entropy oxides (HEOs). Here we provide experimental evidence of  Loounone

the nanoscale origin of room temperature deformation in (Co,CuMgNi.Zn}O HEOs with different o entropy oxide (HED):
nanoscratch; deformation;

qrain sizes. We find that micron-grain (Co,Cu,Mg,Ni.Zn)0 deforms predominately through extensive
7 = 110> {1-10 dislocation slip manifesting as discrete slip bands. Mano-grain (Co,Cu,Mg,Ni.Zn)Q,
in addition to moderate dislocation slip activity, deforms through grain boundary sliding and
intergranular cracking. The significant dislocation-mediated deformation and grain size dependent
behavior demonstrates that HEOs have the potential for diverse and highly tailorable mechanical
behavior.

dislocation; grain size effect
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IMPACT STATEMENT

High entropy oxides {Co,Cu,Mg,Ni,Zn)0 exhibit grain size dependent room temperature deforma-
tion, with micron-grain samples displaying significant potential for dislocation-mediated deforma-
tion and nanocrystalline samples exhibiting grain boundary sliding and micro-cracking.

Introduction [4-6] has been explored, and the HEO concept has been

extended to other ceramic systems such as carbides [7],
silicides [8] and borides [9].

Engineering applications often require the materials
in service to sustain mechanical loads. Therefore, care-

The emerging field of complex concentrated materials
establishes an unconventional materials design strategy
by exploring the central domain of multicomponent
phase diagrams. This new class of materials offers

entropy-enhanced stability and compositionally tunable
properties, which are required for the next genera-
tion of functional and structural applications. In 2015,
the high entropy design strategy was first applied to
oxide materials to produce high entropy oxides (HEO)
(Co,Cu,MgNi,Zn)O [1]. While our previous work indi-
cates that (Co,Cu,Mg,Ni,Zn)O has a tendency to form
secondary phases during heat treatment [2,3], a single-
phase rocksalt solid solution structure can be retained
down to the nanoscale after appropriate processing [3].
Since its first discovery, the potential of HEOs as cath-
odes, solid electrolytes, catalysts, and thermal insulators

ful consideration of the mechanical behavior of HEOs
is necessary for them to be broadly useful. However,
an inspection of the literature shows limited atten-
tion to this area. Desissa et al., for instance, observed
that the hardness of dense (Co,Cu,Mg,Ni,Zn)O could
reach as high as 16 GPa [10]. Hong et al. examined the
bending strength of (Co,Cu,MgNi,Zn)O and reported
a trade-off between grain size and mechanical behavior
[11]. Through experiments and modeling, Pitike et al.
established that (Co,Cu,Mg,Ni,Zn)O has isotropic elas-
tic properties [12]. Further, their calculations predict that
(Co,Cu,Mg,Ni,Zn)O has the potential for meaningful
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plastic deformation compared to the constituent oxides,
yet experimental evidence does not yet exist. Moreover,
detailed knowledge of room temperature mechanical
behavior and deformation mechanisms, such as dislo-
cation structure and slip behavior, is lacking yet criti-
cal to properly design these materials for engineering
applications.

Although not commonly observed in conventional
ceramics at room temperature, dislocations in ceram-
ics are known to impact a wide range of functional and
mechanical properties, including the optical bandgap
[13], thermal conductivity [14], ion transport [15,16],
plasticity [13] and fracture toughness [17]. But unlike
metals, ceramics rarely exhibit meaningful macroscopic
ductility by slip processes at ambient temperatures,
with a few exceptions such as MgO and CoO [18-20].
MgO, which is an ionic ceramic with a rocksalt crys-
tal structure, deforms through two families of slip sys-
tems: %-:: 110> {1-10} and, at elevated temperatures,
% = 110 = {001} [20]. At room temperature, dislocation-
mediated deformation of MgO is largely controlled by
screw dislocations due to their higher lattice friction and
lower mobility than edge dislocations [21]. Furthermore,
grain boundary sliding as well as cracking will absorb
mechanical energy during deformation [22]. The rela-
tive contributions of the deformation mechanisms can
vary depending on the material system and is heavily
influenced by the microstructure,

