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ABSTRACT

As various property studies continue to emerge on high entropy and entropy-stabilized ceramics, we seek a further understanding of the prap-
erty changes across the phase boundary between Ohigh-entropyO and Oentropy-stabilizedO phases. The thermal and mechanical prop§rt|
bulk ceramic entropy stabilized oxide composition §4G0o.2Nio.2Cuo.2Zno 2O are investigated across this critical transition temperature via
the transient plane-source method, temperature-dependent x-ray diffraction, and nano-indentation. The thermal conductivity remains co
stant within uncertainty across the multi-to-single phase transition at a valu@ &W/mK, while the linear coefpbcient of thermal expansion
increases nearly 24% from 10.8 to 14.10 © K' . Mechanical softening is also observed across the transition.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) li
(http://creativecommons.org/licenses/by/4:0f)s://doi.org/10.1063/5.0122775
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. INTRODUCTION mixing equimolar amounts of several binary oxide components
to overcome a positive enthalpy of mixing. The nature of this
The surge of scientibc interest surrounding novel, multidimen- phase change is physically reversible. Above the critical tempera-
sional material compositions such as medium and high entropyture, the system presents as a single-phase solid solution, which,
alloys (MEAs and HEAs)," multicomponent alloys, multi-prin- through quenching, remains metastable at room temperature. If
cipal element alloys (MPEAs), complex concentrated alloys (CCAs)klowly cooled below the critical transition, a multi-phase, high
and their analogous ceramic-based composititis building path-  entropy composite is formed, where a secondary phase precipi-
ways for understanding unique and complex structureBpropertytates from the host matrix. Even with the presence of a secondary
relationships. Entropy stabilized oxides (ESQmk one such sub- phase, the host still exhibits the key characteristic of a high entropy
class of high entropy oxides. ESOs add further complexity tosystem in that the number of phases present is below predictions
the thermodynamic landscape of such materials, particularly thosdérom the Gibbs phase rule. Logically, similar to other systems
shown to be stabilized through entropic meafificreated through  exhibiting structural and/or compositional changes.” this phase

APL Matet0, 121108 (2022); doi: 10.1063/5.0122775 10, 121108-1
© Author(s) 2022


https://scitation.org/journal/apm
https://doi.org/10.1063/5.0122775
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0122775
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0122775&domain=pdf&date_stamp=2022-December-16
https://doi.org/10.1063/5.0122775
https://orcid.org/0000-0002-6153-6066
https://orcid.org/0000-0002-9494-9051
https://orcid.org/0000-0002-2564-0384
https://orcid.org/0000-0002-5138-0168
https://orcid.org/0000-0001-8622-5902
https://orcid.org/0000-0002-4476-7655
https://orcid.org/0000-0002-5712-3074
https://orcid.org/0000-0002-3403-743X
mailto:rostcm@jmu.edu
https://doi.org/10.1063/5.0122775

