Acta Materialia 235 (2022) 118056

Contents lists available at ScienceDirect

Acta Materialia

journal homepage: www.elsevier.com/locate/actamat

Short-range order and origin of the low thermal conductivity in n
compositionally complex rare-earth niobates and tantalates

Andrew ]. Wright?, Qingyang WangP, Yi-Ting Yeh? Dawei Zhang¢, Michelle Everett¢,
Joerg Neuefeind¢, Renkun Chen"<, Jian Luo®<*

2 Department of NanoEngineering, University of California San Diego, La Jolla, CA 92093, United States

b Department of Mechanical and Aerospace Engineering, University of California San Diego, La Jolla, CA 92093, United States
¢ Program of Materials Science and Engineering, University of California San Diego, La Jolla, CA 92093, United States

d Neutron Sciences Directorate, Oak Ridge National Laboratory, One Bethel Valley Road, Oak Ridge, TN 37831, United States

ARTICLE INFO ABSTRACT

Article history:

Received 4 April 2021
Revised 15 May 2022
Accepted 21 May 2022
Available online 23 May 2022

Rare-earth niobates and tantalates possess low thermal conductivities, which can be further reduced in
high-entropy compositions. Here, a large number of 40 compositions are synthesized to investigate the
origin of low thermal conductivity. Of these, 29 possess single (nominally cubic) fluorite phases and most
of them are new compositionally complex (medium- or high-entropy) compositions. Furthermore, doping
2% of light element cations can further reduce thermal conductivity. This large data set enables the dis-
covery of a negative correlation between the thermal conductivity and averaged radius ratio of the 3+/5+
cations. While this ratio is still below the threshold for forming long-range ordered weberite-type phases,
this correlation suggests the reduced thermal conductivity is related to short-range weberite-type order,
which is indeed revealed by diffuse scattering in X-ray diffraction and neutron total scattering. Specifi-
cally, neutron total scattering is used to characterize five selected specimens. A better fit to a weberite-
type structure is found at the nanoscale. The characteristic length (domain size) is appears to be larger
in more insulative materials. As it approaches the loffe-Regel limit, the phonon limit breaks down and
“diffusons” give rise to the observed amorphous-like thermal conductivity.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction cally >2000 °C), low thermal conductivities (k < 2 W m~1K~1), and
moderate Young’s moduli (E ~ 200 — 250 GPa) [1-6].

In the last a few years, the field of high-entropy ceramics
(HEGCs) is developing rapidly and attracting great scientific inter-
est [10-12]. The majority of recent studies of HECs have been fo-
cused on rock salt [13-15], perovskite [16-19], and fluorite [20-
25], pyrochlore [26-28] structured oxides, metal diborides [29-32],
and rock salt carbides [33-37]. Recent work also explored other
systems such as other borides (including monoborides [38], M3B4

Rare-earth (RE) niobates and tantalates (RE3NbO; and RE3Ta0O;)
are promising candidates for making the next generation thermal
barrier coatings (TBCs) [1-6]. In general, developing new ceramic
materials for TBCs is of critical importance for increasing the en-
ergy efficiency of gas-turbine engines [7,8]. Specifically, RE nio-
bates and tantalates often form cubic “defect fluorite” structure
(where RE3t and Nb°*/Ta®t randomly occupy one cation sublat-

tice, with a large fraction of 1/8th oxygen vacancies randomly dis-
tributed on the anion sublattice). An ordered weberite-type struc-
ture (of a ~ v/2x ~ +/2x ~ 2 supercell with respect to the original
cubic fluorite unit cell) can also form with a large radius ratio of
the 3+ RE cation to the 5+ Nb or Ta cation (rgg/rﬁ;;/m) [2,9]. These
RE3NbO,; and RE3TaO; possess high melting temperatures (typi-
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borides [39], tetraborides [40], and hexaborides [41,42]), silicides
[43-45], aluminides [46], nitrides [47,48], fluorides [49,50], sili-
cates [51-54], and phosphates [55,56]. Notable properties of in-
terest include enhanced electrochemical [12,57-60] and mechan-
ical [29-31,35,37,61-64] performances. Significant modeling ef-
forts have also made to help understand the experimental re-
sults or guide the exploration of new compositions [35,64-67].
More recently, we further proposed to broaden HECs to compo-
sitionally complex ceramics (CCCs), where non-equimolar and/or
medium entropy compositions can outperform their equimolar
high-entropy counterparts [10,22,26]. Defects (e.g., aliovalent cation
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doping or anion vacancies) and short- and long-range orders can
bring additional complexity and opportunities to tailor the ther-
momechanical (and other) properties of these emerging HECs and
CCCs [10,68].

Perhaps one of the most interesting and useful properties
that HECs and CCCs possess, observed across nearly all systems
examined, is represented by the reduced thermal conductivity
[21-23,26,36,52,69-72]. Specifically, reduced and ultralow ther-
mal conductivities have been shown in high-entropy RE niobates
[10,23,68,73,74]. For example, in a 2020 perspective article [10], we
reported the preliminary result for (YDyErNbysTags)0; (k = 1.11
W m~1K-1; E = 226.5 GPa, NT1 in this study). Zhao et al. also
reported the fabrication of high-entropy RE niobates and tanta-
lates in 2020 (without reporting the thermal conductivity) [23]. A
couple of recent articles in 2021 further reported ultralow ther-
mal conductivities [73,74]. We also further investigated a series
of single-phase duodenary oxides, e.g., [(Smg25Euq25Gdg25Ybg.2s)2
(TigsHfo 25Zr0.25)2071]1-x[(Sc0.266 DY0.248 TM0.246 YD0 240 )3NDO7 ]x - with
an order-disorder (pyrochlore-fluorite) transition, where one end-
member is high-entropy RE niobates [68]. These recent studies col-
lectively suggested that various high-entropy RE niobates and tan-
talates can be made into the (nominally cubic) fluorite structure
(long-range order based on X-ray diffraction) with reduced and
low thermal conductivities [10,23,68,73,74].

Braun et al. attributed low thermal conductivity in high entropy
rock salt oxides to valency disorder inducing unit cell distortions
[70]. Wright et al. showed the important roles of the concentra-
tion of oxygen vacancies and the size disorder in influencing the
thermal conductivities in compositionally complex fluorite and py-
rochlore oxides [22,26]. Here, we further investigate the underlying
mechanisms of low thermal conductivities in high-entropy RE nio-
bates and tantalates (including mixed niobates/tantalates).

In this study, we fabricated and investigated a large number
of 40 RE niobates and tantalates (including 29 compositions that
form single cubic phases), most of which are new composition-
ally complex (medium- and high-entropy) compositions not re-
ported before. We examined the influence of the ratio of Nb and
Ta and the effects of aliovalent doping. Notably, we discovered

that the average %/r5+ cation radii ratio controls the thermal

No/Ta
conductivity. While the rﬁg/rggﬂa ratios of our specimens are still
well below the threshold for forming long-range ordered weberite-

type phases, a negative correlation between the rfg/rgz/m ratio
and thermal conductivity suggests the possible role of short-range
weberite-type order, which was also evident by the diffuse scat-
tering in X-ray diffraction. Furthermore, we employed advanced
neutron total scattering, along with small-box modeling, to char-
acterize selected specimens to confirm the existence of weberite-
type short-range ordering at the nanoscale (~ 1 nm) suggested by
King et al. [75]. Thus, the observed amorphous-like ultralow ther-
mal conductivity is likely to due to a “diffuson” mechanism [76].

2. Experimental procedures
2.1. Materials synthesis and fabrication

Constituent binary rare-earth oxide, Al,03, and MgO powders
(particle sizes ~ 5 pum) were purchased from US Research Nano-
materials. CaO (particle size < 160 nm), Nb,Os (particle size ~
500 nm), and Ta,05 powders were purchased from Sigma-Aldrich,
SkySpring Nanomaterials, and Inframat Advanced Materials, re-
spectively. The purity for all powders were > 99.9%. Note that the
Al,03, MgO, and CaO powders were used to dope a high-entropy
tantalate that will be discussed in §3.3. Stoichiometric amounts of
binary oxides were weighed out with a 0.01 mg precision for a to-
tal of 2 g. The powders along with 2 wt% stearic acid was added to
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a poly(methyl methacrylate) tube with tungsten carbide endcaps
and one @5/16” tungsten carbide ball. The powders were high-
energy ball milled for 100 min (SPEX 8000D, SPEX SamplePrep,
USA). The powders were then pressed under 100 MPa in a 0.5”
diameter stainless steel die and placed on a Pt foil for sintering at
1600°C or 1700°C for 24 h. Both surfaces of the specimens were
ground with a 30 um diamond disk to remove any surface con-
tamination. Pellets were ground into a powder with an agate mor-
tar and pestle for diffraction experiments.

