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Abstract

Several families of ceramic materials composed of cdmleed coordination
polyhedra are known to display the rare property of negative thermal exparsjon,
reversible contraction upon heating. However, as shown herein, the ability of these
thermomidic (heatshrinking) materials tsuccessfullycounteract positive thermal
expansiordepends on their elastic properti€his finding has motivated experimental
and computational studies thiermal expansion, elasticity, and their interactions under
thermal stressn thermomiotic materials.

Finite element analysis showed thatlusion of compliant or lowhermat
expansion components, or those which undergsspreinduced phase transitiorsan
reducethermal stress due to thermal expansion mismatasd ktrategiesave applied
in the synthesis of compositesmbiningthermomioticZrw>0g andAl W3012 and
positivethermatexpansioraluminatoughened zirconia, and in the synthesis of lamellar
ZrW>Og/polymethylmethacrylate compositéhe thermal expansties of the
compoges werehighly dependet on the stiffnesses of tineeomponents.

Thechemical flexibility of theA2M3012 andAMgM3zO12 material familieswith
thermal expansion rangirigom negative todw-positive, was used to investigate
relationships between elasticity and thermal expan3ioree series of solid solutions,

In2 1 ,x¢HfMQ)xM03012, S 1 xAl2xW3012, and Cs i ¢HfMg)x\W3012, were synthesized and
characterizedand significant variations in the thermal expansion and stiffnels wit
composition wer@bservedIn general, materials with largaragnitude thermal
expansion were more complia@tMgMo3z012 was found to have zero theain
expansion, and its structunas used texplainits thermal expansioandthat of

AoM3012 materials. Thermal expansion in this group of materials was retatbd ionic
forces of the coordination polyhedra, witlore distortable polyhedra leadingrtmre
negative thermal expansion.

Density functional theory calculation$ phononbandstrudure and
experimental heat capacity measurements were performed on the simple thermomiotic
material Sck, showing the stability of its structutgon coolingo 0.38 K.The elastic
t e n s o r-mint@hombn féequencies of Mo03012, ZrMgMo03012, and SeM03012
were also calculated. These anisotropic materials showed correlations between axial
thermal expansion and stiffness, with thermomiotic daesd to bestiffer. The
calculated elastic tensors were then used to model thermal stress due to anisotropic
thermal expansion in polycrystals, showing large extremal thermal stresses affected by
coupling of thermal expansion and elastic anisotropy.
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Chapter 1introduction’

1.1. Introduction to Thermal Expansion

1.1.1. Why are Thermomiotic Materials Interesting?

Most materials change their dimenssovhen the temperature changes. Usually,
the dimensions increase with increasing temperature, anghiamomenors referred to
as positive thermal expansion (PTE). The thermally induced change in dimension of a
material in a confined environment candda significant stress. If the stress exdsthe
strength of the materialwill fractureor deform irreversiblypossibly with disastrous
consequences.

On the other hand, some materials shrink with increasing temperature, giving rise
to negativedhermal expansion (NTEf. he t er m &6t her momi oti cd (fr
60t hermodé for O6heatdé and émiod for obécontrac
materialst The excitement abotitermomioticmaterials is that, in principle, they could

compensate for @itive thermal expansion, presenting materials that would not

experience thermal strefslure.

1.1.2. Thermal Expansion

The coefficient of thermal expansion, generally abbreviatéseasl also called

the CTE, can be definedlong a particular lengtty, as?

" Portions of thichaptewere adaptedith permissiorfrom Romao, C. P.; Miller, K. J.; Whitman, C. A.;

White, M. A.; Marinkovic, B. A. Negative Thermal Expansion (Thermomiotic) Materials.

In Comprehensive Inorganic Chemistry Reedijk, J.; Poeppelmeidf., Ed.; Elsevier: Oxford, UK, 2013;

Vol. 4,p 128151.T h e a wontriflwutiodsgo this manuscriptdludedpreparation of an outline, writing

the sections regarding macroscopic NTE, applications, Raman spectroscopy, computational methods, metal
cyande materials, microstructure, and composite materials, and editing the whole manuscript.
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where, for example&, could be one of the prin@pcrystallographic directionga(b or c,

giving Uy, U and (L, respectively), andl is temperatureThe volumetric coefficient of

thermal expansion),, is:
| - — (1.2

whereV is the volume. Note that botlh andUy are intrinsic to a given material at a given
temperature, andreindependent of the material's size. Bathand the directional values
of Uhave units of K%' but it is important to distinguish the type of CTE. If the material
is cubic,U, = 3t but for less symmetric structures, the relationshipot so simplésee
Sedion 1.3.2.9. Indeed, thévalues in different directionsanhave different signs
makingU, close to zero.

A typical diagram for an interatomic potentiél &s a function of interatomic
distancer; see Figurel.1) is wellrepresented by a harmonic potential at low energy
(near the bottom of the well), but deviates significantly from harmonicity when there is
sufficient thermaknergy The average interatomic distance><depends on the
temperature and increases with increasing thermal eneggyvth height above the wlel
minimum), as shown ifigurel.1. Thisbehaviour contrasts with that of tharmonic
potential where &> is independent of temperature, gividg 0 K'. Therefore, in
general terms, theormal positivedeviation of the CTErom zero is a measure of the

anharmonic interactions in the interatomic poteritfal.

I For ease of comparison, CTESs in this work are expressed in unit8d€'10These units are equivalent
to the units of MK and ppm K* which are used occasionally in the literature.
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Figurel.1l: Potential energy{) as a function of intetomicseparationr( for a harmonic

system (potential giveby - - and average positions at different temperatures, given

by 2) and an anhar monidcandsty s g € mne (Agaptgde ot ) al
from Referencd with permission

A few consequenced the potential shown iRigurel.1 are worth highlighting.
OneisthatafY 0 K, the true pot eapotentd andlyp por oac hes
K™, This is true for all materialédditionally, the relationship between the interatomic

force,F, and the interatomic potentidl, is given in general by
O — . (1.3

Since stronger interatomic forces lead to steeper potentials, stiffer materials tend to have
smaller CTES.Conversely, if the interatomic potential is weak tkiee CTE will be

larger Inorganic materialgenerallyhavesmallerCTEsat agiven temperaturthan

organic materials or polymet$or ceramicsik typically ranges from approximately

106 K™ to 10°K'™?, for metals values of the order1d ° K'! are common, while CTEs

of polymers can be larger than' 1 &1.1:3°

Equationl.2can be rewritten using a Maxwell relation, &s:

| ) — (1.4



whereSis the entropy ani is thebulk modulug(=1V ( B \0r). Normally, entropy
decreases with compmiasn, but for thermomiotimaterials entropy increasessthe
volume drops.

The CTE of a material can have fegaching implications for applicationi$ is
intrinsically tied to the othemportantthermeelastic properties ai material, such as the
bulk and shear modulwhile the CTE quantifies the changedimension with
temperature, thehear modulus quantifiése change of shap®llowing applied shear
stressand the bulk moduluguantifieschanges in volumllowing applied normalor

hydrostatt stress

1.2. Mechanisms ofNegative Thermal Expansion

Several different structural and dynamical NTE mechanisms have been
elucidated, although not all of the mechanisms for negative expansion are fully
understood for all of the systemsereNTE occursHerein materials where the

mechanism of NTE is vibrational are considered

1.2.1. Lattice Vibrations

A phonon is a quantized lattice vibration in a crystal. The lattice waves can be
along the propagation direction (longitudinal phonons) or across it (transvensens).
A simple threeatom view of a metabxygenmetal (Mi Oi M) linkage is shown ifrigure
1.2. With increasing temperature, the length of k€O bond increases due to normal
(positive) thermal expansiohlowever, the averagdd M distance can decrease due to
transverse vibrations as the bridging oxygen inMin®i M unit vibrates with increasing

amplitude.



Longitudinal Transverse
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Figurel.2: Longitudinal vibrations leatb expansior{on averagedf theMi Oi M linkage
while transverse vibratior®uld lead tacontraction Adapted fromReferencer with
permission.

In asolid with oxygerconnected rigid polyhedra, the transverdggation of the
Mi Oi M unit canresult in coupled rocking motion of tipelyhedra Figurel1.2). If the
polyhedra rotate in a cooperative manner without much destruction ofljtegdal
units, NTE can result from the transverse optic vibration shemematicallyn Figure
1.2 as well adrom transverse acoustic vibratich$he oxygen atom shown Figure1.2
can be replaced by a fluorine atom, giving rise to the metal fluoride group of
thermomiotic material$or by a cyanide ligand which grants the structure additional
flexibility. * Metalorganic frameworks, where the linking group includes a tagganic
molecule, have also been shown in some cases to display NTE.

Librational {.e., rocking) vibrations in rigid bonds can lead to a decreaiin
perceived atomic bond length from diffraction studies relative to true bond fength.
Figurel.3 shows a schematic of the effect of librationagrereived averag®li O
distance Strong librational modes can accompany transverse vibrations and contraction
in the apparent lengths dfonds The decrease in perceived bond length 608n
zeolites as temperature is increased can result imegtive apparent thermal

expansion coefficients.



Figurel.3: Librational vibrationsausethe perceivedi O distanceo decreasas the
magnitude of the vibration increases. Styled d&Referenced. Adapted from Referenck
with permission.

Recall that positive thermal expansion is a result of the anharmonic nature of

bonds Gection1.1.2. Quantification of the anharmonicity in a solid can be achieved with

the Grlineisen parameter,The Griineisen parametafra vibrationcan bemost
rigorously defined, following the approaochHofmeisterand Mag for a phonon mode

in terms of the frequency of that mogl@s®®

I -, (1.5)

whereVa is the volume about the vibrating ats)" At low temperatures, as a
consequence of increased harmonicity, 0 asTY 0 Sikce the mod&riineisen
parameter is proportional tg 1, low-energy vibrational modes are generally the largest
contributors to thermal expansién.

Equationl.5 $rows that NTE originates from vibrationaboes whose
frequencies decreaseder compressn and increase under tensidine connetion
between this behaviour antbrationalmodes of the type shown igurel.2 can be

understood by considedrtheir behaviour under tensionsguming that th&ii O bonds

i Making a distinction betwee¥t, andV (the unit cell volume) is useful in cases where elastic anisotropy
or inhomogeneity cause interatomic distances to scale unevenly with prféssure.



are stiff putting the system in tension along Mé M direction will increase the energy
of the transverse vibratidghEquivalently, if theMd M distance is fixed an increase in the
amplitude of the transverse vibratidne to an increase in temperatuié place the
system into tensiofiFor this reasorthe vibrational mechanism for NTdescribed above
has been called the tension effétt.

In practicemodeGriuneiserparameters are normaltietermined directly by high

pressure spectroscopic measuremasts
[ — (1.6)

whereKa is the bulk modulus of the volumé&. For practical reasonksa is normally
treated as jud, the overall bulk modulus of the material, although this is not strictly true
except in the case of monatomic and diatomic solids, whereithendéy one nearest
neighbour distanc¥ For a harmonic solid; is independent of volume so= 0 for alll
modes. Any deviation from zero in t&ineisen parameter will therefore be an
indication of the anharmonic interactions in the solid: the larger the magnitude, the larger
the degree of anharmonicity.

The bulk Grineisen parameter is related to other thermodynamic parameters as a

function oftemperature through:

r—, 2.7
whereVn is the molar volume an@yv is theconstant volume heat capaci8inceCy, K,
andVm have positive valugshe signs of the Griineisen parameter and the CTE are the
same(i.e., both negative for NTE)The product oK andU, is equal to — , so the
Grineisen parametes the inversef theratio between the energy gained by the material

7



upon heating Cv V' 1) and the pressure generated by this energy vatitsto expand
(or contract) the unit cefl.