Due to their inherent brittleness, investigation of
deformation in ceramics is difficult with conventional
approaches, such as uniaxial tension and compression. A
viable mechanical testing method is nanoscratch testing,
which is a penetration based nanomechanical charac-
terization technique [23,24]. A typical nanoscratch test
involves penetrating a sample surface using a nanoin-
denter, followed by moving the indenter across the sam-
ple surface while controlling the downward penetra-
tion force [25]. The test generates a controlled region
of penetration (the scratch groove) with a localized
deformation zone (Figure 1(a)), which is well-suited
for microscopic investigation to elucidate deformation
mechanisms [23,24,26] and grain-size effects [24] in
ceramics.

The goal of the present study is to explore the
room temperature mechanical deformation behavior in
(Co,CuMgNi,Zn)O. We hypothesize that this emerg-
ing oxide may show room temperature plasticity, sim-
ilar to MgO [20], and grain size dependent mechan-
ical behavior [24]. Nanoscratch tests were performed
on (Co,Cu.MgNi,Zn)O with micron-scale and nano-
scale grain sizes ('micron-grain’ and ‘nano-grain,’ respec-
tively). Post-deformation microstructures and defect
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atomic structures were characterized using (scanning)
transmission electron microscopy (S/TEM) to reveal
the deformation mechanisms. We show that the defor-
mation behavior is predominantly dislocation slip for
micron-grain HEO and grain boundary sliding and
micro-cracking for nano-grain HEO. The differences in
mechanical behavior between (Co,Cu,Mg,Ni,Zn)0 and
conventional rocksalt oxides are also discussed.

Results

Spark plasma sintering (SPS) consolidation of HEO
nanopowders yielded highly dense, single-phase, bulk
samples. Please see the Supplementary Information for
detailed sample preparation methods and additional
S/TEM and energy dispersive X-ray spectroscopy (EDS)
characterization results. The nano-grain and micron-
grain HEO samples have grain sizes of 75 nm and 1.4 pm,
and relative density values of 95% and 99%, respec-
tively. Pile-up of material ejected from the scratch groove
is more obvious on both sides and at the end of the
groove for micron-grain HEO than that for nano-grain
HEO (Figure 1(b,c), respectively). From depth profiles at
applied normal load values of 50 and 150 mN, it is evi-
dent that the nano-grain HEO shows deeper penetration
depth than the micron-grain HEO (Figure 1(d.e}).

For micron-grain HEO at a normal load of ~ 150 mN,
the deformation zone below the scratch, as shown in
Figure 2(a), has a radius of ~ 8 pm; beyond this zone,
undeformed equiaxed grains are observed (Figure 2(b)).
Irregular grains (Figure 2(c)) and a high density of
dislocations (Figure 2(d)) are observed in the defor-
mation zone. Some variation in dislocation density is
observed among the various grains in Figure 2(c), which
is attributed to the differences in their crystal orienta-
tions. The dislocation density in the grain interior is
calculated to be ~ 3.4 x 10'* m~? following a line inter-
cept method [27,28]. The region adjacent to the grain
boundaries exhibits higher dislocation densities, which
is not surprising since grain boundaries can serve as
sources and barriers for dislocations [29]. As expected,
the dislocation density in the 50 mN sample is lower
(Fig. S1).

To characterize the slip modes in the micron-grain
HEOQ, diffraction contrast imaging at selected two-beam
and weak-beam conditions was performed (Figure 3).
TEM images taken at the same area under two-beam
bright-field and weak-beam dark-field conditions near
a [011] zone axis with diffraction vectors g = 1-11 and
g = —1-11 (Figure 3(a-d), respectively). Insets show the
corresponding diffraction patterns, and diffraction vec-
tor directions are marked in the TEM images with arrows,
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Figure 1. (a) Top, side and cross-sectional views of the nanascratch track. (b, ¢} Post-nanoscratch SEM surface morphalogies of micron-
grain HEQ and nano-grain HEQ, respectively. (d, ) Depth profiles plotted for applied normal load values of 50 and 150 mN, respectively.