2.2. Characterization

2.2.1. Phase, density, and compositional uniformity

X-ray diffraction (XRD, Miniflex II, Rigaku, Japan) was used to
determine the crystal structure and theoretical density. Data was
collected over 2 s per step with 0.02° 26 steps at 30 keV. The bulk
density was determined through the boiling method abiding the
ASTM Standard C373-18 [77]. The relative density of the specimens
ranged from 90 to 100%.

Scanning electron microscopy (SEM, FEI Apreo, OR, USA) with
energy dispersive X-ray spectroscopy (EDS, Oxford N-MaxN) ele-
mental mapping was used to characterize the compositional uni-
formity on cross-sectional specimens hot-mounted in acrylic (pol-
ished to 40 nm colloidal silica).

2.2.2. Neutron total scattering

Neutron total scattering experiments were carried out at Oak
Ridge National Laboratory (ORNL) on the Nanoscale-Ordered MA-
terials Diffractometer (NOMAD, BL-1B) at the Spallation Neutron
Source (SNS). Powders were loaded into a 2.8 mm ID, 3 mm OD
diameter quartz capillary to a height of 3 cm (~ 0.7 g). The ex-
periments were carried out at 290 K for a total accelerator pro-
ton charge of 8C, corresponding to about 92 min acquisition time
at full power. The intensity from the detector bank 4 was used
to show the neutron diffraction data. The data from all six de-
tector banks were background-subtracted (from an empty quartz
capillary) and normalized to the intensity of vanadium prior to
being combined to produce the total scattering function, S(Q).
The data was also passed through a wavelength filter that ex-
cludes resonance as well as an absorption correction. This function
was Fourier-transformed with a fixed Qmgx = 25 A_] to obtain the
neutron weighted pair distribution functions, G(r) =r[g(r) —1].
The momentum transfer, Q, is given as Q = 4msinf/A, where
6 and A are the scattering angle and neutron wavelength. The

Qqamp and Qprgqq instrumental parameters were 0.017659 A" and

0.0191822 A_l, respectively, that were determined from a Si stan-
dard.

2.2.3. Young’s modulus (E)

The Young’s modulus was determined through an oscilloscope
(TDS 420A, Tektronix, USA) operating in pulse-echo mode follow-
ing the ASTM Standard C1198-20 [78]. The longitudinal and trans-
verse wave speeds and thus, Poisson’s ratio and Young’'s modulus
were calculated by the same method used in a previous publica-
tion [22].

The measured Young's modulus was corrected for porosity ac-
cording to E = E;"jﬂz%f;;d, where P is the pore fraction [79]. All re-
ported Young’s moduli in this article are intrinsic materials prop-
erties extrapolated for fully dense specimens.

2.2.4. Thermal conductivity (k)

The thermal conductivity (k) was determined through the prod-
uct of thermal diffusivity (), density (o), and heat capacity (cp).
Laser flash analysis (LFA 467 HT HyperFlash, NETZSCH, Germany)
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determined the thermal diffusivity. Before measurement, the spec-
imens were coated with carbon to maximize laser absorption and
infrared emission. The heat capacity was calculated through the
weighted average of the heat capacity of the constituents [80] ac-
cording to the Neumann-Kopp rule.

The measured thermal conductivity was corrected for porosity
according k = ’(‘;’w’fs)“gﬁg, where P is the pore fraction [81]. Again, all

reported thermal conductivities in this article are intrinsic materi-
als properties that represent the values extrapolated for fully dense
specimens (with the porosity effects being corrected/removed).

2.2.5. Scanning transmission electron microscopy (STEM)

A transmission electron microscopy (TEM) specimen of NT5-50
was prepared by a standard lift-out method using a focused ion
beam (FIB). A double aberration-corrected scanning transmission
electron microscope (STEM, JEOL JEM-ARM3O0O0CF, Japan) equipped
with a high-angle annular dark-field (HAADF) detector operating
at 300 kV was used to generate atomic resolution images and
nanoscale energy dispersive X-ray spectroscopy (EDS) elemental
maps.

2.3. Neutron total scattering modeling

A small-box modeling approach was carried out with the
PDFgui software [82]. A cif file was created in VESTA for each com-
position based on a A40; defect fluorite (space group 225, Fm3m)
and A3;BO; weberite-type (space group 20, C2224) unit cell [83].
The fluorite cell had the lattice parameter, scale, correlated atomic
motion (delta2), and the isotropic atomic displacement parameter
(ADP) for the cation and anion site refined (with five parameters
in total). The weberite-type cell had 27 parameters refined, includ-
ing: lattice parameters, scale, correlated atomic motion (delta2),
eight ADPs corresponding to the eight distinct lattice sites, and
14 lattice position parameters. When applicable, the mixed A-/B-
sites were refined all-in-same atomic site (i.e., each cation on a
mixed site were refined to have identical positions and Uj,). The
fitting range was selected to be from 0.02A — 50A and the upper
bound was then reduced in 5 A steps until the final fitting range of
0.02A — 10A. After each fitting window, the converged parameters
were used as initial values for the next round of fitting.

3. Results and discussion
3.1. Phase formation

Among 40 compositions examined in this study, 29 exhibit a
single (nominally cubic) fluorite phase and one exhibit single (or-
thorhombic) weberite-type phase according to the benchtop XRD
analysis. Among, 26 single-phase solid solutions can be classi-
fied as medium- or high-entropy compositions (with 4-6 differ-
ent metal cations and >1kg per cation in the ideal mixing config-
urational entropy [10]). The key results of all 40 compositions are
documented in Table S1, along with all XRD spectra (Supplemen-
tary Figs. S5-S13), in the Supplementary Material. The 29 single
(nominally cubic) phase compositions and their room temperature
thermal conductivity and Young’s modulus are listed in Table 1. Se-
lected SEM EDS elemental maps showing the compositional homo-
geneity are also documented in Supplementary Figs. S15 and S16.

Eight of the ten compositions that have secondary phases are
those (non-conventional compositions) doped with 10% or more
TiO,, Cao, AlOy5 (= ¥ Al,03), and MgO (Supplementary Figs. S13a
and S14). Another is the NT10 doped with 2% TiO, with a trace
amount of a secondary phase (Fig. 2a). The only other two-phase
composition is Dy3(Nbyj4Tas,)07, while Dy;TaO; exhibits single
orthorhombic weberite-type phase.
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The other 29 conventional compositions with a variety of dif-
ferent RE combinations, including some doped with 2% CaO, AlO;s,
and MgO, are single (nominally) cubic defect fluorite phase (for the
long-range ordering based on XRD, albeit the possible existence of
short-range weberite-type orders discussed later). Thus, this study
suggests the ubiquitous formation of high-entropy RE niobates and
tantalates.

3.2. Benchmark and influence of Nb:Ta ratio

In a 2019 study, Dy3NbO; was reported to have a ultralow ther-
mal conductivity of k= 1W m~! K-! and the highest reported E/k
ratio [84]. An interesting experiment is to investigate the influ-
ence of substituting Nb with Ta (as Ta is approximately twice the
mass of Nb, while Ta and Nb have almost the same ionic radius
of ~0.64 A [85]). Interestingly, Dy;NbO; has a fluorite structure
while Dy3TaO; has a (long-range ordered) weberite-type struc-
ture; thus, a disorder-order transition, which can occur gradually
with a two-phase transition region, can influence the properties.
A recent study [86] of Dys(NbqTax)O; (x = 0, 1/6, 1/3, 1/2, 2/3,
5/6, and 1) found that the thermal conductivities are in the range
of 1.1W m~1 K- for 100-900 °C, and both the modulus and ther-
mal conductivity decrease with increasing Nb fraction. However,
the fluorite-weberite transition complicates the interpretation.