The bulk Gruneisen parameter is equal to the average of the mode Grineisen
parameters weighted by their contributions to the heat capacity, which is usually quite
close to their simple averadtThe CTE is related to the mode Gruneisen parameters

through:
| —Br Qi §— (18)

wheresi q, 3,9, andni q are the vibrational frequency, Grineisen parameter and phonon
occupation number, respectively, of mader wavevectoiq; Equationl1.8 dlows
prediction of the CTE from the pressttependent phonon dispersion relation, as has
been reportedpr example, for Zn(CN)*! Equation 1.8s not strictly valid forsolids
containingdifferent coordination polyhedrasthe bulk modulusf the volume
undergoing vibratiorshould be included in the summati@uch a change corrects the
large potential dif e r e n c%) betw®en #h8 Griineisen parameter as determined by
direct measurement dfi¢ other variables in Equatidtv and the @lineisen parameter as
determined by spectroscopic measuremertsmeasurements of the mode Grineisen
parameters Similarly, axial Griineiserparameters? which include the coupling of the
axial CTEs to one another through the elastic stiffness tahsoigt sum to the bulk
Gruneiserparametebecause ththermal deformation of the material is not always
strictly volumetric!® However, he solution proposed to this problem by Cleowl.in
Referencel3 essentiallytreatsall the axial Poisson ratios as zeamd the elastic response

as isotropic.



In the case of aimplesolid with PTE the quantitie ando can be qualitatively
described as measures of the strength of the chemical bonds in the solid and the
arharmonicity of those bonds respectively. Stronger chemical bondeaeeallymore
harmonic; for example the mode Grineisen parameters of diamond average abaut 1.25
room temperatur considerably lower than the typical value of abotit &s U,
decreass with increasingl and decreasing it is easy to state that stronger chemical
bonds lead to lower thermal expansion, and indeed this is generally true of PTE
materials>'® However, the largest possible variations in@réneisen parametef&hich
reach anaximumvalue ofabout10in materials held together by dispersive foré€$)-°
are considerably smaller than those in the CTE (which can range ffénd'1@o 104
K'! for conventionamaterials)® Therefore, around roomrteperature and above (where
Cv is oftenreasonably close to the Dulogtit limit),> most of the differences id,
between materials are determined by differencéSrather tharo (see Equationd.7).

Stiffness therefore can be expected to pleyl@in the thermal expansion of
thermomiotic materials as wellhe bulk and/or Young's moduli of variotieermomiotic
materials have been reporegl?2232425262728 gnd generally have been found to be
lower than would be expected from the strengths of their chemical BFAdhis low
stiffnesshas been ascribed to the same structural fadgtersa(flexible network
structure, void space in the unit cell, and rotation of rigid utfitsiead to NTE®>?° The
values ofo belonging to transverse vibrations of bridging atoms ateehaied to the
anharmonicity of a chemical bond, but rather the shallowness of the potential well

perpendicular to th#1d M axis.For example, mod&rineiserparameters for low



energy librational modds the thermomiotic material SgFeach values as loas
13003°

As the bulk modulus depends on structural factors as well as the strength of
chemical bonds, the relation betwdéandais difficult to predict However, at
temperatures sufficiently high that the heat capacity can be treated as constauti, the b

modulus can be expressed®as:
0 w— —7 (1.9

whereu is the lattice energyndicating that, for materials withegativeGrineisen

parameterghermal effects can decrease the bulk modtitis.

1.2.2. Rigid Unit Modes

The rigidunit mode (RUM) model states that when the temperature of a
framework solid increases, linked rigid polyhedra will rock without being distorted and
therebygive rise to transverse vibrations perpendicular tdvBieM linkage axis’233
Generally, the associated potential is shallow and the vibrations can be excited at low
temperaturedMi Oi M linkage distortion requires less energy than distortion of the rigid
polyhedra, so the framework shrinkage overrides the positerenal expansion within
the polyhedra and gives rise to NTE

The RUM model was originally developed to describebieaviourof a large
class of materials with the motif obrnerlinked coordinationpolyhedra®® The
applications of this model include interpretation of the nature ofteigiperature
phase¥ and linking the magnitude of the transition temperature to the polyhedral

stiffness®#353¢ The RUM model also has been used to provide insight into the stability

10



and physical properties of framework silicate¥.1n the late 199Qsesearchers used the
RUM model to explain NE  i-quartd® and the extensive NTEY=19 x10°K'?

from 0.3 to 1050 K¥in Zrw.0s.32%% In certain systems, the polyhedral rotations give
rise to small distortions in the polyhedra. These are said to beRuU&&s, andoccurin
the AM2O7 family.

A detailed investigation by Tao and Sleight considered the correlation between
RUMSs and NTE for a series of framework oxidé$hey used a computer program
developed by Hammondx al*® to determine whether RUMs exist in the dynamical
structure of oxides, and found that some oxides show RUMs but NTE is not ob$erved
also was shown thatreng NTEcan existvithout RUMs.Correlations between RUMs
and NTE have also been examined by cangon of the phonon modes which contribute
to NTE to those predicted by a RUM mo#éh manythermomiotic materia|sRUMs
provide a significantontribution to NTE but other vibrational modes also contriBute.

A large family ofthermomioticmaterialswithout RUMsis the tungstates and
molybdates of the general formuaM3zO12 where theA andM cations are coordinated
by oxygen octahedrally and tetrahedrally, respectitelembers of this family of
oxidescanexhibit strong, anisotropic NTE over a large temperature raligeughthese
compounds do not have RUMEne NTE in this family can still be understood in terms
of the transverse vibrations and tilting of the polyhéfifehes vibrational motions can
cause significant distortions to the polyheti&*’ and the polyhedral distortion of the

AOs octahedron has been correlated with NTE.
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1.3. Applications of Thermomiotic Materials

1.3.1. Current and Potential Applications

Thermomioticmaterials have prospective uses in many scientific and engineering
fields where thermal expansion must be controlled. The lithium aluminum silicate (LAS)
glass ceramic system, in whitlermomioticcrystallites are formed in a PTE glass
matrix, was the fist widely commercialized composite material to achieve-near
thermal expansion over a wide range of temperafEisese glass ceramics have
excellent thermal shock resistance due to their low CTEs (and the small difference in
CTE between the two coropents), and areommonlyused as stovetof8LAS glass
ceramics are also important optical materials; they can be used to create lenses and
mirrors with temperaturendependent optical properti¢s.

Commercial LAS glasseramicgossess very low thermal expans{thO 03 1 5
10 ® K'1) near room temperatyrand can withstand temperatureshagh as1500K,>°
however their applications are limited at high temperatures due to their partially
amorphous natur@he thermal expansion of LAS materials is extremely low in part
because the formation of crystallites from the amorphous starting material is carefully
controlled by a heating step at about 90Kt if they are used at temperatures above
their heat treatment temperatdine crystalline fraction can increase, changing the bulk
CTE.>! These materials begin to exhibit viscoelastic creep (extension undeardonst
load) at temperatures below their glass transition temper@tgred70 K)3° While it is
possible to reduce the creep of these materiathbgging the composition and
processing conditions, thi®uldalso change the thermal expansion behavitNear

zero thermal expansion materiaisluding a component such a®6012, which melts
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at 1875 K2 (although itsCTE has only been measured up to 1275%ould potentially
offer a large improvement over the usable temperature range of LAScglassics.

The wide variety othermomioticmaterials discovered since 1996 generally have
not yet found commercial applications. However, the large number of recent patents
regardinghermomioticmaterials testifies to their potential (&@hermomioticmaterials
have been proposed for use in tifemd industrial equipmetitto improve their ability to
withstandthermal cycling Several poroughermomioticceramics exhibit high strength
and chemical durability at high temperatures for use in catalytic conve&rters.

Several potential applications firermomioticmaterials in the field of optics
have been identified. They can be used as substrati@ésréodiffraction gratings, an
applicationthatis extremely sensitive to length chang®8:°° and lasers!

In the electronics industrghermomioticmaterials could be used in thermally
sealed sockef®,or as substrates for higrequency circuit§2 They can also be used in
packaging to remove thermal stress from CTE misnfdt€hermal actuators combining
thermomioticand PTE components can have ereansensitivity to temperature
change$>%® which can be used to improve the efficiency of microelectromechanical
systems (MEMS§®

Thermal excursins of dental fillings during their curifgor the consumption of
hot and cold beverag&san cause damage due to mismatcheds;Waich can be

reduced by inclusion of taermomioticcomponent in the fillingnaterial®®

1.3.2. Criteria for Applications

The potentl applications of anthermomioticmaterial are dictated by its

physical and chemical properti@avo major goals téthermomioticmaterials research
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arefinding materials with large negative CTEsd finding materials with neaero

CTEs which can be te@l to zero by atomic substitutidi®’L727374757677.78 gp

introduction of guesspecies®%8! The first approach allows the material to be used as a
component in composite materials and structures in relatively small quantities. The
second approach can, in theory, yield a material which experiences neither thermal
expansion nor thermal stress.

Negative thermal expansion is fundamentally a thermoelastic phenomenon, and
the usefulness of thermomiotic materials is due to their unique thermoelastic properties.
However, these thermoelastic properties are often also what prevent thermomiotic
materials fom attaining more widespread application. Materials that are used for their
electronic, optical, magnetic, thermal, chemical, or other physical properties which have
poor mechanical properties can often have these deficiencies corrected for by
reinforcemat with stronger or stiffer materials. For example, optical materials can be
strengthened by transparent nanofifadowever, thermomiotic materials that are being
used to counteract PTE cannot easily be reinforced with the addition of additional PTE
mateial, as that would lead to a situation where there is more PTE to counteract,
requiring additional thermomiotic material.

1.3.2.1. Properties of the CTE Tensor
The thermal expansion of an anisotropic material is completely described by the

secondrank tensotJ, where:

I I I B (1.10)

This tensor is related to the thermal strain terlggras
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- h | 3Y (1.12)

Becausd is symmetric, so i§l8 For a single crystal, if the three principal axe$)of
coincide with the basis vectors of the unit cell, thedidigonal elements ddvanish and
each diagonal elemebk corresponds tbk along a crystallographic axis. Symmetry
restricts the number of independé&ht cubic, tetragonal and orthorhombic lattice systems
have one, two and three different vallik®f respectively. Nosorthotropic lattice
systems always have naero oftdiagonal components dfiin an orthogonal basfé$
The oftdiagonal elements); lead to shear strains during thermal expansion. Only in
orthotropic lattice systems céh be expressed as

| | | I (112
wherel, (b, and(t are the CTEalong the three unit cell axes.

Thermal stress results from intimate contact between materials with different
CTEs168%86 The amount of thermal stress, which increases with the difference between
the CTEs of the componenifsieduces the material's wear resistance with respect to
thermal cycling, and can cause undesirable pressdueed phase transitions. The
damage caused by thermal stress can be mitigated by reducing the grain size. The strain
enggy per particle scales with the particle volume, and the energy released by a fracture
along a grain boundary scales with its surface gr#agefore the strength of the material
is increased by using smaller particles.

Even singlecomponent polycrystalline bodies experience intrinsic thermal stress
at grain boundaries if their thermal expansion is anisotf§fibese stresses can be
sufficiently large to cause failure. For this reason, the anisotropysodn important

determinant of the thermomechanical properties of a polycrystalline material. These
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considerations can be more important at lower temperaturgdeads to become more
anisotropic as the temperature decred&€&he A;M3012 family of thermomiotic
materials especially tends to display anisotropic thermal expatisitre. thermal stress
caused by anisotropic thermal expansion and CTE mismatch together can be very large;
for example it is used to crush quartzite rocks by heating them.