Most of the observed dislocations are confined to dis-
crete slip bands (dashed white lines in Figure 3(a.c)).
Based on the g-b = 0 dislocation contrast vanishing cri-
terion, the Burgers vectors for the dislocations are of
the % < 110 > type. The slip planes were found to be
parallel to two of the orthogonal {1-10} planes by ana-
lyzing the inclined slip planes. We can thus conclude that
the dislocation activity observed in our room tempera-
ture nanoscratch experiment is mainly governed by the
% < 110 = dislocation slip on {1-10} planes.

Most dislocations observed in the room tempera-
ture deformed micron-grained HEO are confined to slip
bands (dashed lines in Figure 3(a,c)) indicating pro-
nounced planar glide. Planar slip has been observed in

metallic alloys [30-32] and to a limited extent in ceram-
ics, including MgO [20,33] and KNbO; [34]. Several
mechanisms have been proposed to explain the emer-
gence of slip band behavior. One reason is the difficulty
for dislocations to cross slip due to low stacking fault
energy and high friction stress [35,36]. Moreover, slip
band formation can be caused extrinsically by the pres-
ence of short range order (SRO) [32] or chemical clus-
tering [37]. An initial dislocation will destroy the local
SRO structure, resulting in glide plane softening. Subse-
quent dislocations will experience lower frictional forces
in the vicinity of the initial dislocation, causing slip to
become localized in a slip band. STEM EDS chemical
analysis was performed on the micron-grained HEO at
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Figure 2. Cross section of the room temperature nanoscratch-tested micron-grain HEO at ~ 150mN applied normal load: (a) Bright-
field STEM image displaying the deformation zone below the scratch groove. (b) Bright-field STEM image showing the representative
microstructure farther away from the scratch groove and outside the deformation zone. (c) Higher magnification bright-field STEM
image of the region in (a). (d) Dark-field STEM image from the region marked in (a) showing a high density of dislocations formed during

nanoscratch testing.

the intersection of slip bands, which show uniform dis-
tributions of all elements (Fig. 52). The presence of SRO
is difficult to detect and has not been directly observed in
micron-grain HEQ. However, our previous work using
atom probe tomography indicates that some amount of
chemical clustering is present at the nanoscale [3]. We
therefore ascribe the observed planar dislocation slip in
micron-grain HEO to SRO or clustering, in addition to
the high friction stress typical for ceramics.

To further analyze the dislocation core structures in
micron-grain HEQ, atomic resolution STEM imaging
was performed (Figure 4). When imaged at a [001] zone
axis, most of the dislocations appear as long straight lines
along the [1-10} planes, which suggests they are screw
dislocations. Only a small number of edge dislocations
were observed close to a grain boundary (Figure 4(a,b)).
Burgers circuit analyses show the Burgers vector of the
edge dislocations is % < 110> (Figure 4(b)). Our obser-
vation that edge dislocations only appear near the grain

boundaries is consistent with other materials that exhibit
slip band behavior, such as MgO and Ti alloys [31,33].
Screw dislocations in micron-grain HEO had dislocation
lines parallel to the {1-10} plane trace (Figure 4(c,d)).
Inverse fast Fourier transformation (IFFT) image analysis
of a region containing a screw dislocation revealed that
the Burgers vector of the dislocation is also § < 110>,
parallel to the dislocation line (near vertical direction in
Figure 4(d))}. The significantly greater number of screw to
edge dislocations in micron-grain HEQ is consistent with
the observation in single-crystalline MgO at room tem-
perature [20,21], which has been attributed to the greater
velocities of edge dislocations than screw dislocations
under the same stress level [33,38,39].