Thus, we first investigated a similar series of compositions
(NTO0-0, NT0-25, NT5-50, NT0-75, and NT0-100 for x = 0, 0.25,
0.5, 0.75, and 1 in Dy3(Nb;_xTax)07) as a benchmark. Our Dy3NbO;
(i.e., NTO-0, also expressed as (Dyg75Nbg25)407 to emphasize that
Dy and Nb randomly occupy the same cation sublattice in a A407
defect-fluorite phase) has a measured thermal conductivity of k =
1.10+0.03 Wm1K-' (10% higher than that reported in Ref.
[84] and comparable with that reported in Ref. [86]) and modu-
lus of E = 201.8 £+ 2.2 GPa. This yields a E/k ratio of 183.8 + 2.8
GPam K W~ (lower than that reported in Ref. [84]). The moderate
differences may be attributed to the different measurements meth-
ods as well as the possible effects of residual porosity (while we
note that our reported values represent intrinsic materials prop-
erties extrapolated for fully dense specimens). Overall, the agree-
ments with literature are satisfactory, but we will focus on com-
paring the data obtained from our specimens fabricated and mea-
sured by the same procedure in most of the following discussion
for consistence.

In our series of specimens, the thermal conductivity stays al-
most constant with increasing modulus for NT0-25 and NTO0-50
with increasing Ta doping, producing higher E/k ratios of 188-
189 GPam K W-1 (Fig. 1(b)). A (long-range) weberite-type phase
started to form in Dy3(Nby 4Ta3;4)07 (Fig. 1a), where both modu-
lus E and conductivity k increase abruptly (Fig. 1(b)). The E/k ra-
tio dropped substantially in the weberite-type DysTaO; due to a
higher k with slightly reduced E.

Next, we further investigated a series of compositionally com-
plex (Dyg.25Erg25H0g 25Nbg 25.xTax)407, which all show a single flu-
orite phase without long-range weberite-type ordering (Fig. 1(c)).
The measured E, k, and E/k are shown in Fig. 1(d). Both the modu-
lus and conductivity increase as more Nb is substituted for Ta (al-
beit an initial drop of modulus with a small amount of Ta substitu-
tion), similar to the simpler Dy3(Nb;_xTax)O; series. Notably, both
E and k increase substantially from x = 0.125 to x = 0.1875 (corre-
sponding to a change in an increase in Ta fraction) without a phase
(long-range disorder-order) transition (Fig. 1(d)). Interestingly, sim-
ilar increases in E and k were observed in Dy3(Nb;_xTay)O; accom-
panying a long-range ordering (fluorite-weberite phase transition)
at the same Ta/(Nb+Ta) ratio (Fig. 1(b) and Ref. [86]). Thus, these
analogous abrupt increases in E and k leads one to wonder if short-
range weberite-type ordering is emerged in compositionally com-
plex (Dyg.25Erg25H0g 25Nbg25.xTax)407, despite the absence of the



AJ. Wright, Q. Wang, Y.-T. Yeh et al.

Table 1
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The thermomechanical properties of each niobates and tantalates synthesized in this study sorted by r3+/r5+. Specimens examined

by neutron diffraction are denoted by *.

Identifier Composition Bt ke (%) Egr (GPa) E/k (GPam K W-1)
NT8* (5€0.25Ybg 25LUg25Nbg 25)407 1.281 1.28 + 0.04 2252 +23 176.3 + 2.6
NT20 (S¢0.168ET0.234Tmg 183 Ybo.165 Nbg 25 )407 1.316 1.24 + 0.02 2114+ 1.9 170.7 £ 2.8
NT21 (Sc0.2Dyo.186Tmg 185 Ybo.18Nbg 25 )4 07 1.316 1.24 + 0.02 2141 +£ 19 1721 £ 2.6
NT24 (Sco.185Dy0.21Er0.182Ybo.173NDg 25 )4 07 1.324 1.21 £ 0.05 2179 £ 1.8 179.9 + 29
NT25* (5¢0.165Dy0.191HOg.197 T 197Nbg 25 )4 07 1.337 1.21 £ 0.03 2178 + 1.7 180.4 + 3.2
NT10-2A (Erg.245 Tmg 245 Ybo 245 Al0.02Tag 245 )407.s 1.343 1.18 + 0.04 209.0 + 2.7 179.6 + 3.4
NT10-2M (EXo.245 TMo 245 Ybo 245 M80,02 Ta0.245 )4 07.5 1347 120+ 004 2074 +27 1776 +3.0
NT26 (Sco.15Dy0.279H0¢.171 Erg.15Nbg 25 )407 1.347 1.16 + 0.03 2229+ 1.9 1914 + 3.2
NT4* (Erg.25Tmg25Ybg25Nbg 25)407 1.356 1.15 £+ 0.04 2179 £ 2.5 190.1 £ 3.2
NT10 (Erp25Tmg25Ybg25Tag25)407 1.356 1.22 £ 0.04 226.5 + 3.1 1854 + 34
NT6 (Yo.25Tmg 35 Ybg 25Nbg 25 )407 1.363 1.19 + 0.04 2156 + 2.5 180.8 + 2.9
NT10-2C (EXo.245 Mo 245 YDo 245Cao.02 Tag 245 )4 075 1.365 115+ 003 2041 +23 1827 +28
NT2 (Dyo.25Er0.25Ybo25Nbg 125Tag 125 )407 1372 1.10 + 0.03 2239 + 2.7 202.8 + 33
NT5 (Dyo.25H00.25Er025Nbg 25)407 1.388 1.09 + 0.03 2142 + 2.4 196.0 + 3.9
NT5-25 (DYo.25H00.25Er0.25Nbo.188 Ta0.063 )4 07 1.388 111 +£ 001 2029 +22 1824 +3.0
NT5-100 (Dyo.25H00.25Er025Tag 25 )407 1.388 1.21 £ 0.01 2224 +£ 35 1839 + 34
NT5-75 (Dyo.25H00.25Er025Nbg 063 Tag.188 )4 07 1.388 1.19 £+ 0.01 2242 + 3.1 187.8 + 3.2
NT5-50 (DYo.25H00.25Er025Nbg. 125 Tag 125 )a07 1.388 112+ 001 2076 +27 1848 +3.0
NT1 (Yo.25DY0.25Er0.25Nbg.125Tag 125 )4 07 1.389 1.11 £ 0.03 226.5 + 2.6 204.1 + 3.1
NT5-50 2L (Dyo245H00.245ET0245La0.0sNDo 123 Tag.123)407.5  1.393 1.09 £ 0.01 2227 £2.7 2046 + 33
NT3 (Yo.25Dy0.25H00.25Nbg 25)407 1.395 1.14 + 0.03 208.8 + 2.2 182.7 + 2.8
NT5-50 4L*  (Dyo.24H0024Er024L3004NDg.12Tag12)407.5 1.399 1.06 + 0.01 2206 +2.5 209.0 + 3.4
NT32 (Yo.143DYy0.587H00.02Nbg.143Tag.107)407 1.403 1.15 + 0.06 226.7 + 3.0 1964 + 3.4
NT5-50 6L (Dyo235H00235Er0235 L2006 NDo.118 Tao118)4075  1.404 1.10 £ 0.01 2189 +3.0 1986 + 3.7
NTO0-0 (Dyg.75Nbg25)407 1.406 1.10 £+ 0.03 201.8 +£ 2.2 183.8 +£ 2.8
NT0-25 (Dyo.75Nbo.185Ta0.063 )407 1.406 111 £ 001 2094 +24 1884 +3.0
NTO0-50 (Dyo.75Nbg 125 Tag 125)407 1.406 1.10 £+ 0.01 2076 £ 2.3 189.1 + 29
NT5-50 8L (Dyo.23H0023Er023La005Nbo.115Tag115)407.5 1.409 112+ 001 2013 +22 1793 +2.7
NT5-50 10L (Dyo.225H00225Er0225Lag.1 Nbg 113 Tag 113 )407.5 1.415 1.12 £ 0.01 208.8 + 2.6 187.1 £ 3.0
long-range weberite-type order that occurs in the simpler compo- (Erq4Tmy4Yby4Tay 4)407  (without precipitating a secondary

sition of Dy3(Nb;4Tax)O; with the Ta/(Nb+Ta) ratio greater than
Ya.