1.3.2.2. Chemical and Thermodynamic Criteria

The thermal stability ofhermomioticmaterials is of utmost importance as it
determines their useful operatiot@amperaturgange. The metal oxideermomiotic
materials €.9.ZrW»0sg) have an advantage in this area, as they catabée(or long
term metastablegttemperatures of over 10008 Metal cyanidehermomioticmaterials
(e.g.Zn(CNY,) also can betable & over 1000 K in inert atmosphé&fédut decompose at
lower temperatures in &if.Many metal oxideghermomioticmaterials are known to be
metasable @ ambient condition&? theycanbegin to decompose into their component
oxides above room temperat§ferhis metastability can complicate preparation of
phasepure materials.

Temperaturénduced solidsolid phase transitions can incrédse decreasg®?
the CTE of ahermomioticmaterial. These phase transitions can change the lattice
system of the unit celf cause structural disord&rpr remove a superstructutelf the
volume of the uricell changes during the phase transition the material can be
damaged?’ The temperature at which a phase transition occurs can be modified by the
introduction of impuritie$®

Somethermomioticmaterialshave been found tondergo presswieduced phase

transitions and/or amorphization at relatively low pressth¥$® These transitions lower
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the volume of the unit cell and usually increase the CTE. A general relationship between
thermomioticbehaviourand propensity to pressure induced amorphization dsietc

hindrance has been proposéd@hermal stress in PTE/NT&mposites has been

suspected to be sufficient to cause pressuteced phase transitiof%® Increased

temperature usually increases the pressure required to cause these phase transitions, and
can reverse thef1%

The chemical composition oftaermomioticmaterial is another important
parameter with a large impact on its potential usksmbers of the class of mewtide
thermomioticmaterialsalmast always include either tungsten or molybdenum in their
composition; a metal oxide with a +6 oxidation state seems to be required to form the
crystal structurethatdisplaythermomioticbehaviour This creates difficultiesasWOs
has ehigh embodied emgy (200 MJ kd1),1°*and relatively little tungsteis produced
worldwide (72,000 t in 2017f? Molybdenum, on the other hand, is a more promising
material as larger quantities (25000t in 2011)are produced®? largely as @y-product
of copper miningHowever,molybdates are generally more likely to be hygroscopic than
tungstates; for example ZrMOs is hygroscopic while Zr\A0s is not1% Vanadium $ a
special case, as it is included in thermomioticmaterial Zr\,Oy, the structureof which
is closely related to that of Zr\@s; however Zr\(O; only displays NTE above 375.%*
While vanadium is produced in relatively low amounts worldwide (60,000 t in 2671.1),
V20s, which is used as a catalyst, is cheaply availablegboidhl mineral resources of
vanadium total over 63 million tort82 However, other NTE materials containing

vanadium have yet to be discoveradlzey have for tungsten and molybdenémother
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potential replacement for molybdates and tungstates is sulphates, which can form
materials with structures related to that of\8¢O12, €.9.Y 2Ss012 and YS3012.10°

A class ofthermomioticmaterials which does not include tungsten or
molybdenum is tb sodium supeionic conductorsvhich are based on NafPQy)s;
substitutions of the metal ions can lead to thermal expansion properties that differ
greatly% allowing for tailoring of the CTEThis class of NTE materials has been known
longer than any other, but has not found widespread use due ® m eamdpteopis 0
thermal expansian

Other metals which can be found as oxithethe +60r higher oxidation state
include chromium, manganesesmium, rheniumand ruthenium, howevéhese oxides
tend to be volatile, reactive, health hazards and/or prohibitively expéfdilie. metal
cyanides, another family dhermomioticmaterials €.9.Zn(CN), Cd(CN}), generally
pose severe healtazards$®

1.3.2.3. Mechanical Criteria

As discussed abovaeetaloxidethermomioticmaterials tend to have l@wbulk
modulithan those ofomparableeramicsThis low stiffnesshas a deleterious effect on
the utility of these materials in combination with PTE materials. There are several
theoretical models for the bulk CTE of a mixture of materials; generally they include an
average of the component CTEs weighted by their bulk m¢skei Chaptet).1® Stiffer
components have a greater impact on the bulk &fftBe mixturebecause they are able
to deform the other components more than they are themselves deformed during
expansion and conttdon. Consequently, larger quantitiestleérmomioticmaterial are

required to compensate for PTE of metals and ceramics than would be expected from the
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rule of mixtures (weighting of properties by composition). The problem can be avoided
somewhat by usmathermomioticmaterial in conjunction with eompliantmaterial
such as a polyméf, but large amounts ahermomioticmaterial are still required due to
the polymer's characteristically large BRT&the point where itan becomémpractical
to dispersghat muchthermomioticmaterial in the polymef®

NTE is inherently a structural phenomenon as is illustrated by the creation of
macroscopic objects which possess NTE intf#d°%11+112 or threé!2 dimensions,
despite being made entirely of PTE materials. Tliesstructs are composed of
component®f variable CTEs and stiffnessaganged in a geomettiyatleads to NTE.
These geometries generally involve expansion that causes the structure to bend into
empty space, reducing the volufi&t19111113 The principles used in the developnt of
these macrostructures coufdorm the design of micrmr nanostructurethatenhance
NTE, or even the development of ndvermomioticchemistries. For example, a 3D
thermomioic macrostructureomposed of rods of differing CTEsuld potentially be
replicated chemically by replacing rods of different materials with organic linkages of
different bond harmonicity*?

Studies oD thermomioticmacrostructuresia topology optimizatiorshowed
that structures optimized to have the highest possible bulk modulus for a given CTE had
lower bulk modulifor more negative CTES* These results were consisterithw
mathematicallyderived bounds for the CTEs and bulk modulirefcomposite materials
given certain constraint&igure1.4).11*Thethermomioticmacrostructures are in some
waysanalogous tthermomiotic materials. Ahermomioticmaterial, for example

Y 2Mo03012, is oftenstructurally composed of two subuni¥i© andMoi O bonds), of
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Figurel.4: Theoretical bounds of CTEs and bulk moduli for 2D composites consisting of
two isotropic phases and a void phase (given certdires of the CTES, elastic

constants, and volume fractions of the components) expressed in terms of the CTEs and
bulk moduli of the components. Adapted from Referelicewith permission.

differing stiffnesse§ CTEs, and void space. In both cases the presence of void space is
important to allow room for the structure to shrink into upon heating. Obviously there are
many dissimilarities as well, most notably thHa¢ mechanism of NTE in the 2D
macrostructures is static displacement whilthearmomioticmaterials it is dynamic
displacement, but the ctiirmation of these bulk moduldsCTE relations for

macroscopic structures provides reason to question whetherrsiahathons exist for

atomic structuredf similar relationsdo exist for NTE materials in general, the creation

v For an example of an experimental correlation between the varying stiffnesses of coordination polyhedra
in a series of NTE materials with changes in the CTE, coR&ierencel5.
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of materials with more negative CTEBght not necessarily result in materigteatare
more useful at counteracting PTE.

The elastiqroperties camlsobe related to the CTE as a measure of a material's
thermal shock resistancen@ximum sudden temperature change without faityfey).
One scenario for whictplmaxcan be calculated exactlyfisr athin homogenous
isotropicplate whid undergoes strengttontrolled fracture under conditions of poor heat

transfer, therd®®

Y'Y o) , (113
S S

whereA; is a parameter dependent on the geometry and heat flowr&dhe thermal
conductivity,lmaxis the material strength,add s t he Youngo6Tsax modul us.
value is useful to evaluate how a material will perform under thelaaticstress-®
FromEquationl.13it can be easily seen that if the CTE of a homogenous, isotropic
material approaches zero, the ability of that material to withstand thermal shock will be
increased.

For simplesolids, the pressure derivative of the bulk modulus can be calculated as

follows: 117

— - QG T, (.19

implying that materials with negative Grineisen parameaeistherefore NTE are likely
to have negative values of~ . Thermomiotic materials will become more compliant
under pressure, not stiffer as is the case with PTE materials, exacerbatitmptheir

stiffness. Negative values of~ have beenaported for thermomiotic zeolité&
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Zn(CN),?° Cd(CN),?* as well from a general model of thermomiotic solids as an infinite

chain of linked metal atonfs! If a thermomiotic material with a largegative valuef
— is used to counteract PTE, the resulting thermal stress waug# it to soften,
potentially reducing its ability to counteract PTHwever,the thermomiotic material

will also experiencédess stress at higher pressuf&and, since—  is generally
negative? thethermal expansioof the materiaivill become more negative. Since-

and — have not been extensively reported for thermomiotic materials, it remains to

be seen whether these pressure derivatives are large enough to have significant effects
following themal stress.
Like thermal expansion, the elastic propertiea material can be anisotropic.

The elastic stiffness tensar,is a fourthrank tensor defined so thaf

. W - (1.15
whereti; and(y are elements of the secerahk Cauchy stress and strain tensors
respectively. Thelasticcompliance tensgs, is definedso that®

- i, (1.16)
sis the inverse of the stiffness tensbine symmety of the stress and strain tensors under
statics allows the use of Voigt notati@ii = C1, U2 = g, Uz = Us, U2z = U4, Chz = Us, iz =
Us), which repesents ands as 6 x 6 matricewith elementss; ands;. Unlike U, ¢ ands
havemore than one unique element even in the case of cubic symmetggersardlly
haveoff-diagonal elements due to the Poisson effect, which couples strain along one axis
with strain along another axi&’ Various axial elastic madi can be determined for a
119

single crystal front ands.
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1.4. Use ofNon-Hookean Materialswith Thermomiotic Materials

Combiningthermomioticmaterials withhnon-Hookeanmaterialscancircumvent
the connection between bulk modulus and thermal expai$amHookeanmaterials
are those which undergo some form of deformation outside of the linear (Hookean)
relationship between stress and strexamples ohonHookeanbehaviour include
plastic deformationviscoelastic creep and relaxation, and pressutaced phase
transitiongPIPTs) What these processes have in common is the conversion of strain
energy into another form of energgitherpotential orthermal. Another example is the
group of nonlinear elastic materials such as rubber, whichewansiblyundergo large
deformationdutlack a linear stresstrain relationshipThe norHookean materials offer
the potentiato shelterstresssengive thermomioticmaterials from thermal stress which
could causeotherwiseundesirable PIPTar pressurenduced amorphization (PIANon
Hookean propertiesouldalso decrease the effective bulk modulus of a materiglldy
exhibiting ductility) at lage strainJeading to amaller effective thermal expansivity. It is
important to note that becaus®rmomioticmaterials have often been found to be
pressure sensitiy¥ they can be considered to have someHookean behaviour
themselves.

An example of a ceramic systdor which themechanical propertiesre
improved by a noiHookean propertis that ofyttria-stabilized zirconidYSZ). YSZis a
solid solution of ¥Os3 (usually 3 6 mol %) in ZrQ, which exists normally in a
monoclinic phase at room temperati#®Upon heating above about 1250 K, the ZrO
will enter the tetragonal phase andl remain in ths metastable phase upon cooling due

to the Y-doping.Tetragonal Zr@has a smaller molar volume than the monoclinic phase,
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and when it is placed under tensibnndergoes a tetragoradonoclinic phase transition
thatincreases the volume of the unit céllWhen this transition occurs due to the stress
field surrounding a crack, the resulting volume expankais crackpropagatiorby
creating compression in opposition to the tensile streagthe crack tip*?'this process
can greatly increase the toughness of materials containingA'8@mmon use of YSZ is
in combination with AdOs, formingzirconiatoughenedlumina(ZTA), if YSZis the
minor phase, omluminatoughenedirconia(ATZ)," if aluminais the minor phase. ZTA
is more than four times as tough as purgOAf?! YSZ (or a similar material) codlbe
used in conjunction with tnermomioticmaterial to produce a neaero thermal
expansion material with increased toughnesfactsuch composites haween prepared
as a mixture of YSZ and Zr¥®s.1??