APL Materials ARTICLE scitation.org/journal/apm

precipitation and subsequent high-entropy restructuring would be analysis packagé.A total of 26 x-ray powder diffraction patterns
expected to alter material properties. were collected. Each measurement spanned26vith a step size
Property studies continue to emerge on high entropy oxidesof 0.0131. The sample was heated in 10 K increments at a rate of
with an emphasis on functional applications such as catalysis. 10 K/min followed by a 10-min equilibration time before measure-
To our knowledge, very little has been done with regard to the prop-ment at each temperature. Two regions were measured: 9831123 K
erty changes through the critical transition temperature. Here, wefor the multi-phase and 1173D1273 K for the single-phase regimes,
develop a further understanding of and report on the thermal andrespectively. As shown in the temperature heating proble in Fig. S1
mechanical property changes across the phase boundary betweanthe supplementary materiathe sample was brst heated through
Ohigh-entropyO and Oentropy-stabilizedO phases in bulk ceramic EB®single-phase transition, measured, then cooled to 973 K, and
Mgo.2C09.2Nig 2CUg.2ZNg 20. held for 2 h to ensure phase separation before re-measurement.
The Rietveld method was used to bnd six constants, and then a
sequential Pt was performed across eight variables. The hpal R
Il. MATERIALS AND METHODS values averaged between 2.68 and 4.33. A ten-coefbcient Chebyshev
ESO composition MgxCao 2Nig2Cup2Zno 0 (J14) was syn- background, sample displacement, micro-strain, initial lattice para-
thesized by combining equimolar amounts of MgO, NiO, CoO, meters, average cation occupancy, and thermal displacement values
CuO, and ZnO hinary oxides and mixing/milling using a SPEX were rebned at the minimum temperature of each regime. A sequen-
SamplePrep (NJ, USA) high-energy ball mill with 5 mm yttria- tial bt of lattice parameter changes was then performed on each
stabilized zirconia milling media. Mixed powder was pressed intoset of diffractograms. For the multi-phase data, rebPnement of phase
12 mm diameter pellets by applying 5000 Ibs of force using a Carvefraction was also included. The results can be found in the tables in
uniaxial hydraulic press (IN, USA). Green body pellets were reacthe supplementary material
tively sintered at 1273 K for 2 h in an open atmosphere, followed Nanoscale compositional and microstructural analysis through
by an air quench. x-ray diffraction (XRD) measurements for phasethe phase transition was done using transmission electron micro-
analysis were performed using a PANalytical Empyrean (Almeloscopy (TEM). An FEI Helios Nanolab 600i was used to focus the
The Netherlands) diffractometer in BraggbBrentano geometry withion beam mill specimens using a lift-out method. TEM analy-
a Chi-Phi-XYZ stage and a PIXOcel detector. sis was performed on an FEI Talos F200X instrument operated
In situ temperature measurements were done at the Analyticaht 200 keV.
Instrumentation Facility (AIF) at North Carolina State Univer- Instrumented indentation, using the OliverBPharr metho-
sity (Raleigh, NC) using an HTK 1200N oven heater stage for thedology?*** was used to extract the high temperature mechanical
Empyrean. Lattice parameters were determined using the GSAS-froperties across the phase transition. Indentations were performed
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FIG. 1. TEM micrographs and corresponding EDX-measured elemental distributions of both single phase rock salt and phase-separated J14. Panel (a) sho
elemental distribution map, panel (b) is the TEM image associated with the EDX mapping, and panel (c) is an EDX line scan conbPrming the composition homo
a grain boundary for the single phase, characteristic of the expected rock salt solid solution. Similarly, panels (d)D(f) show the elemental distribution, TEM in
scan across the phase boundary, respectively, for the multi-phase regime, where needle-like grains consisting primarily of CuO precipitate from the rock salt f
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at temperatures up to 1223 K on a mechanically polished speci-2) . . . . . .
men on a nano-indenter (MicroMaterials NanoTest Vantage) with & (MgNiCoCuzn), ,0

a cubic boron nitride (cBN) Berkovich indenter tip. A series of ten 4296 F — Linear Fit $ T
95% Confidence Band &

indentations were performed on the specimen at each temperature
as the sample was thermally cycled from the ambient temperature tc
1223 K for three cycles within an open-air environment. A consistent
heating and cooling rate of 1.6 K/min was used, and the specimer<
was allowed to stabilize at each temperature for one hour prior to *
performing the indentation.

The temperature-dependent thermal conductivity of a pair of
J14 samples in both single- and multi-phase was measured usin 4 59q [
the transient plane source system Hot Disk (TPS 3500, Thermtest
from 100 to 600 K. Additional details regarding the hot-disk method 1160 1180 1200 1220 1240 1260 1280
can be found elsewhere in the literature? Prior to measurements,
both samples were annealed in air at 1273 K and 1073 K for 1 h b)

4.292

Temperature (K)

to promote stabilization in the single- and multi-phase, respectively.  +*** [ © MaNICOCZNGLT/ ' ' ' '
The Hot Disk TPS 3500 was checked against two reference star UnearFit
dards: stainless-steel and a BK7 window glass, and the measure 42861 ;g‘;)aécf:ﬁdence N @/@/m/@ 1
values were found to be in good agreement with the literat(ife.
The J14 samples wete85% dense, estimated via mass/volume — #284T . / ]
calculations, and the thermal conductivity values were subsequenth< ®
adjusted using the Maxwell Garnett model shown in Et).?>? ©4.282 ® 1
below, in which" is the relative porosity percentage of the samples, 7
4.280 F .
Ksolid = Ll?rf’us. @) 4278 @/Q/@/“’/h ~Transition Region—~ ]
1+"

980 1000 1020 1040 1060 1080 1100 1120

c) Temperature (K)
I1l. RESULTS AND DISCUSSION 10 ;/E E—ﬁ\i §/§——9\§—§ 0.04
Qo N
Figure 1shows the microstructure and chemical distribution »& %981 ¥ é\é>< 9
of J14 above and below the transition temperature, characterizec+ g gg | ~o—g gy T 3\; {0.02 X
via transmission electron microscopy (TEM) and energy dispersive > o §\§\$/§_§

spectroscopy (EDX). Consistent with previous restilthe single-
phase rock salt solution transitions into a two phase system, where
CuO needles precipitate from the rock salt host.

Due to the isotropic nature of the J14 phase, we are abl¢ FIG. 2. Panels (a) and (b) plot the lattice parameter vs tempera-3
to reduce thermal expansion to one dimension. The linear coefp: ture below and above the multi-to-single phase transition temperature ﬁ)r
cient of thermal expansion (CTE) for J14 shownFiy. 2plots the Mg LCa Nb.Clh2Zn ;0, respectively. Included with these plots are the linears
lattice parameter vs temperature for (a) single phase J14 and (b) C bts and associated 95% conbdence bands used for determining the CTE in @clf

. - ) . . region of interest. Panel (c) plots the change in phase fraction across the transftion
deIDC|e_nt J14, as found in the two ph"_"se reg'me' The slope is used temperature as determined through rePnement, suggestitig4babf CuO ‘o
determine the CTE based on the basic equation precipitates from J14 below the transition temperature. Between 1030 and 10@ K

CuO re-incorporates into the host matrix.