The deformation behavior of the nano-grain HEO
after room temperature nanoscratch testing was also
investigated by S/TEM. At an applied normal load of
~50mN (Fig. 53), the deformation zone beneath the
scratch groove exhibits a lower concentration of cavities
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Figure 3. Dislocation analysis in room temperature nanoscratch-tested micron-grain HEQ at ~ 150 mN applied normal load: (a, b) Two
beam bright-field and weak-beam dark-field TEM images with g = 1-11 near [011] zone axis. (c, d) Two beam bright-field and weak-
beam dark-field TEM images of the same region as in (a, b) with g = —1-11 near the [011] zone axis. The dislocations observed are
% < 110 = {1-10} type. The star marks the same location in the sample to guide the eye.

(visible as bright areas in the bright-field TEM image),
and therefore appears darker and with more uniform
image contrast, compared to the region outside the defor-
mation zone. At an applied normal load of ~ 150 mN,
micro-cracks are observed beneath the scratch groove
(Figure 5(a)). A selected area diffraction pattern from this
area shows diffraction rings corresponding to a rocksalt
structure with no noticeable secondary phases (Figure
5(a), inset). The cracks display an intergranular propaga-
tion path, indicating grain boundaries play an important
role in the deformation of nano-grain HEO (Figure 5(b)).
EDS chemical analysis was performed near the micro-
crack (Fig. 54). indicating cracking has no direct correla-
tion with grain boundary segregation or secondary phase
particles. Moderate dislocation activity is also observed
in nano-grain HEQ by bright- and dark-field STEM
imaging (Figure 5(c.d), respectively). The dislocations
were identified to be mostly screw type _—%_ < 110 = [1-10}

dislocations, same as those observed in micron-grain
HEQ.

Discussion

The dislocation density observed in micron-grained
HEQ is surprisingly high given that the mechanical test
was non-ballistic and conducted at room temperature.
High temperature deformation is commonly required
to induce meaningful dislocation formation in ceram-
ics, such as = 1300°C to induce a dislocation density of
10" m—? in MgO [40] or = 1300°C for 10" m~? in
AlO; and 10 mol% Y,05-Zr0; [41]. Room tempera-
ture dislocation densities comparable to those observed
in this study are often only achievable in ceramics dur-
ing high impact experiments, such as ball milling of
MgO powders (10" m~?) [42] or ballistic impact test-
ing in Al; O3 (10" m~2) [43]. To explain these significant
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Figure 4. Dislocation structures in room temperature nanoscratch-tested micron-grain HEO at ~ 150 mN applied normal load: (a) STEM
image along [001] showing dislocations appear as straight lines parallel to the traces of {110} planes. (b) High-resolution STEM image of
the white square region in (a), showing dislocation cores of edge % = 110 = {1-10} dislocations. (c) High-resolution STEM image of screw
dislacations. (d) IFFT image of the region marked by a white square in (c) showing the core of a screw dislocation marked by a white line.

differences in dislocation density and resulting defor-
mation behavior, it is important to consider the differ-
ences between a simple single-cation oxide such as MgO
and the complex multi-cation oxide (Co,Cu.Mg,Ni.Zn)O,
even though they both exhibit rocksalt crystal structures.
Specifically, we consider the lattice distortions known
to exist in the (Co,Cu.Mg.Ni.Zn)O HEQ, which are not
present in pure MgO.

Lattice distortions are known to influence disloca-
tion behavior and macroscopic deformation. For exam-
ple, simulations by Qi and Chrzan show that Mo and
Nb alloys with degenerate electron energy levels exhibit
shear instability under applied stress due to the forma-
tion of lattice distortions [44]. Applied strain changes the
energy band structure near the Fermi level. A critical
strain exists in material with degenerate energy levels,
above which a Jahn-Teller distortion forms, breaking
the local symmetry and reducing the total electronic
energy. This symmetry-breaking event leads to local

shear instability and an increased likelihood of dis-
location nucleation. Jahn-Teller distortions have been
observed in (Co,CuMgNi.Zn}O under ambient condi-
tions [45,46], and have been attributed to degeneracy
in the Cu®" electronic configuration leading to com-
pression and extension of the Cu-O bonds [47]. We
propose that the tendency of (Co,CuMg.Ni.Zn)O to
form Jahn-Teller distortions will lead to shear instabil-
ity and dislocation slip, facilitating mechanical defor-
mation. Such lattice distortions are not expected to be
present in MgO due to the lack of degenerate electronic
configurations.