3.3. Reducing thermal conductivity with light cation doping

As a new discovery, we further demonstrated that intro-
ducing a small amount of light element cations (Mg2+, AP,
and Ca?*) into a dense matrix of high-entropy tantalates, NT10
(Erq;4Tmy4Ybyj4Tay)4)407, can further reduce the room tempera-
ture thermal conductivity while maintaining single high-entropy
solid-solution phases.

The 2% MgO, AlOy5 (1/2 Al,03), and CaO doped
(Erqj4Tmy4Ybqj4Tay 4)407 were the single fluorite phase ac-
cording to XRD, while a trace amount of secondary phase was
observed in 2% TiO, doped (Ery;4Tmy;4Yby4Taq4)407 (Fig. 2(a)).
In contrast, all the four 10% doped specimens had significant
amounts of secondary phases (Supplementary Figs. S13a and S14).
The modulus of all the specimens decreases with doping (see
Fig. 2(c) for 2% doped compositions and all data in Supplementary
Table S1), which may be due to aliovalent doping and oxygen
vacancy effects. The thermal conductivity decreases at 2% doping
of MgO, AlOy5, Ca0, and TiO, (Fig. 2(c)). Most notably, 2% CaO
doped (Ery;4Tmy4Ybyj4Ta/4)407, which is single fluorite phase
according to XRD (Fig. 2(a)), possesses appreciably reduced ther-
mal conductivity at all temperature range in comparison with
(Erq;4Tmy4Ybq4Tay 4)407 (Fig. 2(c)). In contrast, 2% doping of
MgO, AlO;s5, and TiO, reduces the room-temperature thermal
conductivity, but increases the high-temperature thermal conduc-
tivity, of the (Eryj4Tm;;,Ybyj4Tay4)407. The thermal conductivity
increases significantly in the two-phase regime with 10% doping
for all four light element oxide dopants (Supplementary Table S1).

The reduction of the room-temperature thermal conduc-
tivity with 2% of light cations Mg2t, AIB*, and Ca%* in

phases) represents an interesting new observation. This may sug-
gest a “locon” effect (resulted from localized vibration modes of
doped light element in a matrix of heavy elements) [76]. However,
locons are usually the vibrational modes with the high frequency
[76]. If it was the locon effect only, if would only impact the
high frequency modes and would not impact the mechanical and
acoustic properties (that are related to low-frequency modes).
While the locon effect [76] remains a possible contributing mech-
anism, it is premature to draw a conclusion here. Instead, we
hypothesize that the doping of the light element cations may
have multiple effects. First, it does decease the Young’s modulus,
which will reduce phonon speed of sound (low frequency modes)
and in turn decrease the thermal conductivity. Second, doping
with light cations can increase the mass disorder (albeit that our
correlation analysis shown in Supplementary Fig. S1(b) in suggests
the opposite: i.e., statistically, increased mass disorder surprisingly
leads to slightly increased thermal conductivity in this class of
materials). Third, some light element cations are also aliovalent,
which can create charge defects and oxygen vacancies. In any
case, the reduction of the thermal conductivity with small levels
of light cations within the single high-entropy phases (Fig. 2(c))
represents an interesting finding (and perhaps a new direction to
further tailor the thermomechanical properties of high-entropy
niobates and tantalates).

The decreases in the thermal conductivities in 10% doped spec-
imens are likely related to the formation of significant amounts
of secondary phases (as shown in Supplementary Figs. S13a
and S14) at the high doping level. These cases are too compli-
cated and not sufficiently interesting to warrant further investi-
gation. However, since the 10% doped specimens clearly exhib-
ited secondary phases, we do not rule out the possibility that
there may be some agglomeration in the 2% doped specimens
that were undetectable by benchtop XRD and SEM-EDS analysis.
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Such elemental agglomeration may also have reduced the thermal
conductivity.

3.4. Descriptor for thermal conductivity

The successful fabrication of 29 single-fluorite-phase niobates
and tantalates enable us to conduct data-driven analysis to iden-
tify the controlling factors and the best descriptor. We first plot-
ted the room temperature thermal conductivity kgr versus six pa-

35 5% o size di ;
rameters (rgz /13, /7o Tatio, size disorder 4,0, mass disorder gmass,

density p, and ideal mixing entropy ASMix.ideal and average metal
electronegativity ) in Fig. 3(a) and Supplementary Fig. S1 and
conducted correlation analyses to identify the controlling factors
and the best descriptor. The correlations of the thermal conductiv-
ity measured at 1000 °C (kiggg-c) with the same parameters are
shown in Fig. 3(c) and Supplementary Fig. S2, which will be dis-
cussed further at the end of this section.

Previously, we showed that a size disorder parameter (Jg,e =

2 . L
S oxi(1— rl/f) , where x; and r; are the mole fraction and ionic
radius of the ith component and 7 is the weighted average ionic
radius) controls the reduced thermal conductivity in composition-

ally complex pyrochlore oxides (§gize = \/ (size, A+ (size, g)? for
A;B,0; pyrochlores with two cation sublattices) [26]. In that case,
a strong negative correlation between §g,. and kgy (i.e., a larger
Osize implies a smaller kgr) was also observed [26]. In the cur-
rent case, a moderate negative correlation between §g,. and kgt
with a Pearson correlation coefficient (PCC) of —0.61 was observed
for these compositionally complex niobates and tantalates (Sup-
plementary Fig. S1(a)), which is consistent with the prior study
[26]. It indicates that dg,e is still a (reasonably good) descriptor
for forecasting reduced thermal conductivity, but it is less effective
for compositionally complex niobates and tantalates than that for
pyrochlore oxides [26].




AJ. Wright, Q. Wang, Y.-T. Yeh et al.

Acta Materialia 235 (2022) 118056

(a) NT10 NT10 + 2 at% TiO, (b) 22
- | 2.1
m __4;& A , Ao 2.0-
= NT10 NT10 + 2 at% Ca0
S | 197
e 1 i T 181
& INT10 NT10+2at% AIO; 5| == 4 7]
' 2A [
€ 164
0y %y . B .
2 INT10 NT10 + 2 at% Mgo| = 1.5 ey
-g 2M x 1.4 " 4.
_— ‘_Ju_l JL Ju K3, 1.34 NT10 /840
[NT10 0™ (EFTmYDbTa)O, o fﬂ/ " e
(200) @) 1.2957 82859 M, __—* "
JU ,.(212) @00y (331ya20) 1.1 - O L
20 30 40 50 60 70 80 90 0 200 400 600 800 1000
20 () T (7C)
c) 240 — P 1.50
@ e I« 145
_ -1.40
g =0 £1.35
- )
W 160 e 2
] -1.20 ;
140 145 T
i -1.10
120 - [ 1.05
100 - L 1.00

NT10

2% Mg

2% Al

2% Ca 2% Ti
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of the Cu target of the XRD unit used.

Instead, we observed a stronger negative correlation between

E/rﬁ/m and kgr, as shown in Fig. 3(a). Here, B+ is the

RE
weighted average effective ionic radius assuming a coordination

number of VII according to Shannon [85] and r,ffl;ﬂa is virtually

a constant of 0.69A (since Nb>* and Ta>* have almost identical
radii).

In addition, there is a rather complex relation between the
mass disorder vs. kgr (Supplementary Fig. S1(b)) that is not easily
interpretable. Statistically, increased mass disorder leads to slightly
increased thermal conductivity, which is counterintuitive. There is
a weak negative correlation between k and density (PCC = —0.17,
as shown in Supplementary Fig. S1(c)).

Notably, the reduced thermal conductivity is not due to the
“high entropy” effect; in contrast, we observed a weak positive cor-
relation between k and the ideal mixing entropy (PCC = 0.13, as
shown in Supplementary Fig. S1(d)). This correlation indicates an
increasing mixing entropy in fact leads to increased kg statistically
(albeit that the correction is very weak and may not be statistically
significant).