0.94
975 1000 1025 1050 1075 1100 1125
Temperature (K)
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where #_ is the linear CTE, L is the lower limit of the lattice completely dissolves. This temperature range agrees well with the
parameter in the measurement, ahdl!! T is the slope. Based on previous observations of the transition from multi-phase to single
these data, we bnd the CTE for the single phase Bi# P(a) phase J14It can be seen that above this transition region, the coef-
to be 14.12 0.09! 10 ® K' . The two-phase temperature regime bcient of thermal expansion is found to be 14493.09! 10 6 K'?,

[Fig. 2(b] is somewhat more complicated: Cu is actively dissolv-an" 4.7% difference from the single phase regime. Referring back to
ing back into the rock salt host across the transition back to single~ig. 2(c) this could be due to 0.6 wt. % Cu still slowly diffusing into
phase concurrently with its thermal expansion, creating a superim-the host lattice. Below this transition range, a larger concentration
posed function on the CTE as the host makes room for additionalof CuO ( 4 wt. %) exists outside of J14, and the CTE of the primary
cations. The Rietveld rePnement of the weight fractions of CuO angbhase drops to 1080.3! 10 °K'?!

J14 as a function of temperature, showrtin. 2(c) suggests a tran- Figure 3shows the thermal conductivity of the single-phase and
sition range from' 1030 to 1085 K, where the remaining CuO nearly multi-phase J14 samples as a function of temperature. These thermal
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FIG. 4. Elastic modulus measurements derived from indentation. A distinctige

FIG. 3. The temperature dependent thermal conductivity of J14 above and OstepO feature observed at about 1150 K, indicative of a temperature-actigate
the critical temperature appears to be constant within uncertainty regard Stiffening mechanism. Hardness measurements derived from indentation, Sho%””ﬁ
phase. These values agree with those reported ptexieBSIyV'm K 151 signibcant softening of the material above 775 K.

conductivity values were measured using the transient plane sourdgéterature to demonstrate active phase transformations in metals and
method® via a hot-disk. ceramics*°
Within uncertainty, the thermal conductivities of the single-
phase and multi-phase samples are nearly the same and span
2.5p3 W m! K'!, which is in agreement with the value of IV. CONCLUSIONS

1 } .
2.95¢ 0'2.5 W m® K * reported bY Brauret al-” The primary The resulting effects on the thermal and mechanical properties
heat carrier |.n.b0th phases of J14 is phonons. The near same thefiom the reversible transformations observed in entropy-stabilized
mal CondUCt'.V'Fy qbserved he_re betweer_1 the two phases 'nd'catec?xides were investigated. Indentation results support the previ-
Fhat the precipitation of CuO in Fhe multl-pha_sg sample does nOtously noted phase transformation reversibility within these entropy-
increase phonon scattering signibcantly. Additionally, both phase§tabi|ized oxides, while temperature-dependent XRD results conbrm

exhibit an amorphous-like thermal conductivity trend as the tem- that this mechanism is temperature-driven, not primarily stress or

peratu_re Increases from 100 to 600 K. Such an am_orph_ous"'kﬂwdentation—load driven. Importantly, the stability and even lim-
trend is e>_(pected n ES(_%.The presence of bve cations in t_he ited recovery of mechanical properties after this structurebproperty
crystal lattice causes a signibcant amount of phonon s_catté?nng_. transformation, combined with the constant thermal conductivity,
Eurther.more, the overall po'foi“y of the samples prov'des.add"suggest that this effect may be reliably exploited for mid- to high-
tional sites for phonon scattering.Together, these wo mechanisms temperature applications of entropy-stabilized oxides. The substan-

lead to the amorphous-like thermal conductivity in single-phase andtial difference in the linear CTE within the regions surrounding the

multi-phase ESOs. transition temperature may cause difbculty in applying J14 as a coat-

As shown inFig. 4 the specimen was observed to retain . _ . ; ;
. . . ng; however, to fully understand such an applied behavior, more
its mechanical properties through 775 K, but between 775 an tudies would be required.

1125 K, the specimen experienced signibpcant softening before sta-
bilizing above 1125 K. Similarly, the elastic modulus, as shown in
Fig. 4 decreased signibcantly within this same interval, 87501125 Ky ppL EMENTARY MATERIAL

however, there was a distinct OstepO feature occurring at around

1125 K, at which point the modulus increased about 25%. This  See thesupplementary materidor tables.
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