Grain size is an additional factor that can influence
mechanical behavior. As grain size decreases, the vol-
ume fraction of material occupied by grain boundaries
will increase. Grain boundaries are of higher energy
than grain interiors, leading to mechanical behavior
being highly sensitive to grain size [48]. Many ceramic
materials exhibit significant changes in deformation
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Figure 5. Cross-section of room temperature nanoscratch tested nano-grain HEO at ~ 150 mN applied normal load: (a) A montage

of bright-field TEM images of the deformation zone below the scratch groove. Inset is the selected area diffraction pattern showing
diffraction rings for single-phase rocksalt structure. (b) Zoomed in bright-field TEM of the region in (a) showing intergranular path of the

micro-crack. (c, d) STEM bright and annular dark-field images of a nanc-scale grain in the deformation zone. The dislocations within the

grain are mostly screw type % <= 110 = {1-10} dislocations.

behavior below a critical grain size due to the emergence
of deformation mechanisms that require less stress to
activate than dislocation-mediated mechanisms [22,49].
This transition in deformation mechanism often results
in an inverse Hall-Petch relationship. MgO, a constituent
oxide in (Co,Cu,Mg,Ni,Zn)O with a similar rocksalt crys-
tal structure, is known to exhibit a change in deformation
mechanisms and an inverse Hall-Petch effect at small
grain sizes [49]. Although the deformation mechanisms
in nanocrystalline ceramics are not fully understood,
crack propagation at grain boundaries and triple junc-
tions as well as grain boundary sliding are commonly
proposed [22,50]. In nano-grain HEOQ, we observe crack-
ing in the deformation zone (Figure 5(a)), as well as
indications of grain rearrangement by grain boundary
sliding (Fig. 53), which are consistent with these earlier

studies. In contrast, significant dislocation activity is
observed in micron-grain HEQ with no sign of crack-
ing or grain boundary sliding behavior, indicating that
dislocation-mediated deformation requires less stress to
activate than the other two mechanisms when grain size
is larger.

Conclusions

The local deformation mechanisms in micron-grain and
nano-grain HEOs were investigated using room temper-
ature nanoscratch deformation. Unlike most ceramics,
(Co,Cu,Mg,Ni,Zn)O exhibits prominent and complex
dislocation activity during this mechanical deformation.
We attribute this unusual behavior to the multi-cation
nature of HEOs and the Jahn-Teller lattice distortions



known to exist in these materials. The considerable dis-
location activity observed in micron-grain HEO, which
was identified to be predominantly -i < 110 = {1-10}
screw type, indicates that (Co,Cu,Mg,Ni,Zn)O has the
potential for significant dislocation-mediated deforma-
tion and strain hardening. Moreover, this unusual dislo-
cation behavior in HEOs can provide a wide range of new
opportunities for dislocation-mediated tuning of both
functional and structural behavior not commonly feasi-
ble in conventional ceramics. Additionally, we find that
deformation mechanisms change with grain size, with
nano-grain samples exhibiting intergranular crack prop-
agation in addition to some dislocation activity and grain
boundary sliding. This change is attributed to an inverse
Hall-Petch transition due to the increased grain bound-
ary concentration. The observation of starkly different
mechanical responses demonstrates that HEOs have the
potential for diverse and highly tailorable mechanical
behavior, providing a foundation for proper mechanical
design of HEOs for engineering applications.

Supplementary information

Details of the experimental methods and additional
S/TEM and EDS characterizations.
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