Although, electronegativity can correlate well with various
properties due to its strong relationship to bond polarity, we only
found a weak correlation between the thermal conductivity and

the average metal electronegativity x (PCC = 0.25, as shown in
Supplementary Fig. S1(e)).

In summary, rﬁg/rgg/m appears to be the most significant de-
scriptor for forecasting kgp in compositionally complex niobates
and tantalates based on the 29 single-phase compositions obtained
in this study. Fig. 3(a) shows that kgr reduces with increasing

rﬁg/rlfﬁ;ﬂa, or the increasing average size of the rare-earth cations
% (since r;’,;/m = 0.69 A, virtually independent of the Nb/Ta ra-
tio).

This interesting finding may be correlated with ordering in
RE3NbO; and RE3TaO7, where it is known that larger RE cations
form an ordered weberite-type phase while the smaller cations
(e.g., Dy in RE3NbO; and Ho in RE3TaO;) form the disordered
fluorite phase [5,87]. Fig. 3(b) expands Fig. 3(a) to include
compositions from literature [73,84,88-90]. It shows that long-

range ordered weberite-type phases form at high rg; /rf\’fl; /Ta ratios
(>~1.43), but they exhibit high thermal conductivities.

Our data generally agrees with previous reports for the fluorite
oxides. However, the data from literature are more scattered. Some
reports, e.g., Ref. [73] on a few ternary RE3NbO; and a couple of

high-entropy compounds, show surprisingly low thermal conduc-
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tivities. These differences and scattered data are likely due to the
differences in fabrications and measurements of thermal conduc-
tivities (e.g., laser flash vs. hot-wire measurements), which can of-
ten have relatively large errors. In addition, the presence of resid-
ual porosity can often reduce the thermal conductivity appreciably.
Thus, we mostly focus on comparing the relative values of our 29
single-phase compositions that were fabricated and measured via
the same procedures, where we also carefully corrected the effects
for porosity (so that all our data represent intrinsic thermal con-
ductivities extrapolated for fully dense specimens).

The hypothesis that reducing thermal conductivity with in-

creasing r3+/rN,J 7o s related to weberite-type order appears to
be counterintuitive for the following two reasons. First, all the 29
single-phase compositionally complex niobates and tantalates are
in the (at least nominally cubic) defect fluorite structure without
long-range weberite-type ordering. Second, the long-range ordered
(perfect) weberite-type phases typically have higher (instead of
lower) thermal conductivities than defect fluorites. However, these
apparently discrepancies can be fully explained and understood.
We hypothesize that there is short-range weberite-type ordering
in these compositionally complex niobates and tantalates, which
maintain the long-range defect fluorite structure (nominally cubic
based on XRD). Consequently, the formation of short-range orders,
which have nanoscale characteristic size, can scatter phonons and
reduce the thermal conductivity (in contrast to the increased ther-
mal conductivity in the long-range ordered weberite-type phases).

Since RE niobates and tantalates with ultralow thermal con-
ductivity have potential applications as TBCs, we further carried
out correlation analyses for the thermal conductivities measured at
1000°C, kqygogoc- Fig. 3( ) and Supplementary Fig. S2 show shows

measured Kkigggoc VS. rR size and mass disorder, theoreti-

£/ rNb/Ta’

cal density, ideal mixing configurational entropy, and average metal
electronegativity. While similar trends were observed as the room
temperature thermal conductivities kgr, the correlations for the
k1000-c measured at 1000°C with the same parameters are gen-
erally weaker. The measured kqggg-c appears to have stronger cor-
relations with the theoretical density, configurational entropy, and
the average metal electronegativity (than those for kgr), albeit still
weak correlations. We note that thermal radiation becomes sig-
nificant at T > 600°C, which contribute to the scattered data (i.e.,
measurement errors in kiggg-c due to internal radiation, which de-
pends on specimen composition and thickness that affect absorp-
tion).

To confirm and further analyze the existence of the short-range
weberite-type ordering, we carried out XRD scattering and neu-
tron diffraction on selective specimens. Five specimens labeled in

Fig. 3(a), with representative kgt and r /rNb /Ta values, were cho-

sen for further in-depth study. These ﬁve selected compositions
(labeled in Fig. 3(a)) are:

r5+

+ NT8:  (Sco.25Ybo25Lug25Nbg2s)407, NbyTa

kgt = 128 + 0.04 W m~! K-

1.218;

35
Tre /

- NT25: (S¢0.165DY0.191H00.197TM.197ND0 25)4 07,
ot T ma = 1337: kgr = 121 £ 0.03 W m~! K-!
* NT4: (Ero_stmo.ZSYbo.ZSNbo.ZS )407, r133E /rffl;/m = 1.356;

kRT =115+ 004 W m! K1

. NT5 50: (Dyo.25H00 25Erg 25Nbg 125 Tag 125)407,
T2 o e = 13881 kep = 112 £ 0.01 W nr1 K-1
*« NT5-50 4L: (SCO.25Yb0.25LUO.25Nb0.25)407, /rNb/T = 1218,

kRT = 1.06 + 0.01 Wm~! K-!
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Fig. 4. Temperature-dependent thermal conductivity of the five selected specimens (NT8, NT25, NT4, NT5-50, and NT5-50 4L) from room temperature to 1000°C. The Ky,

as described by Cahill, Watson, and Pohl are shown as a dashed line [94].

3.5. Temperature-dependent thermal conductivity

Fig. 4 shows the thermal conductivities of five selected spec-
imens up to 1000°C. Additional temperature-dependent thermal
conductivities for all specimens are shown in Fig. 2(b) for 2% light
element cation doped compositions and documented in Supple-
mentary Figs. S5(b)-S13(b) for all other compositions.

All five selected compositionally complex RE niobates and tan-
talates show amorphous-like conductivity trends, where k in-
creases slightly with temperature and plateaus at high temper-
atures (Fig. 4) [76,91-93]. Such a behavior has been noted in
simpler compositions such as Dys;NbO; and appears to be com-
mon in fluorite-structured niobates and tantalates [84]. The min-
imum thermal conductivity (k;,) was computed for each spec-
imen according to the model developed by Cahill, Watson, and
Pohl [94]. The phonon limit (kg;,) occurs when the mean free
path of the phonon approaches half the phonon wavelength (loffe-
Regel limit) and it is usually prevalent in highly disordered mate-
rials (that are chemically, structurally, or electronically disordered)
[76,95,96]. Fig. 4 shows that practically the thermal conductivities
of all specimens lie below the k,;;, at intermediate temperatures
(200 — 600°C), while at high temperatures the thermal conduc-
tivity increases with temperature, possibly due to radiative con-
tribution during laser flash measurements. Thermal conductivity
lower than the k;;;, indicates significant diffuson-mediated ther-
mal transport as opposed to the typical phonon transport where

the thermal conductivity variation with temperature shows 1/T
trend [98]. Agne et al. derived an expression for the diffuson limit,
which lies significantly lower than the k,;, derived by Cahill et al.
[98]. Since the kgr values for the selected compositions are similar
to the ternary compositions with identical charge distribution, we
propose that the ultralow thermal conductivity in compositionally
complex compositions is also largely driven by structural disorder.

3.6. Long-range order vs. diffuse scattering in XRD and neutron
diffraction

Benchtop XRD was carried out to determine the phase (long-
range order). XRD patterns for five selected representative compo-
sitions are shown in Fig. 5(a) and additional XRD patterns for all
compositions are documented in Supplementary Figs. S5(a)-S13(a).

The Bragg peaks in Fig. 5(a) correspond to a fluorite struc-
ture as expected. However, on closer inspection of the background,
we noticed significant diffuse scattering occurring in all specimens
around 260 = 40°, 46°, and 55°, which, in general, is the hallmark
of correlated disorder [97-99]. We have shown this in Fig. 5(b) on
a logarithmic intensity scale for the five selected specimens with
distinctly different conductivities and averaged RE cation radii. We
also found that the magnitude of these broad peaks correlated

with the measured kgr (or the ratio of the average radii rgg /rgg/ra).