Soft materials such as polymers oftaethibit nonlinear elastic behaviour such as
plasticity. Biocomposites such as naéfand limpetteettt?* exhibit high strength due to

their combination of mineral and bigmal components in a nanostructured fashion.

1.5. Zirconium Tungstate

Cubic zirconium tungstate (Zr¥®s) exhibits isotropic negative thermal
expansion over a wide temperature range from 0.5 to 16%@#d is therefore an
attractive candidate for inclusion mearzero thermal expansiaompositeshatcould be
used at various temperaturtss the most welstudiedthermomioticmaterial,and for

that reason it is convenient to study it as a benchmark material, as is doneenf the

vV The addition of AJOs to YSZ increases its stiffness and hardness but decreases its toughindaght of

this informationhougheneadmei fadbuimadamust be consider
Afal umt nafened zirconiao woul-do b@h eno e dhashgen wsediioave ver ,
herein in order to ensure consistency with the literature.
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presentvork, and therefore its properties and some of the literature concernin@#rW
containing composite materiasediscussed irthis section.Thereexist two cubic
thermomioticp h a s-&r&vz0salh dZrVéOs, from 0.5 to 430 K and 430 to 1050 K,
respectivel\’’ Although both phases are metagabith respect to Zr@and WQ below
1378 K}?*in practical terms, Zr\0g can be considered to be stable bel®&0 K
However, because Zr'¥lds decomposes into its constituent oxides betwil¥#8 Kand
1050 K quenching is required following higlkemperature synthesid phasepure
ZrW;Osg or materials containing Zr¥s.2” Quenching can be expectedctmuse thermal
shock and introduce thermal stresspecially because of the low thermal conductivity of
ZrW;0g'?® (see Equation.13).

The CTEs of the twoubicphases are93 106K f o +ZrWweDs andi 53 108
K'1f o +Zrwh0s.8"12’ Both cubic phases undergo a pressodeiced phase transition,
beginning at a pressure of approximately 100 MPa, to an orthorhombic phase, dsnoted
9-ZrW»0s.%6 The orthorhombic phase has a lower magnitude CEE {13 106K}
than either of the cubic phas&she structures of the cubic and orthorhomiiiasesre
compared irfFigurel.5.F o r ma t {ZcWhOg apdild ircrease the CTE of composites
containing cubic Zr\WOs during thermal cycling. Ahase transitiofrom 9-ZrW-0Ost o- U
ZrW;Og occursupon heating to 400 K under atspheric pressuf€.Various
morphologies of Zr\WOs micro- and nanoparticles have been reported in the literature
thatcould potentially be incograted into composite materigf&129130

The excellent thermal stability of cubic Zp®% predisposes it to applications in
refractory nearzero thermal expansion ceramics. Z0¥remains in a thermomiotic

cubic phase up to 1050 K and melts incongruenthb80 K8’ The stable phase below
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(@) (b)

Figure1.5: The crystal structures of (a) cul§R2:3 ) -ZrW.0s®” and (b) orthorhombic
(P212121) -ZOWN20s,°° with ZrOg octahedra shown in green, W@trahedra shown in
grey, and oxygen atoms shown in red.

the melting point is the cubic phase. Furthermore, undertbigberature conditions
unde s i-ArVib0slweuld be removed from the composite during heating ensuring
t h azZrW>Qg would not build ugn the composite after many temperature cycles.
Cracks in a brittle ceramic material also can be removed by annealing at sufficiently high
temperatures due to increased ductility, improving the number of heating cycles that the
material can withstand befthermaktress causes material failure.

Several preparation methods of composite ceramics withzeearCTES
composed of Zr@as the matrix material and Zp¥Ws as the filler materidiave been
reported in the literatur€>132This composite system éspecially of interest because
ZrW>0Og can be formedh situduring sintering of the ceramiga reaction of ZrQand
WGQO;3, streamlining processing. Modification of the sintering conditions and the
introduction of small amounts of a sintering aid have beparted to produce

composites with varying microstructuréatdiffer in their pore fraction and pore
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morphology!?? Changes in the microstructuséthe composite resulted in bulk materials
with a range of Youngds modul i but quantit
analyses of Zr\WOs-containing composites predict sufficiently high compressive stress to
cr eat eZrw.@ginahe filler particles upon coolingp8133

Polymeric composites using Zefls as a filler also present an interesting
potential applicatiod?"134135136137 polymers typically haviarge positiveCTES, which
areundesirable in some applicatioresg.where they willbe subject to thermal cycling or
where dimensional stability is important. The large isotropic negative CTE ofQg'W
offers the possibility of significant reductiarf thermal expanen at low filler loadings.
Additionally, a variety of nancand microparticulate morphologies of Zs have been
reported}?812913013¢ gffering the potential of tailoring the properties of a composite by
changing the microstructuté® However, efficient dispersioof the filler in the matrix

and effective graftingf the filler to the matriypose significant challengé®3’

1.6. A>M3012 and AMgM3012 Materials

Several different crystal structures exist for compounds witlAikeO:.
formula. However, only the phases whéris a small rare earth (Hbto Lu**, ionic
radius 0.90A to 0.87 A}*® or other trivalent metal (fti to AI®*, ionic radius 0.8 to
0.54 A8 assume framework structures in the orthorhonftiicnor in the monoclinic
P21/c space groupfFigurel.6). The connectivity in both framework structures is the
same:AOs octahedraonnect through vertices to 94O, tetrahedravhich share all their
vertices with adjacemOs octahedraThese madrials have a high degree of chemical

flexibility, being able to form a wide range of solid soluti®$his chemical flexibility
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(b)

Figure1.6: The (a) monoclini®2i/c (low-temperature$® and (b) orthorhombibcn
(highrtemperaturéf® phases of AMoz012, with AlOs octahedra shown in blue, MaO
tetrahedra shown in purple, and oxygemnat shown in red.

could be related to their opdramework structures, which have low energy barriers to
rotation of polyhedra®!

The orthorhombic and monoclinic structutescend from the denser garnet
structure, which has three different fully occupied cation environments: octahedral,
tetrahedral, and-8Id coordinate. The orthorhombic and monocliA1:012 framework
structures are similar. Whereas garnet has full catoup of the &old sites, they are
totally empty in the framework structures, creating microchanmils can be a
hindrance (¥Mo03012,142143144 Y W301,,14° and rareearth phasé&®are highly
hydroscopic due to water in the microchannels) or advantageoumffiastonduction
through the insertion of small cations such dsnside the framework structur&}:148

The A2M3012 materialswhich adopt the orthorhombic structure generally
transform tca monoclinicphaseat lower temperatures, although in some cases such as
SeW3012, Y2W3012, andY2Mo30:12 this phase transformation is apparently frustrated
even at the lowest temperatures examitiét?>° However, the monoclinic phases are
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denser than the orthorhombic, and the former demonstrate only positiveakher
expansion. The orthorhombio-monoclinic phase transformation is displacive with a
very small enthalpyf transition, 2 kJ mét or lesst®! Highertemperature phase
transitions are seen for £€r-, and Albased tungstates and molybdates in comparison
to compounds with trivalent cations with lower electronegativity. Generally the
A>M03012 orthorhombic phases transformtkeeir monoclinic counterparts at
temperatures higher than fag\Ws0,,.149150152153
Another peculiarity 0A-Mz01. phases ishelack of complete rigidity of their

polyhedraThe distortion of a coordination polyhedron can be calculated follothimg
Makovicky andB a G ul napdroachwhere thepolyhedraldistortion 6) is defined
asi™

; W wfw (1.17)
with Vr andV; being the volumes areal polyhedron andnideal polyhedron with the
same circumscribed sphere radius, respectiVéhile ZrOs octahedra in Zr\AOs are
known to be highly distorte(z & 2 this distortion is independent of temperature
(0.3 K to 1050 KY* The polyhedra ifxM3O1> materialsare also distorted, but at a much
lower level ¢ < 1%) and this distortion increases with increasing temperétue.
correlation has been established between the degree of distorfiGa and the
coefficient of thermal expansion, suggesting thet tegid octahedra lead to more
negative CTEs within thé>MsO1. family.*® Liang et al1*3used Raman spectroscopy to
show that inA2M3012 high-energy optical phonon modes, due to distortioN Gk,
together with the lovenergy transverse thermabrations as commonly observed fitre

AMOg crystal family, are responsible for NTEhe contribution obptic modes
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involving polyhedral distortion to NTE has been investigated computaticaradlyound
to be significantn Y2Mo3012* and YaW3012.347 Ideal rigid-unit modesinvolving only
changes il Oi M bond anglesare geometrically imposdiin the SeWz01» structure
because they cannot be constructed from undistorted polylsedize involvement of
polyhedral distortion is unsurprisifg.

In an attempt to synthesizeMsO:2compounds with a controllable coefficient of
thermal expansion, Suzuki and Om8tsubstituted thé3* cation with Hf* and Md¢*in
a 1.1 ratio. Instead ¢ifMgW 3012 in an orthorhombi®bcnstructure, they obtained an
orthorhombic phaselentified asPnmaor Pna2; at room temperature. However,
Gindhartet al.reported a monocliniB2;/a structure for HfMgWO12 at room
temperature, showing a transitionailworthorhombid®nmaor Pna2; space group
between 400 and 4%3°! The orthorhombic phase demonstrates NTE. The reversibility
of this phase transition suggests that the connectivilnmaor Pna2; would be similar
to the one established for tRbcnspace groupOther phases, such as HfMgh@a*>°
and ZrMgWs012°7 adopt & orthorhombic phase at ambient and higher tempesatlihe
full crystal structuref ZrMgMos012, a member othis class of ceramichas been
resolvedas reported heri@ Chapters.

In a further demonstration of the chemical flexibility of ##13012 family,
Chenget al.have recently reported the synthesis of a series @fLYMg) x<M03012
materialsi*® In these materials, 3 was replaced by lliand Mg* in amounts up ta =
0.9 whileremaining in &Pbcnphase“® NTE was reportefor the materialsvith x = 0.1

andx = 0.3 indicating thathe framework structure 8aetained even after substitution
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of two smallercations for oneare earth catiof®The substituted materials showed

reduced hygroscopicity, a finding attributed to coarsening of the microstrditture.

1.7. Central Questions of the Thesisind Research Goals

Thecentral questions which guid¢éhe research presented heri@iclude what is
the relation betweeelasticproperties and thermal expansion in thermomiotic materials
and how are those properties related to structural fadtoth@ case of materials with
anisotropic NTEjs there a relation betwedime CTE and stiffness along each
crystallographic axisPlow can one compensate for deficiencies in the mechanical
properties of thermomiotic materialsiw do elastic properties and thermal expansion
interact in composites and polycrystals where thermal stress is present?

The research reported herein has beenwted under the hypothesis thia¢
mechanical properties of thermomiotic materials are an important component of their
overall thermelastic behaviour, and that the mechanical propestiess significant
variations which are related to thermal expans8pecifically, it wadypothesizedhat
there is a negative correlation between the magnitude of the CTE and the stiffness for
thermomiotic materials, and where the CTE tensor is anisotropic the elastic tensor can be
expected to show similar anisotropy. th@rmore, it wasiypothesizedhat elastic
anisotropy and CTE anisotropy can couple to influence the bulk properties of
thermomiotic materials.