Specifically, the smaller peaks were observed in compositions with
lower conductivities and the more prevalent peaks were observed
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Fig. 5. Benchtop X-ray diffraction patterns of the five selected specimens on (a) a linear intensity scale and (b) a close-up of diffuse scattering present on a logarithmic
intensity scale. (c¢) Neutron diffraction patterns (from the detector bank 4) of these five specimens and (d) the diffuse scattering around d = 1.4 A in an expanded view.

those with higher conductivities. This correlation suggests that a
smaller peak corresponds to a smaller weberite-type domain (so
the peak is broadened into the background noises) on the nanome-
ter scale, which leads to a stronger scattering of phonons by the
nanodomains resulting in a lower thermal conductivity.

These same five specimens were further characterized by neu-
tron diffraction. Neutron total scattering is more sensitive to oxy-
gen compared to X-rays and makes it a great complement in
diffraction studies. The intensity of the neutrons detected by bank
4 on NOMAD is provided in Fig. 5(c) and reveals more notice-
able broad peaks in the background. A close-up of the back-
ground in Fig. 5(d) reveals these same broad diffuse scattering
peaks with higher clarity. The same trend discerned from XRD
is also noticed here when examining the same peaks, namely,
more thermally insulative specimens have smaller diffuse peak
intensities.

There is an additional feature in the neutron diffraction pattern
that was not distinguishable in benchtop XRD. In all specimens,
it was found that the frequently overlooked background contains
rich information about diffuse scattering indicative of short-range
ordering. Notably, there is a diffuse peak near 1.4 A" consists of
two peaks in NT25, NT5-50, and NT5-50 4L (all containing Dy and
Ho), whereas one broad peak exists in NT4 and NT8. This observa-
tion suggests that the materials with Dy and Ho have a stronger
tendency for general short-range ordering, as evident by the in-
crease in the number of peaks.

Similar diffuse scattering has been revealed by researchers in
simpler rare-earth niobates and tantalates by Allpress and Rossell
using electron diffraction patterns [100]. It was proposed then and
confirmed later that the diffuse scattering corresponded to an or-
thorhombic weberite-type structure [75]. Thus, the observed dif-
fuse scattering in both XRD and neutron diffraction for composi-
tionally complex niobates and tantalates suggests the existence of
short-range weberite-type ordering (on the nanoscale) albeit that
these materials show a long-range disordered defect fluorite struc-
ture.

3.7. Scanning transmission electron microscopy

Aberration-corrected scanning transmission electron
microscopy (AC STEM) high-angle annular dark field
(HAADF) imaging was wused to characterize NT5-50

((Dyo.25H00.25Er0 25NDg 125Tap125)407) as an example to probe
the structural and compositional homogeneity at the atomic to
nanometer scales. Fig. 6(a) shows the uniform composition (dis-
tribution of all cations) at the nanoscale for two grains across a
grain boundary. Atomic-resolution STEM HAADF imaging further
showed structural homogeneity at the atomic level, with a crystal
structure that can be indexed to a fluorite structure, as shown in
Fig. 6(b).

In brief, STEM and EDS show the compositional and structural
homogeneity at the nanoscale and the atomic scale. We should
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Fig. 6. (a) STEM image and EDS elemental maps of the NT5-50 specimen with a grain boundray, showing uniform elemental distribution at the nanoscale. (b) AC STEM
HAADF image of the NT5-50 specimen, showing homogeneity at the atomic scale. Note that the weberite-type short-range ordering revealed by the diffuse peaks in the
XRD and neutron total scattering, which is at a length scale of only ~1 nm based on the modeling of neutron total scattering, cannot be detected in STEM imaging that

represents projected average intensities over the specimen thickness (> 50 nm).

Fig. 7. Two high-magnification grain boundary images taken at different locations and along different zone axes of the same NT5-50 specimen (a) with and (b) without a
nanometer-thick intergranular film. (c¢) An artificially colored image of a selected enlarged region of Panel (a) to highlight the amorphous-like intergranular film.

note that the subtle differences (in either the Z contrasts of dif-
ferent atom columns or the lattice parameters) between the defect
fluorite and weberite-type structures may not be differentiated by
STEM. However, we have carefully examined both XRD and neutron
diffraction patterns (all the relevant sharp diffraction peaks) and
found no peak splitting characteristic of orthorhombic long-range
weberite order. Thus, we conclude that the long-range order is rep-
resented by the cubic fluorite. We further note that the weberite-
type short-range order revealed by the diffuse peaks in XRD and
the neutron total scattering, which is expected be at a length scale
of only ~1 nm (0.5-1 nm) based on the modeling of neutron to-
tal scattering discussed later, cannot be detected in STEM imaging
that represents projected averaged intensities over the specimen
thickness (> 50 nm).

Fig. 7 shows two grain boundaries at different locations of
the same NT5-50 specimen with and without the presence of
a nanometer-thick intergranular film. An enlarged STEM image

10

shown in Fig. 7(c) highlights the “amorphous-like” intergranular
film. Such nanoscale amorphous-like 2D interfacial films [101,102]
(albeit not fully amorphous) are known to form at grain bound-
aries in a variety of ceramics [101-104] and some metals [105-
108], as well as on the surfaces of oxide ceramics [109-115]. They
are known to promote sintering [101,103,104,106,107,116,117] and
influence microstructural evolution [118-120]. They represent one
type of most commonly known 2D interfacial phases, also named
as “complexions” [118,119], at least in ceramics. This observation
shown in Fig. 7(a) and 7(c) represents the first time such intergran-
ular films (or “nanolayer” complexion [118]) are observed in high-
entropy ceramics, albeit they do not form at all grain boundaries
in the current case. The coexistence of two distinct grain bound-
ray complexions (“amorphous-like” vs. “crystallize”) may represent
boundary-to-boundary variation (anisotropy that depends on the
grain boundary character) [118] or the possible existence of inter-
facial complexion (phase-like) transitions [101,118,121-125].
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Fig. 8. The pair distribution functions (PDFs, G(r)) of the five selected specimens (Qmax = 25 A ).

3.8. Short-range ordering indicated in neutron partial distribution
function (PDF)

Various Qmgx were used to analyze the the PDFs due to varying
complexity of the compositions investigated regarding their neu-
tron absorbing capabilities. examined as well. A couple were a slid-
ing Qmax function that used a higher Qmax (45.4 A or 31.4 A™")
in the nearest neighbor interactions (~ 3A) and then transitioned
to a lower Qmax (23A71 and 18/‘3\71) as the radial distance in-
creased. The purpose of the sliding Qmqx was to increase the spa-
tial resolution in the next nearest neighbor distances; however, this
comes at the expense of higher statistical uncertainty. The pat-
tern at the longer range distances is not as sharp as the nearest
neighbor region so these were truncated earlier in reciprocal space
without loss of intrinsic information. Another analysis used a fixed
Qmax = 25 A™" and broadened it with a Lorch function. This reduces
the statistical uncertainty in the nearest neighbor region, but the
spatial resolution is then lost behind the broadening. Each of these
analyses are in the Supplementary Material (Fig. S18). We opted to
use a fixed Qmgx = 25 Afl with no Lorch function as we found this
to be the middle ground between uncertainty and resolution. Ad-
ditionally, because of some strong neutron absorbers we have in
our compositions (Dy and Ho), there are further uncertainties that
arise when using a sliding Qmax function. Thus, all the data pre-

sented here was used with a fixed Qmax = 25 Aq.

1

Fig. 8 shows the PDF, G(r), for all five specimens, which pro-
vides insight into the structure on the atomic scale in a histogram
of the atom-atom distances. In general, each pattern had the same
peaks and general shape alluding to the same general structure.
On closer observation, it was found that the NT5-50 and NT5-50
4L specimens displayed slightly sharper peaks, especially around
2.8 A. Specimen NTS, in particular, showed a very broad and con-
voluted pattern with little distinguishable fine features. This agrees
with the consensus that the larger the size difference between
the 3+ and 5+ cations, the higher the tendency for ordering. This
is similar to the relationship between the pyrochlore and fluorite
structure in rare-earth zirconates and hafnates [126-128]. Another
difference is the slope in the 3.5 A — 4A range is negative for NT5-
50 and NT5-50 4L while it is positive for the other specimens sug-
gesting this may be due to the presence of Ta.