To answer thequestiongposed aboviea combination of experimental and
computational approaches has been appligderiments included synthesis and
characterization of novel materials and those for which the reported properties, especially

elastic properties, @reinadequately knowrin general, the goal of the experiments
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performedwas to expand the domain of wheitknown about the thermoelastic properties
of thermomiotic materialeespecially their elastic properties and behaviour under thermal
stressComputations were used primarily to deternpneperties such abermal stress
distributions, elastic tenss,and phonon energigall of whichare difficult to determine
experimentallyin full.

Initial computational researdoncerninghermal stress in composite materials
containing thermomiotic components was carried out in ordguaatifythe magnitudes
of thermal stress in these materiasdto explorehow thermal stress is related to
microstructure and compositi@mdhow thermal stress can affect thermal expansion in
stresssensitive materials. Subsequently, ceramic and cexpohyener composites
containing Zr\8Os were synthesized and characterized in order to examinéh@ow
microstructure anthethermoelastigproperties of the components interact with the bulk
thermal expansion. This initial research established the importance of further
investigation of the interplay between thermal expansion and elastic properties in
thermomiotic materials.

Identification of correlatns between structure and properties is very difficult in
the absence of crystal structures including atomic positions, so the crystal structure of
ZrMgMo3012 was solved using NMR crystallography and its propediesacterized
with the goal obbtairing insighs into materials from th&MgM3zO12 family. A number
of materials from thé>M30O1> andAMgMzO:1. families and their solid solutions were
synthesizeds monophasic polycryssand their CTEs and elastic moduli were
measured in an effort to find coraébns between the two properties. Computational and

experimental studies of S¢&nd related materials were used to connect thermal
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properties to thermal expansion, lattice flexibility, andeotbhononic properties. The
elastic tensors ofoM03012> materals and ZrMgMeaO1. were calculated, allowing
relation of axial thermal expansion and anisotropic elastic properties through axial
Gruneiserparameterdinally, the calculated elastic tensors were used to understand
thermal stress in polycrystalline #M03012 and Y2M03012, giving a complete picture of

their thermoelasticity.

33



Chapter 2:Techniques and Methods
2.1. Synthesis of Ceramicwia Solid-state Reactior

In 1958S. W. Bradstreet described the synthesis of ceramics as a process in
whi ch @A mi n stanadorsposdidn andmaulatfal purity are exposed to
immeasurable heat long enough to carry unknown reactions partially to completion,
forming the heterogeneousrent oi chi ometri c mat éFflnthel s knowt
subsequendecadescientificknowledg ofthe physical processes which occur in
ceramics at high temperatures has increased considerably, as has the quality of the raw
materials used for ceramics research, but synthesis of ceramics often still involves mixing
precursor materials and then hegtthemat temperatures anr times sufficient to
achieve the desired effect. Tlsislid-state reaction method, or ceramic method, is a well
known processing routgsed to obtaithermodynamically stable phases at high
temperatures through solgdate dffusion. In this section, the genersblid-state reaction
methods used to prepare ceramic composite materials (CAppted monophasic
AoM3012 andAMgM3012 materials and solid solutions thereof (Chapteasd6) are
describedAdditional details, including the sources of reagents and their purity, are
provided in the relevant Experimental Procedures sections.

To obtain, for exampleZrW20g from binary oxides, its necessary tmix ZrO-

andWOz. Mixing these oxides in a ballitiy for times as long a4 h,can ensure a

Vi Portions of this section were adapted with permission fRmmao, C. P.; Miller, K. J.; Whitman, C. A,;

White, M. A.; Marinkovic, B. A. Negative Thermal Expansion (Thermomidde}erials.

In Comprehensive Inorganic Chemistry Reedijk, J.; Poeppelmeier, K., Ed.; Elsevier: Oxford, UK, 2013;

Vol. 4,p128151.The aut hordés contributions to this manuscr.i
the sections regarding macroscopic NTE, applications, Raman spectroscopy, computational methods, metal
cyanide materials, microstructure, and composite materiadsgditing the whole manuscript.
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homogeneous distribution and a high contact &%gall milling also causemechanical
activation of the precursor powderg.due to high stresses and temperatures at the
impact zone, generating defeddall milling increases the surface area of the precursor
powders by breaking initial crystallites, especially those with starting sizes higher than
100 nm?9161 The increasing concentratior defects during ball milling accelerates self
diffusion and ther®re alsosolid-state reactions. Therefore, a mechanically activated
powderhasa higher coefficient of seldiffusion in comparison to the neactivated one
However, when a new phase, in this ca8#4/-0g, starts to nucleate and grow at the
contacts betwen ZrO, and WOs particles, the rate of reaction starts to be controlled by
the coefficients of diffusion of Z¥ or We*in Zrw-QOs. Since the overall kinetics are slow,
solid-state syntlsis is rather time consuming.

The first step in therpparation of cemicsvia the solidstate reaction method
used here waseighing the desired amounts of reagents i @ batches into stainless
steel50 mLgrinding jars When compounds or solid solutions were synthesized from
WOs or MoQ;, a small amountf extraWQ ( & 1 ®rMo@) a 5 beyomd the
stoichiometric amount was added to counterbalance loss of those materials due to
volatility during sinteringThe reagents were then milled in a kiggergy ball mill
(SPEX 8000MXo ensure good mixing and reduce thean particle siz8.he composite
materials described in sectidrl were milled using stainless steel grinding me8ia
beads per batch, 1.25 cm diametdoy 1i 1.5 h, while the monophasic polycrystalline
materials described in Chaptwere milled for 12 h using stabilized zirconia grinding

media(6 beads per batch, 1 atrameter) Weighing of beads before and after milling
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and EDS analysis (to check for the presence of sboyvedthat the milling process did
not introduce significant amounts of impurities.

The ensuing baliilled powder was then pressed into pelletagisi 5 mm die
(for dilatometric samples) or a 15 mm die (for samples for ultrasonic measurement of the
velocity of sound) and a Carver Laboratory Press, modeitg aforce of 1¢ N. The
pellets hadcheights ranging fromi4d mm Subsequentlythe pellets underwent reactive
sintering Fused quartz sintering vessels were used to avoid the reactionsairWio Oz
with Al>Oz sintering vesselsSintering was performed in a tube furnace in air by Andy
George (Department éthysicsand Atmospheric Sence Dalhousie University),
typically using a 10 K miht heating ramp. Natural cooling was used except for materials

containing Zr\WQOg, which were akguenched to avoid decomposition.

2.2. X-ray Diffraction

X-ray powderdiffraction (XRD) is an extremely versiée tool for analysis of
polycrystallinematerials. Xray diffraction functions on the principteat a collimated
monochromatic beam of-kKays will be diffracted byhe electrons im crystal lattice,
creating an interference pattern. The condition forstructive interference is given by
the Bragg equatiotf?

CQOE+ ¢ (2.1
whered is the spacing between a set of crystallographic plafieghe angle between the
incoming Xrays and the crystallographic planess an integer, aneis the wavelength
of the X-rays(Figure2.1). If the crystal is suftiiently large X-rays will only leave the
crystal at angles wherkfulfills the Bragg conditionThese outgoing Xays form a

diffraction pattern whiclis relatedo the crystal structure in reciprocal space.
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Figure2.1: A geometric depiction of Bragg diffraction. Two rays are reflected at an angle
d by planes of atoms separated by a distahdéne difference in distance traveled

between the two rays, shown as red line segments, is eqabsin d; for constructive
interference to occur this distance must equal an integer multiple of the wavelength

When X-ray diffraction is performed on a polycrystalline sample, howeter
random orientation of the crystallites will produce a diffi@at pattern that is essentially
a projection of the 3Peciprocal lattice into 1Pcomplicating structure determination
Nevertheless, powder diffraction is a very valuable tool because the resulting
diffractogram has a very strong relationship withdeeal s of t he materi al 6
both in terms of the positions of the peakisl¢ supra and their intensities, which are
related to the positions of the atoms in the material by a structure factor and to the
identities of the atoms by an atomic sesattg factor When the identity of the material in

guestion is known or can be guessed, XRD is invaluable at providing confirmation.
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A number of factors can impact the XRD experiment in a way that broadens the
typically very sharp lineshapes of the ditftian pattern For crystals of finite size, the
destructiventerference is not total for valuesdfor whichthe Bragg conditiofiails to
hold, and therefore the intensity the diffracted Xraysis somewhat disperden
space'®?The broadening due to particle size is inversely proportional to the particle
diameter and the cosine @f®? If the crystallites are subject to soinbomogeneous
strain, perhaps due to residual thermal stress, there will be a corresponding distribution of
lattice constants in the samepbconsequent variation in the spacimty,andtherefore
variation in the values af which satisfy the Bragg conditidfi If impurities are press
in the sample, thegancause microstressesthe material and corresponding

broadening®? There is also some broadening due to the instruahsetup-©2

2.2.1. Collection of X-ray Diffractograms

XRD analysis oteramicsamples was performed Dalhousie UniversitySome
of the diffractograms were acquiredthelaboratory of Dr. Mark Obrova®epartment
of Chemistryusing aRigaku Ultima IV diffractome e r ,  wi t hWaysour@a KU X
lineardetectorand a Si (510) zerbackground sample holder. Davarecollected in
0.05° ZAincrements with 2 s time elapspdr incrementOther diffractograms were
acquiredby Andy George Department of Physics and Atmospheric Sciensig a
SemensD5 00 powder di f fr acraysonegapointdetectbrhandaa Cu
diffracted beam monochromatdétowders were pregred by breaking the pellets with a
hammernwhen necessaryjollowed by grindingwvith an agatemortar and pestléis a
precautionsomesamplesontaining Zr\Og (see Chapte4) were heated to abo@#0

°C prior to analysisn order to removanya-ZrW>0Og formed during quenching or
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grinding, although this had no noticeable effect on the diffractogralindiffractograms

were acquired at room temperature.

2.2.2. Refinement of X-ray Diffractograms

Following collection of Xray diffractograms, refinement was carried out in order
to extract useful datdn most cases, the goal of the refinement was to verify that
synthesized @terials were phagaure and to determine their space group and lattice
constants; this was achieved with the use of Le Bail refineth&ng. Bail refinement is a
type of whole powder pattern decompositioa, it decomposes the pattern into the
contributons of each Bragg reflection, but does not attempt to fit the intensities and
therefore determine the structdf@This method isiseful foranalysis 0fA:MzO12
materials, whose complex structures preclude structure determination from powders
using a laboratory Xay source (se€able5.2 in Chaptel5). The Le Bail method takes
advantage of the followmapproximatiorfor the doserved integrated intensity of a Bragg
reflection (k) by summation over the peak profilgg) that can contribute to the observed
intensity

'O BUOsOwl Ao AAT] A (2.2)
wherew;k is a weighting factor anBi? is the calculated structure fact§#'%4 The Le
Bail refinemenbegins by settingll the F«? to some arbitrary value, then reinjecting the
lxvalues a$? each timethe parameters to be determined are refilrethis manner the
refinement can proceed without calculation of the structure factor, and therefore the
positions or even the identitie$ the atoms, being required.

Le Bail refinement was carried oirt Rietica®® using a NewtorRapltson

algorithm%6 PseudeVoigt peak profile functions (convolutions of Gaussian and
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Lorentzian profilesf’ were usedThe most important refined parameteese the unit
cell basis vectorghe parameterdw, Vi, andWy, which determine the full width at half
maximum (FWHM)of a peak atl as

&7(- Y OAL o OA+w, (2.3)
the mixingparametefor the Gaussian and Lorentzian components of the prodihesthe
backgrounctorrectionparametersywhich were refined aghe coefficients of a fifthorder
polynomial.Other parameters refined were a correction to the zero poid af 2
correction forfinite sample height, and a peak asymmetry param&ter.

The quality of the refinementsasassessed primarily using the goodrekst
paramete(c®). This parametetan bedefined as the ratio between the weighted profile
residual factor (the sum sfjuares othe relaive residuals weighted by the inverse of the
uncertainty) and the expected residual factor (an estimate of the minimum possible
weighted profile residual factor based on the number of degrees of freedom of the
refinement)t®® Typically the values of? obtained following refinement were2.

In several cases refinement ofrXy diffractogramsvas performed to obtain an
estimate oflte composition of a mixeghase material. In these cases, Rietveld
refinement was performed using structural information obtained from the literature or the
PDF2 databasé®® Refinement of the composition and the pshkpe parametevgas
thenperformed wih Rietica or automaticallfpllowing phase identificatioin Match’°
without refinement of the structure being necesddaich! is a commercial phase
identification software package which compgresak positions and intensities from

experimental powder p@rnsto those in a database, in this case 2DF
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2.3. Thermal Analysis

2.3.1. Dilatometry i

Dilatometry isa usefultechnique for the determination of CTE in bulk specimens;
it can also be used to determiphase transition temperatueesl vacancy information
(concentration and formation enthalpy). In this technique, the linear change of sample
length is recorded as a function of temperature, generally by arpdsihhe recorded
pattern i3 (thermaltstramyersies emppat u r e danddhaeerthe @
change and the original sample length, respectively.

The mainof a pushrod dilatometer are the linear variable differential transformer
(LVDT), pushrod, furnaceand athermaneter Figure2.2). Thepushrod is connected
to the ferromagnetic core of the LVDT, and pushes against the sample so thas ahange
lengtharerecorded by the LVDT as a voltage due to the movement of the fegnatia
core. The rod and its surrounding tube are made from a low thermal expansion material
with a high melting temperature,g.fused silica or alumina.

Sample preparation is important for accurate dilatometry, andhipisrtantthat
the samples be well consolidated and have flat and parallel ends. Dilatometry can be
carried out with lakbuilt instruments or commercial instruments. Current posh
di | at o met edasacceracybetterstha@t%d’ 1’2 Note that this does not

necessarily convert to a fixed % uncertainty in CTE; CTEs closer to zero have the largest

Vil Portions of this section were adapted with permission Rmmao, C. P.; Miller, K. J.; Whitman, C. A.;

White, M. A.; Marinkovic, B. A. Negative Thermal Expansion (Thermomiotic) Materials.

In Comprehensive Inorganic Chetnisll; Reedijk, J.; Poeppelmeier, K., Ed.; Elsevier: Oxford, UK, 2013;

Vol. 4,p128151.The aut hordés contributions to this manuscr.i
the sections regarding macroscopic NTE, applications, Raman spectrosmopytational methods, metal

cyanide materials, microstructure, and composite materials, and editing the whole manuscript.
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thermometer
-—
backstop
push-rod
sample
LVDT
furnace

Figure2.2: A schematic view of the principal components of a pushdilatometer. The
LVDT measures changes imigth of the sample, puslbd, and backstop as a function of
temperature. The expansion of the pusth and backstop is subtracteaised ora
calibration standard.

relative uncertaintyThe uncertainty of a measurement of a material whose CTE is close
to zero can be estimated by performing multiple measurements on the same material, see
Chapters and Referenceé6.

Dilatometry was used to measure the CTEs of the preparachics Two
dilatometes wereused both werealumina pustrod dilatometes, model OL 402C,
made by NETZSCHThe dilatometric experiments were perfornaédPUCRIo in the
laboratory of Dr. Bojan Marinkovic (results 8éction4.1, andFigure5.5 andFigure
5.6), andin the Hightemperature Thermal Analysis Latatory of Dr. Steve Corbin
Department of Civil and Resource Engineeramgl Dr. Paul Bishgepartment of
Process Engineering and Applied ScieratédDalhousie Universit{all other results)
When possible e samples were polished using a SiC abrd8&@ grit) and a polishing
Jjig prior to analysis in order to ensure thia ends were flat and parallel, howererst
of the A2M3012 samples (Chapté) were too fragile to withstand polishing on the jig and

weregentlypolishedby handusing320 grit SiC abrasivenstead.The dilatometer used
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was calibrated wittamorphous Sie(at Dalhousie) opolycrystallineAl Oz standardgat
PUG-RIi0) with lengths a close as Esible to that of the samples &imm).

In most cases, it was not possible to measure several dilatometric heating and
cooling curves of a given material due to time constraints. Therefore, an estimated
uncertainty of 0.5 x 16 K'! was assmed for these caseSollowing consideration of
cases where several dilatometric experiments were performed (see Chapter 4, Chapter 5,
and Referenc@o), this value was determined to be a conservative estimate of the

uncertainty of a single measurement.

2.3.2. Thermogravimetric Analysis

Thermogravimetric anabys (TGA) is conceptually gsimple technique; a sample
is heated while resting on a balance ahdnges irmassare measured as a function of
temperature and timé! This method can be used to examine many properties of
materials; itwasused in the currentork to determing¢he compositions of
organic/inorganic composit¢Section4.2.3, and hygroscopicity and decomposition
temperatures of molybdate materials (Sewb.3.1and6.2). The first two
determinations involverocessewvhich directly have volatile products, while the second
produces Mo@ Upon heating above 700 °C, Mg@pidly sublimes2as shown in
Figure2.3.

TGA was performed in #laboratory of Dr. Mark Obrovac using a NETZSCH
TG 209 F3 instrument. All measurements were performed under flowing Ar (to protect
the instrument at elevated temperature) using fused quartz sample pans, which are
unreactive with Mo@and WQ. Typicals ampl e masses were a 20

microbalance of the instrument was used to weigh the samples prior to measurement.
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Figure2.3: TGA thermogram of Mo@(SigmaAldrich, 99.5 %) showing sublimation
upon heatingA 20 K mir ! heating rate was used from room temperature to 500 °C
followed by a 10 K mih! heating rate to 800 °C

2.3.3. Relaxation Calorimetry

Relaxation calorimetry is a method used to measure the heat caamtystant
pressure@p) of materials. It is capable of providing measurements of good accudracy (
% for 5 K <T < 300 K and 3% for 0.7 K <T < 5 K)'"*on small samples (as small as 1
mg) 1"t The method of measurement of a relaxation calorimeter begins by affixing the
sample to a heating platform with a thermally conductive gréd3ée assembly is
heated or cooled to the measurement temperature, and then a pulse of heat is applied
while the temperature of thmatformis measured’! The sample anglatform, which is
weakly thermally oupled to a heat sink, increasgemperature while the pulse is
applied and thenool afterit is turned offt’* During cooling, the temperature of the

platform (Tp) can be modeled as a relaxation process as:

Yo Y 8QF sQF (2.4)
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wheret is the time since the end of the pulsgnd(} are relaxation timeselated tathe
transfer of heat from the sample to the platform famieh the platform to the heat sink,
respectivelyTo is the temperature dfie heat sinkandA; andA; are constants’! Since
the temperature of the platform is known as a function of time, a fit to the data
(performed by the instrumental softwacan be used to extraitte values ofd and(}.*"®
These are, iturn, related to the heat capacities of the san@de) @nd the platform
(Cpp) as:

T 6 yTQ (2.5
and

T 6 x7Q, (2.6)
wherekg is the thermal conductance of the greasekarnsl the thermal conductance of

thewires coupling the platform to the heat siikThen,the heatquations of the system,
O6r— QYO Yo 2.7

and

~

6p— QYO Yo QYO Y 00 (2.8)
aresolved to find the teperature of the sample as a function of t{if¥t)) andCp s
knowing the heater powed(t), andCp (measured in a separate experiméfitThe
assembly is then heated or cooled to a different temperature and the process is repeated.
A commercial relaxation calorimeter (Physical Property Measurement System
model 6000 from Quantuiesign)was used to determine the heat capacities of &udF
related materials (see Chap#grSintered plletizeds ampl es (a 1 mm t hi ck

into small shards (<8 3 mm)prior to measuremenieat capacities were measured
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from 2 K to 300 K using &He cryostat and Apiezon® greasefrom 275 K to 390 K
using a*He cryostat and Apiezon® H greasad from 0.35 K to 10 K usingale
cryostat and Apiezon® N greadgachreporteddata poinimettwo reliability criteria:O
90 % thermal coupling constant between sample and ptatfdefined aky/(kg + kw))

and 9% samfle contribution to the total heat capaggfined a<Cp s/(Cps + Cpp)).

2.4. Scanning Electron Microscopy

In order to observe the microstructure of the prepageghaicmaterials, several
were examined usingcanning electron microscopy (SENBYEM provides a much higher
spatial resolution than optical microscopy due to the fact that electrons, which have rest
mass, have a much smaller wavelength than &igtite same energdyf The scanning
electron microscope produces a beam of fgigbrgy electrons which are scanned over
the sample in a raster pattern. These electrons interact with the sample in several ways.
Some electrons eject other electrons from the sample; when tredegecbndary
electrons areetected they provide topographigalormation’’® Some electronare
elastically scattexdby the sample and returrabk in the direction of the beanhe
numberof these backsc@red electrons depends on thassof the scattering atodT®
This dependencgivesthe resulting micrographs contrast between different materials
withinthe sample. X ays are al so produced by the el ec
samplel’® The energy of these-¥ays is characteristic of the element producing them;
analysis of the Xay energies by energlispersive Xray spectroscopy (EDS) can allow
quantitative determination of the composition of an area of the saffiple.

Imaging was performed on fracture surfad&$or to imaging, samplesere

mounted ommetalstubs using carbon tape asputter coated with a 50/50 Au/Pd alloy to
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a thickness o015’ 30 nmusing an Ar plasma sputtering systeésEMimaging was
primarily performedat the Scientific Imaging Suite in the Department of Biology at
Dalhousie University using Zeiss 1455 VP scanrgrelectron microscope equipped with
a backscattered electr@BE) detector and a secondary elect(Si)detector’" Some
additional SEM imaging and EDS analysis was performi¢il the assistance of Patricia
Scalion, Dalhousie SENMFIB Facility, using a Heichi S4700 FEG scanning electron
microscope equipped withGE detector and an Oxford Inca Energy Dispersivea)

analysis systenThe SEM used is indicated in the results shown.

2.5. Ultrasonic Measurement of the Velocity of Sound

Ultrasonic measurements of the velocity of sound were performed in order to

measure the elastic properties of bulk polycrystalline thermomiotic materials (see Chapter
6). These measurements provided the longitudsigpl(id transverse velocities of
sound, whictwereconverted to bulkK) and shea(G) moduli as*’’

o ", (2.9)
and

o —, (2.10

wherej is the densityThe bulk and shear moduli were analysed because these are more
fundamental than, for example, the Youngos

shear modul i correspond to the material 6s

respectively.

Vil A secondary electron detector detects primarily, although not solely, secondary electrons.
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Thepolycrystalline samples measured could not be proceéssmmpletely
remove porosityTherefore, a correction for porosity was adoptesliasng’”

’ P %o, (2.12)
wheresexp is the measured velocity of soursdjs the corrected, zerporosity velocity of
sound, and  is the pore fraction. This correction assumes spherical crystallites, and has
been shown experimentallytroduce only a smaiincertainty(< 10 %)for pore fractions
M 259177

Prior to ultrasonic measurement, sintered cylindrical polycrystalline samples (see
Section2.1) were weighed and their dimensiomisi¢cknessand diametenyvere measured
three times eactising calipersn order to determine their densiiyt least three samples
of each material were measurédsome caseshe edges of the pellet were uneven,
usuallydue to damage to the green form prior to sintering. In these cases the uneven
portion was removedia polishing, and tharea of the topand bottonsurface were
determined photographicallyhe pellet was placed on a colexontrasting background
and photographed at a 90° angle alongside a reference object (Canadiang® @oin
fi t o o diameter @ mm). The reference object was subsequently used to convert the
area of the surface in pilsainto the area of the surface in fuasing GIMP!"8 This
method gave results consistent with the caliper density.