Gussev et al. [129] and King et al. [75] are two previous cases
that examined rare-earth tantalates and niobates with neutron to-
tal scattering methods. Qualitatively, the patterns are very simi-
lar and only display some differences in the nearest-neighbor re-
gion. For one, the Ta-O and Nb-O bond distances can be discerned
while in the PDFs shown in this study, they are not too notice-
able and are convoluted with the RE-O bonding peaks. This can be
explained with a lower Qmgx used in this study (Qmax = 3’»1.4A71
in Gussev et al.) and some smaller cations such as Lu3* and Sc3+
used that become convoluted with the Nb-O and Ta-O peaks. Other
qualitative differences arise from differences in neutron scattering
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lengths. For example, the peak intensity ratio between the peaks
at radial distance ~3.7A and ~4.5A. Overall, the PDFs are in
good agreement and small differences come from the differences
in chemistry and Qmgx truncation.

We should note that Dy and Ho are strongly neutron absorbing
elements, which may affect the accuracy of the PDFs of the sam-
ples that contain these elements. Specimens NT8 and NT4 likely
have less of these uncertainties.

3.9. Small-box modeling with PDFgui

The PDFgui software was used to investigate the local structure
and a possible transition between the fluorite and weberite-type
structures. We approached this by first fitting the PDF to a fluo-
rite and weberite-type structure over a large radial distance (50 A).
This was to provide general lattice parameters that serve as an
average over a relatively large number of unit cells (~ 9 for the
fluorite and ~ 6 for the weberite-type modeling). The maximum
bound was decreased in 5 A steps. This approached was followed
to avoid any local minimums that may have resulted if this proce-
dure was followed in reverse (i.e., increasing the maximum bound
from 10A in 5A steps). The R, factor used to evaluate the fitting

is given below:
yobs Ycalc 2
wi (Y —yeele)

n
RW = Zi:O Zln OWi(YObs)z
= i

Here, Yi"bs and Yf"’c were the experimental and calculated data and
w; is a weighting factor, which was set to unity. Additionally, the
percent difference between the fluorite and weberite-type fitting
factors were evaluated as a function of the fitting window.

Fig. 9(a-e) shows the Ry, factor for the weberite-type and fluo-
rite cells for each specimen. Across all materials, the weberite-type
structure always produces lower Ry, at all observed fitting win-
dows. This is likely due to two reasons. First, the weberite-type
structure has been found to be a better fit for fluorite in the tanta-
late fluorite structure previously in short fitting windows [75]. Sec-
ond, there are more degrees of freedom in the weberite-type struc-
ture so that it is easier to achieve smaller R,. Nonetheless, they
tend to approach each other at sufficiently high radial distances.
We focus on examining the trends in the change of R, values as
functions of rmax (instead of the absolute values of Ry, for fitting
fluorite vs. weberite-type structures) since this provides more in-
sight.

While the weberite-type structure always produces smaller Ry,
than the fluorite structure for all cases (as discussed above), we fo-
cus on analyzing how the change of the relative value with chang-
ing rmax. In NT8 (Fig. 9(a)), the difference (ie., the preference to
fit weberite-type structure over fluorite) increases sharply with re-

ducing rmax. As the average size of the 3+ cations (or rﬁé’/rﬁﬁ;ﬂa)
increases, the fitting for the weberite-type cell becomes slightly
worse (with a decrease in Ry, for fitting the weberite-type struc-
ture, whereas an increase in Ry, for fitting the fluorite structure) at
small radial distances (rmax = 10A) and the difference between the
two structures becomes smaller with increasing rmax. While the
weberite-type cell is certainly preferred for NT5-50 and NT5-50
4L, the fit achieved is not as good as the other three specimens. We
speculate that the weberite-type structure in NT5-50 and NT5-50
4L are distorted to a greater degree (than the others) due to the
increased size mismatch, which in turn, provides a lower thermal
conductivity. This is not upheld in NT5-50 4L since this specimen
has a better fit for the weberite-type structure compared to NT5-

50, although it has a larger rﬁg/rl‘r\’lg/m. However, this may be due

to the addition of La into the structure, making the rare-earth nio-
bate/tantalate non-stoichiometric (RE3*:(Nb, Ta)>*+ = 3:1). This de-

12

x 100% (1)
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viation from stoichiometry likely creates oxygen vacancies and pro-
motes anti-site mixing that is not captured in PDFgui, thereby re-
sulting in more disordering than expected.

Overall, we conclude that weberite-type (short-range) order be-
comes the more preferred structure at the small length scale of
~ 10A. This preference is slightly more pronounced in specimens

with small average RE cation radii (or small rﬁg/rgg/m) that has
a loose correlation with reduced thermal conductivity (Fig. 9).
In other words, this analysis suggests the occurrence of stronger

short-range weberite-type ordering at the length scale of ~ 10 Ain

compositions with smaller rgg/rzz/m, which leads to higher ther-
mal conductivity. Other crucial factors such as neutron absorp-
tion and scattering length/efficiencies along with using all-in-same
atomic site for atomic displacement parameters with multicompo-
nent compositions all play a large role in the results of this sec-
tion as well. In addition to having a small sample size of five, a
strong trend is not easily discernable. The approach to the fluo-
rite curve is also slower for NT5-50 and NT5-50 4L suggesting
a larger weberite-type domain size. This larger domain and “dif-
fuse” (not sharp) boundary further complicates the short-range or-
der weberite-type to long-range order fluorite boundary and plays
a role in the lower thermal conductivity. Overall, these RE niobates
and tantalates all exhibit ultralow thermal conductivity, which may
be attributed to the weberite-type short-range ordering that tran-
sitions to the long-range fluorite order.

The percent difference between the fluorite and weberite-type
fitting are shown in Fig. 9(f-j). These plots further assist in show-
ing the relative preference for weberite-type short-range ordering
in materials with smaller rare-earth cations at small radial dis-
tances and a slower approach to the fluorite fit. Again, we note
that we focus on examining the trends in relative values as a func-
tion of rmax, but not the absolute values, for the rationale as dis-
cussed above). There is no strict cutoff (the relative values of fitted
Rw) for the weberite-type-to-fluorite transition. If we take a some-
what arbitrary 40% cutoff in Fig. 9(f-j), nanodomain sizes are likely
only ~15-50 A in most cases (Fig. 9(f-j)), and the nanodomain (or
nanoscale ordering) becomes larger and more “diffuse” with re-

ducing rng/rgtﬂa (Fig. 9(f)). Thus, they are not the traditional nan-
odomains (as the size is too small). Instead, the fluorite-structured
REsNbO, and RE3TaO; are the weberite-type structure at nearly
the atomic scale, but the orthorhombic weberite-type cells are ran-
domly distributed in three dimensions, which average out to a cu-
bic cell at some characteristic length (corresponding to the pro-
posed 40% cutoff), as proposed recently by researchers studying
Ho,Zr,05 [9,126,127,130].

Using this definition (the proposed 40% cutoff), the “domain
sizes” or characteristic lengths for the short-range weberite-type
ordering for NT8, NT25, NT4, NT5-50, and NT5-50 4L are 24 A,
N/A, 41 A, 11 A and 14 A (as rough estimates; noting that the ab-
solute values of these characteristic lengths may not be accurate
because of the arbitrary selection of 40% cutoff, but their rela-
tive values and scale offer useful information). This concept still
applies to thermal conduction as the vibrational density of states
generated by this local weberite-type domain will be different than
the outside bulk fluorite domain and attribute to phonon scatter-
ing. The domain size in NT5-50 and NT5-50 4L approaches the
distance of one weberite-type unit cell (~10.5 x ~7.5 x ~7.5),
which is where the definition of a phonon is no longer applicable
[76,96]. At the loffe-Regel limit (phonon mean free path ~ a), the
heat transfer is better described by a diffuson model where heat
is carried through a random-walk model. This provides evidence
as to why the thermal conductivity approaches and lies below the
lower limit described by the phonon picture. It is noted that the
fluorite fitting for NT25 was slightly worse compared to the other
specimens so the 40% cutoff was never reached within the exam-




AJ. Wright, Q. Wang, Y.-T. Yeh et al.