Thepore fraction of the materialas determined by comparison of the measured
density of the samples to the theoretical density as deterfoyn¥&D (see Sectio.?2).

The theoretical density could alternatively have been determined by pycnometry, which
can directly measure the volume of a powdered saniyitempts were made to ude

pycnometry(AccuPyc Il 1340 to measure the densf of the synthesized materials,
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however theaesultswere inconsistent. Many of the measurements showed decreases in
density when repeated cycling was performed [sgere2.4). In discussion with other
users of the instrument, it was determined that this is a common behaviour and that
performing only om cycleis commorpractice when e constraints preclude

performing possibly hundreds of cyclkesjuired fora highaccuracy resultHowever,

with only one replicateneasurement, the method would not be expected to provide an
accuracy advantage over XRD, so theoretical densities from¥&PB used to determine

the pore fractions of the samples.
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Figure2.4: Density of HIMgM@O12 powder as measured by He pycnometry. The
measured apparent density decreased steadily with repeated cycling. ThaeK{ia
density was 3.818 g ¢rh) which is consistent with the literature value of 3.803 P¢Ad

Measurements of the velocity of sound were performed using a Panametrics 25
DL Ultrasonic Thickness Gauge in the laborgtof Dr. Josef Zwanzigehe
longitudinal velocity of soundvas measured with a M202 transducer (10 MHz), using
glycerol (Aldrich, 99.5 %) as a coupling fluid. Glycerol was chosen because, in order to
avoid introduction of macrand microcracks into the samples, it was not desirable in all

cases to finely polish éhsurfaces of the samples due to their fragility; glycerol is
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recommended by Panametrics for use with rough surtatasditionally, the high
viscosity of glycerol greatly slows infiltration of the couplant into microcracked
materials.The transverse velocity of sound was measured with a V156 transducer (5
MHz), using Panametrics shear coupling fluid. Three measurements of each velocity
were made per sample.

The principle of operation of the ultrasonic thickness gauge is simple: the
transducer, using a piezoelectric element, outputs a pulse of sound into the material to be
measured and then detects an echo returned from the far edge. Since the thickness of the
material was measured beforehand, the velocity can then be determined from the transit
time of the sound through the material. The transverse and longitudinal transchaders
two slightly different modes of operation. The transverse transdudéish@ezoelectric
element located in direct contact with the caugpifluid, so the transit time veameasured
from the initial sound pulst the echd-’® The longtudinal transducer incorporated
delay element thragh which the sound pulse travelgdor to arriving at the sample. At
the interface between the delay eletreamd the sample, an ecbocurred The transit
time through the sample w#hen deermined as the delay between this frontwall echo
and the backwall echid®

Two ways of treating thencertaintyof the measurements were camgd. In the
first, the standard error of the mean (95 % confidence level) resulting from averaging
multiple measurements a@ach sample v&propagated through give anuncertaintyon
the final elastic constants. In the second, the standard error of the mean resulting from
averaging the vaks from the different samples wa@estermined directlyThe second

method produced coigerably largeuncertaintiesand therefor@ was concluded that
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the major contributor to thencertaintywas sampléo-sample variation. This variation
could have asenfrom factors such as inaccuracies in the measurement of density and
microcracking de to thermal stress anisotropy (see Ch&jtérherefore, the
uncertaintieseporta from ultrasonic measurementsr&ealculated using the second
methodand reported at the 95 % confidence level

The methodology used to characterize the elastic properties of bulk
polycrystalline samples #:M3012> materials was validated by comparison of the
measuredbulk moduli of AbW3012 (45 = 4 GPapnd SeW3012 (36 +6) GPa(see
Chapter6 for additional detailsjo literature value¢48 GP&° and 31 GPA&! respectively)
obtained by variablpressure XRDThe values agree within the margin of error,

validating the experimental approach.

2.6. Raman Spectroscopy

Due to the importance of vibrational dymics in thermomiotic materials, Raman
spectroscopy is an important tool in their characterization. In solids, Raman spectroscopy
uses the interactions of photons with optic phonons to probe the vibrational energy levels
of the 0 ( c e n tonirezpne.pMhentight issdattetedhby a Bateridl, most
of the photons interaeasticallywith thematerial(e.g, by Rayleigh or Mie scattering),
however inelastic interactions are also possibie change in energy of the photon is
referred to as th8tokesshift if it results from a phonon being created in the lattice or the
antiStokes shift if a phonon is absorbédRaman spectroscopy, a monochromatic beam
of light is scattered by a sample, and the scattered photons are collected, often excluding
the elastically scattered photongh a filter. The energies of the photons are determined

either dispersively doy Fourier transfornof an interferometer signéFT-Raman) Then,
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the energies of the Stokes and/oii-&tbkes shifts arknownandthe Ranan vibrational
spectrums given fromtheenergies of these shifts

Raman spectroscopy igarticularlyconvenientechniquebecause spectra can be
collected quickly and without preparation or modification of the sample. The selection
rules for Raman spectroscopy require the vibrational mode to change the polarizability of
the material in order to be Ramauative; this excludedor example, contributions from
the components of air including@ and CQ. However, the intensity of a peak in the
Raman spectruns thereforaelated to the derivatives of the polarizability and it is
difficult to interpret intensities or changes mensities by reference to thbonon
density of states (DOSInstead, analysis of Raman spectrassallylimited to the peak
positions and changes thereof.

In this work, Raman spectra were collected udiigplet NXR 9650 FfRaman
spectrometer with aB4 nm excitation laser, with spectral resolution of 1'c®amples
were either mounted directly amholderas sintered pellets or placed in glass tubes in
powdered form. Fortunately, due to the absence of atosysramhetricpositions in the
AsM3012189181 and AMgM3012 (See SectioB.3.5 families, all of their vibrational modes
are Ramasactive.However, thanfrared excitation lasdight used is often absorbed by
strongly coloured samples, whiphevented a comprehensive study of the Raman spectra

of the materials described in Chapser

2.7. The Finite Element Method
The finiteelement metho@EM) is a computational tool used to solve physical
problems in continuum mechanics over complex geometries by discretization of the

geometry into a mesh of elemerfmite element analysis (FEApn be used in
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conjunction with experimeat or computational methods to connect physical properties
of materials to potential applicationdathematically, FB¥ finds a numerical solution to

a series of differential equatignelating some dependent variable(s) to independent
variable(s) appliedover a domain (the geometry), contingent on appropriate boundary
conditions!8?

The first step in solving a problem throughA~Es determination o&n
appropriatenodel geometry. FEM software is able to handle very complex geometries
however simplifying tle problemcanresult in significant computational time savings. In
the case of modeling a micromeal@al system suchsaceramic, appropriate
assumptionsibout the system to be modeled must be used. The model geometry is then
divided into a mesh of elemts. The mesh defines many of the qualities of the model,
such as the accuracy of the numerical solution, its spatial resolution, and the
computational complexity of the model. In any case where quantitative results are desired
from a model, a mesh convergce study must be performed. The mesh convergence
study solves somaspecof the model with varying mesh sizes, ensuring that the results
are invariant in the mesh size chosen.

Each element in the mesh is assigned a shape function which interpolates the
dependent variables over its space. This yields a series of matrix equations, one per
element. These local matrix equations are associated with one another, forming the global
matrix equatiort®? The global equation isiodified to account for the boundary
conditions, andhen solvedy matrix inversiort®? The dependent variables solved for

(e.g, displacement) can then be used to determine other variables of irgggestress).
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All of the finite element analysigeported hereimvas completed using the
commercial softwarpackage COMSOL Multiphysics, v. &2 using the Structural

Mechanics and Heat Transfer modules.

2.8. Density Functional Theory

Density functional theor{DFT) can be used as a powerful and efficient method
to calculatehe electronic structures and other relgiemperties of materials. The
foundation of DFT is the Hohenbekphntheorems, which state that for a system of
interacting particlesg(g, electrons) in an external potentidkx(r), this potential is
uniquely relatedvithin the addition of a constant to the grotsidte particle density
function} o(r).*®* Furthermore, a totanergy functionak[} (r)] can be defined which
yieldsthe energy of a givey(r) for anyUex(r).1®* The functionthatminimizesE[} (r)] is
the ground state densityy(r). In combination, the theorems show that it is possible to
determing o(r), Uex(r), and the groundtate wavefunctioo(r) by selfconsistent
minimization of the energi?* Specifically,for a system of electrons and stationary
nuclei,E[} (r)] can be expressed as:

o A Yol Y TTenqQr o, (2.12
where"Yis the kinetic energgf the electronsY is the electrorelectron interaction
energy andE; is the energy of the Coulombic interactions between the nitlei.

On their own theHohenbergkohn theorems do not make determinatiomhef
ground state of a marparticle system tractable because the iawgy interactions of
theparticlesaresimplyincluded in"Y . Thisdetermination can baccomplished by use
of the KohnShamansatz in which a system of neimteracting particles with the same
groundstatedensity function as thiateractingsystem is presupposét.The energyf
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this noninteracting systerdiffers from that of the real system, by definition, by the
exchangecorrelation energyEx} (r)]) plus the energy of the Coulombic repulsion of the
electrongEcd} (r)]).18* This definition allows replacement of Equati@l2with:

o" YT Y g 1gr 0 0 "t 0 ", (213
where"Y is the kinetic energy term for the nameracting systen®* Dynamic multi
body interactions are confined B} (r)].18*

While nogeneraimathematical expression f&xc[} (r)] is known,many
approximations have been develop&drhe simplest approximation, which is often used
in solids because of its generalitgasonable accura@and low computational cost, is
the local density approximation (LDA), which equaigsfor a point of a given density
to Exc of a uniform electron gas with the same denitf.he generalizegradient
approximations (GGA) also osider the gradient of the densitlyeactpoint 184
Calculations using LDA tend to overestimate the binding energies of electrons, leading to
underestimation of cellolumesand overestimation of elastic constamtbereador
GGA the reverse is trug18

DFT calculations were carried out using the ABINGdein order to determine
the phonon DOS and related properties ofs%ClRapter7)andt he el ast i-c t ensc
point phonon energy @#:Ms01. andAMgMs01> materials (Chaptes).*® The results in
Chapter8 were obtained using computational resoupresided byCompute Caada,
specifically the ACENE¥” and WestGri#f® consortia, taking advantage of the massive
parallelization functionality of ABINIT ABINIT is designed to study periodic systems
such as crystalline solids, and so it composes wavefunetfolisearcombinationof a

plane wave basis sahd performs calculations in reciprocal sp&é® This basis set is
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defined by a cubff energy, which was determined for each material studied by a
convergence study. The criterion used was the internal pressunengeegnvergence
within 1 %. In order to determine the electronic structure of the whole Brillouin zone,
calculations must sample the phase space of the plaveswas determined by the
wavevectork. Therefore, the electronic structure is calculdtedaseries ok-points in a
shifted MonkhorsPack grid in reciprocal spaé& The spacing between points in this
grid was determined by another convergence study.

In order to reduce the computational expensaired, coreslectrons were
modeled usingseudpotentials rather than being direciieluded in the calculations.
Pseudopotentials essentially treat some of the clsiselll electrons as being uninvolved
in chemical bonds; this treatment is reasonable when the object of the study is to
determine propgies related to bonding and vibrational dynamics, as here, so long as the
number of electronexcluded from the pseudopotenimbufficiently large. The
pseudopotentialsan be tested by, for exampt®mparing lattice parameters or bulk
moduli to experimental values.