Acta Materialia 235 (2022) 118056

(a)4o . ) 160
. (s FYI:o[IteN(:))o 140
Csg ¥ PqplUy g NB, ), 07 o)
o . P R S SIS 120 &
O ~, - 100
~;zo %6 9 —0—0—0—0 80 =:§ .
o a
e 15 o—0—9—0—0—a—0—0—° NT8 N 60 |5
10 Weberite (W) O o000 [P
s (S643Yb,jLuy5);NLO; 20
0 0
0 10 20 30 40 50 10 20 30 40 50
T'max (A) Fmax (A)
40 _ 160
b Fluorite (F)
( )35- '\o\{sMstwHeomeamthnng, (g) 140
30 P=e—g 008 “ 120 2
I %59 \° 100 o~
~20 _0—o o—0—0—9 80 =
—o —o— s & =
of 15 e \o—o—’ T0—e—0_o 60 |3
101 Weberite (W) NT25 w0
o et || 2
0 []
] 10 20 30 40 50 10 20 30 40 50
- Fmax (A) T'max (A) -
N W e e e e e e
(c), Fluorite (F) (h) o _
30 °\ {Ery;,Tm,;,Yb,,Nb,,,),0, 120 e\a
—_— L —
2 gy i S X 100
=20 80 =
o—o | B
m;w _o—0—a—0—0—0" o 60 ||z
¢ NT4 *—~e—p w 3T
10 Weberite (W) 9 o
§ (Ery;3Tm,;5Yb,;);NbO, | | 2D
0 0
0 10 20 30 40 50 10 20 30 40 50
o Fmax (A) Fmax (A) it
(d),, . Fluorite (F) (i) 140
“~o_{DY1aHO 4 EryNb e Ta, )40, —_—
30 L A 120 3
-5 100 =~
=R —L
<20 0—9%—g—0—0—0—9 80 E .
2 &= 3
16 NT5-50 60 7|z
® 10 . R s 40 3=
Weberite (W) O g —0—9—0—0—0._ 20 %
5 (Dy,Ho ;Er, 5):{Nb, , Ta, )0,
0 0
0 10 20 30 40 50 10 20 30 40 50
rmax (A) rmax (A)
40 A
(e),, Fluorite (F) ()
- (DY 24HO, 24EXg 54130 04Nbyg 1,3y 4,)40;
o
o] 90 g_0—0—0—0—°
S ° °
*-; 20 0/0-—0.\9_0_‘/ e
@ - oo o e
15 NT5-50 \
10 Weberite (W) 4L °\._—o—‘0—-o\ .
51 (DY 216H0y 23160 316120 052)3.04(ND1 2 T4 )0 6607 5 | b4
0
0 10 20 30 40 50 10 20 30 40 50
Fimax (A) Finax (A)

Fig. 9. (a-e) The fitting parameter R,, based on the upper bound of the fitting window for both the fluorite and weberite-type structures. The fitting began from 0.02 — 50A
and then was decreased in 5 A steps to 0.02 — 10A. After each step, the converged parameters from the previous step were used as the initial guess. (f=j) Percent difference

between the fluorite and weberite-type Ry, factors.

ined radial distances. No trend can be discerned from these five
specimens likely because the dataset is small and the other factors
such as the differing concentration of neutron absorbers affects the
analysis. This again shows that it is unlikely to find one parameter
to perfectly predict thermal conduction in these complex materi-
als and other established phenomenon are still important. Here,
we believe that NT25 lies outside the norm because it contains Sc.
Scandium is a very light element and can transfer heat very effi-
ciently due to high vibrational frequency it can achieve. In fact, all
the compositions that contained Sc had the highest thermal con-
ductivities among the niobates as shown in Table 1. Additional ef-
fects such as anti-site defects and oxygen vacancies likely play a
role in the reduced conductivity of NT5-50 4L, although it has a
larger predicted domain size than NT5-50.

13

Moreover, we should note that the amorphous limit may be dif-
ferent for different compositions (e.g., higher in NT25). Thus, how
the thermal conductivity is compared to the amorphous limit is
more important than the absolute thermal conductivity, in term of
understanding the underlying physics.

An example of the fluorite and weberite-type fitting NT4 to a
10 A limit using PDFgui is shown in Fig. 10. The fluorite model
is unable to capture peaks around 2.7 A (Fig. 10(a)). The result-
ing Ry was 32.6%. The weberite-type model improves this to 12.7%
(Fig. 10(b)) by capturing the general feature of nearest-neighbor
region, yet some details are still missed. Additionally, some fea-
tures are likely hidden behind the broadening and are not modeled
properly since the actual pair-distribution functions are sharper
than what appears here. However, as we increase Qmqx and thereby
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Fig. 10. The fitting and difference curve of the NT4 specimen up to 10A based on the (a) fluorite vs. (b) weberite-type structure using the PDFgui software.

the spatial resolution, we are unable to tell if certain features
or peaks are artifacts or not. PDFgui, in general, is a very sim-
plified approach since it uses average parameters for a unit cell
to model data. This has strong limitations in simple ternary nio-
bates/tantalates such as Yb3TaO; [75]. This is expected to be ex-
acerbated as the complexity of the composition increases, thereby
requiring the use of more in-depth simulations and other experi-
mental techniques to validate conclusions. In particular, the atomic
site-sharing and atomic displacement parameters were approached
in a simplified manner to reduce our degrees of freedom and un-
certainties. Doing so, however, likely affects our results and limits
our conclusions.

Our key finding here is that the weberite-type structure ex-
ists on the atomic scale (short-range order) in all the RE nio-
bates and tantalates that show a long-range fluorite structure. In
fact, from the few cases that we examined, the specimens with
the least distinguishable features (e.g., NT8 and NT4) displayed the
strongest weberite-type structure on the nearest-neighbor scale. In
other specimens such as NT5-50 and NT5-50 4L, the weberite-
type to fluorite changes appears to be more gradual. These results
are merely speculation into how these affect the thermal prop-
erties since there are many factors at play. However, the radius
ratio, rgg/rz;/ra, appears to be a suitable descriptor that possi-
bly accounts for all of these effects in a simple approximation.
This is similar to how the radius ratio describing the fluorite-to-
pyrochlore transition, r3*/r4t, embodies the complex phenomenon
of anti-site mixing energetics [128]. Inelastic neutron scattering ex-
periments are proposed to obtain the phonon dispersion curves to
see how the observed correlated disorder versus random disorder
affects phonon broadening.

4. Conclusions

Overall, 40 RE niobates and tantalates, including 29 single-
phase defect fluorite compositions, were synthesized to advance
the understanding of this emerging class of low thermal conductiv-
ity materials. Based on this rather large set of data, we found that

the average size of the 3+ RE cations (or rfzbf/rg;/ra cation radii
ratio) is a good descriptor to forecast trends in room-temperature
thermal conductivity.

Five selected representative compositions were chosen for fur-
ther in-depth characterizations. The temperature-dependent ther-

mal conductivity confirms the glass-like trend with value ap-
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proaching or slightly falling below the phonon limit. XRD revealed
a long-range order fluorite structure but indicated diffuse scatter-
ing peaks representative of the orthorhombic weberite-type struc-
ture in the background. Neutron diffraction increased the clarity of
these diffuse scattering peaks. The neutron PDFs showed the low-
est thermal conductivity specimens (which had the largest cations)
exhibited more short-range weberite-type ordering. A small-box
modeling approach on these PDFs reveal the lower thermal con-
ductivity materials generally fit stronger to a weberite-type struc-
ture in the nearest-neighbor region compared to the fluorite struc-
ture, but appear to have a gradual transition from short-range to
long-range order. This finding is consistent with a small weberite-
type domain size approaching the loffe-Regel limit (i.e., phonon
limit). While the structure is correlated on the presence of certain
elements, it does not correlate well with the thermal conductiv-
ity. Instead, it is suggested that a simple descriptor, rgg /rgg/m, may
embody various factors into a simple parameter to forecast trends
in reduced thermal conductivity in this class of materials.

We also revealed that doping of small amount of light ele-
ment oxides can further reduce the room temperature thermal
conductivity of single-phase high-entropy tantalates (and poten-
tially also niobates) studied here, which suggests another route to
further tailor the thermomechanical properties of compositionally
complex RE niobates and tantalates via incorporating “nonconven-
tional” dopants.
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