Calculation ofthe phononic and elastic propertieba material began by
importing the structure into an ABINIT inpfite using the cif2cell progrart?31%4which
proved effective except ithe case of ZrMgMgD1», which was imported incorrectly,
presumably due to its different space groepa:), and was therefore input manually.
The convergence studies described above were performed to determine appropriate
values of the plane wave enermgyt-off and thek-point grid spacing. Then, the structure
was optimized to remove internal stresses and ensure that subsequent calculations

considera structure ad minimumof the paential energysurface This allowed
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calculationof properties using response functions, which involve the derivatives of the
energywith respect to some perturbatidrhe perturbations required are those with
respect to atomic displacemg?fit'% electric fieldst®**% and homogenous strait¥.The
derivative databaseescording the responses to these perturbations were then combined
to yield phonon energies and elastic tensbing frequencies were corrected for errors
due to finite sampling on the effective charges by imposition of the acoustic sum rule
(i.e., the enagies of the acoustic bandscpt 0 are required to be zertf In the case of
Sck, integration of the phonon energies over the Brillouin zoag performed to obtain

thermal propertie$®®
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Chapter 3:Finite Element Analysis of Composite
Materials Containing a Thermomiotic Component

The following finite element results are presented as attempts to understand some
of the mechanical dynamics inherenthhiermomioticmaterials, including their
propensity to experience thermal stre$sle counteracting PTENd to undergo pressure

inducedphase transitions as a result of that thermal stress.

3.1. Thermal Stress in a ZrB/SiC Composite Material

In order to validate the finite element methodology used irctiapter a finite
element analysis of thermal stress in a wehliracterized composisystem reported in
the literaturehas been performed. This system consists of SiC micropaiiiflesl.%)
embedded in a ZeBmatrix (70 vol.%) densified by hot pressini§® The CTE ofthe
matrix, ZrBz, (k= 5.2 x 106K 1)1%is higher than that dhe filler, SiC, (k= 3.3x 10°
K'1),% so during cooling the SiC filler experiences compressive stress while the matrix
experiencesensilestress, as occurs in the composite materials discustieel iemainder
of Chapter3. The compressive thermal stress in the SiC particles following pingess
has beenexperimentally determineas810 MPa by measurement of the Raman shifts.
Thermal stessevolutionhad beemeasurediuring cooling from 2075 K to room
tempeature using neutron diffraction, and the stress relaxatamt had beemetermined
to be approximately 1675 K.e., thermal stress begins to accumulate below this
temperature}®®

Thesditeratureexpermental results were used to design a simple finite element
mode] using the techniques used to model NHHE composites ithe remainder of

Chapter3. The model consisted of four spherical SiC particles embeddecuineaof
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ZrB» that modeledhe matrix. The radius of the filler particles was chosen to replicate the
30 vol.% loading in thexperimental composit& Roller boundary conditions (allowing
displacement in the direction parallel to the boundary but not in the perpendicula
direction) were aplied on three faces of the model, while the other three sides were left
unconstrained. A temperature drop of 1400 K was modeled by setting the boundaries of
the model at a fixed temperature 1400 K below the initial temperature ofiiegiah

The actual choice of initial and final temperatures is not relevant to the results since the
material properties input to the model were assumed to be temperature invariant.

The thermal stress distributidnuscalculated wasvaluated in terms dhe first
principal invariant of stressi(; this quantity is defined as the trace of the Cauchy stress
tensoré®

Y (3.2)
wherel, Uz, andlz are for examplehe threeprincipal stresses (as its name impligss
independent of the choice of basis vegtorie first principal invariant of stress is
related to the pressure 28:

0 Y (o (3.2)
The thermal stress distribution is showrFigure3.1. The finite element model predicts
an averageompressivehermal stress of 2 GPa in the SiC filler particles following
coolingby 1400 K This stress level is considerably higher tkizanexerimental
observationby greater thaa factor of two Of course, tensile stressesa real material
on the order of 2 GPa would be expected to cause microcratdasingtressModeling
this process using FEA could be possible wifth use of an empirical damage model

which would, however, require considerably larger basis of experimental data.
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Figure3.1: Distribution of the first principal invariant of stress@G®ain a modelled
composite of SiC (filler) in ZrB(matrix) following a temperature drop of 1400 K.

The main purpose of this model is thaassesses the accuracy of the finite
element methodology as qualitative: it is capable of predicting thermaletresth the
correct order of magnitude but the results should not be treated as quantitatively accurate
predictions of the thermal stress levels in composite matehitifmugh FEA is capable
of producing analytically correct determinations of stressnfodels where the geometry
and material properties can be modeled exattihhe exact geometry of a polycrystal
cannot easily be determined or modeled and the material properties of grain boundaries
and interfaces are not generally known. Therefore, this qualitatrekof accuracy is not

unexpected.
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3.2. Effects of Porosity on ThermalStress

A series of finite element modelsagcreated in order to examine the effect of
porosityon a Zr\W0Os filler/ZrO> matrix composite. The inspiration for the models was a
work by Sunret al. (Referencel22) describing such composite materials with a varnéty
pore sizes and morphologies, including highly densified systems wieeresidual
porosity is mainly located at the matrix/filler interfadée FE models were intended to
determine hovpore size and morphology affdbie thermal stress distributionsach
composites, especialthe compressive thermal stress that the Z0¥Viller experiences
upon cooling. Compressive stress above about 300 MPa caul$tE ta Ehe
orthor hphasdvhcch has a much | ess -apdabi ve
phases (see Sectidrp).”®

The 2D models used were composeeight or nineZrW20s particles arranged
in a squar®er hexagonal packing arrangement in order to measure the interactions of a
central particle with its neareseighboursPores were modeled by eliipal voidsin the
matrix material, with the elligss being concentric with the circular filler particl@he
pore volume and the length of the matfiller interface were varied by varying the major
and minor axes of the ellipses, respectively. The orientation of the pores relative to their
neighbours was varied between parallel and perpendi€uiench coohg was modeled
by fixing the temperature of the outer perimeter of the matrix at a temperature 350 K
lower than that of the filler materialhe material properties used in the model
corresponded to room temperaturbese conditions were similar to those used in
Referenca5, a finite elemenanalysisof thermal stress in Zr¥Ds/ZrO, composites

without porosty.
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A typical thermal stresdistribution is shown ifrigure3.2: therewaslarge
compressive stress in the filler particles, especially near therduoklike areas where
pore, matrix, andiller all meet.The compressive stress was greater than the 300 MPa
threshold for the PIPT in all cases. Thermal stress was found to depend strongly upon the
length of the matriXiller interface, with longer intéaces leading to increased stress. The
other factors (packing, pore volume, pore orientation) had smaller effects on the
magnitude of the stress, with square packing, parallel pores, and smaller pore volume all

leading to increased stress.
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Figure3.2: The distribution of the first principal invariant of stress in GPa in a
representativeéD modelof ZrW-Og particles in a porous Zednatrix, following cooling
by 350 K. Anisotropy in the stress disuition in the filler particles wacaused by the
pores.

The models suggest that Zs® could be protected from thermal stress by
decreasing the amount of contact between matrix and filledjtaraturemicrographs

suggested that this is possible while still having a relatively small overall pore viitime.
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This would be advantageous because the small ptuene would lead to a higher

stiffness of the bulk materidf.Unfortunately, it proved impossible teeterminethe
overallcoefficient of thermal expansion of the modeled material. The pores at the
boundary of the material shrank in an unconstrained manner, and the total volume change
of the material was largelyetermined by this factor. Consequently, the effect of
changinghe length of the matrifller interface on the thermal expansion of the bulk

material could not be determinelk the pore fraction increases, a decreased effect of the
ZrW>Og filler on the thermal expansion of the matrix can be expected. Therefore, in
practice a balance must be struck by control of the porosity between reduction of the bulk
CTE and protection of the components from thermal stress.

In order to test what would happenaisituationwhere some of the pores closed
upon coolinga model inclding contact forces was preparéthis contact model had
extremely small pores which closed completely upon cooling by 350 K. The surfaces of
the matrix and filler materials were designated as contact pairs (curved surfaces which
are not allowed to interpetrate), and a contact force resulted from their interaclioa.
contact force was determined by an empirical penalty stiffness factor, simulating the
surfacesd6 resistance to penetration.

The stress distributioresulting fromthe contact model can beeseinFigure3.3.

Its features include greatly homogenized stress distributions throughout both matrix and
filler, although the orientation of the s still has some effect on the final distribution.
The average stress ihe filler particles increasedut the maximim stress decreasdtis
makes thd’IPTmore likelyto occur but crack initiation less likely to occur. The area

closest to the originahatrix-filler interface in the filler particlexperienced slightly
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Figure3.3: First principal invariant of stress distribution in GPa after complete pore
closure inacontact modebf a Zr\W,0Os filler/ZrO2 matrix composite with small pores

after cooling by 350 K. The closed pores lie along the right and left surfaces of the filler
particles(shown in black on the uppéeft particle) the contact surfaces are bound at

both ends by the stress nmra at the former pormatrix-filler intersections.

higher stress than the remainder of the partidhés higher stressgs attributable to the

small amount of space the filler particle has to freely expand prior to caxtdably,

the local stress maxian(where pore, matrix, and filler meet) in the case with open pores
become local stress minima when the pores close.rélaisation could significantly

i ncr eas e stfracaure mesistaace byahardging the location of high stress areas.
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In order todetermine how the thermal stress contributes to the pressluesd
f or mat -ZrvsOs itovas necessary to determine how much strain energy is required
to complete the phase transition. Teadculation was performeddllowing the method of
Abeyaratnestal?®Fi r st , based on the compressive st
phase transition, it was assum&W.Cgtbbat t he
ZrW>0g phase transition is equal to 300 MPa. This quantity would probably be
impossibleto determine experimentally as Zsg®would be expected to fail under
tension before a phase transition could be observed at such a high stress, but assuming the
phase transition is reversible in this regard is reasonable. Secondly, it was assumed that
thetemperature is sufficiently close to 430 K that the two phases are near thermal
equilibrium. Thirdly, the strain energy function was assumed to be piecewise quadratic

and therefore the stresgrain relationship remained piecewise linear. THén
W O ¢v , (3.3)

whereWnmin is the amount of strain energy required to begin the phase tranBiias,
the hydrostatic pressure at which the phase transition begin§iantde bulk modulus of

the material (58 GPa), arftf

) _— — (3.4)

whereWmaxis the amount of strain energy required to complete the phase transition after
Wnini S r e a c VYireidthe retativel diffggence molume between the two phases.
The mol ar -ZwwhOsis 8¥e8% ofthat afb-Zrw.0s,%° sothe phase transition

results in a 5.2%lecreasén volume. The resulting value Wax (147 J mdl') was used
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to find t kZew.@fownadas afunEtioncof temperature drop for each
geometry Figure3.4).

Figure3.4 showsthatthe compressive stress in the filler particles crosses the 300
MPa threshold required to begin the PIPT
100 K), however this does hoecessarily translate into immediate full conversion to the
o-phase, as considerably larger temperature changes are required to push the phase
transition tocompletion Thisresultshows the importance of considering strain energy
when determining thtnermomechanical properties of these composites, in contrast with
previous researé®®t hat had aZW.0swasdornedas soomoas the
threshold stress was exceeded. It is not exactly clear as to what properties a particle
which is in an i nt e+tamaphasaestmight bavealiutheb et we e n
percentageshownin Figure3.4 could be thought of as statistical trends for a large
assembly of particles in different geometrical configurations clustered around an average

or representative geometry.
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Figure3.4: Progress of the presstrauced phaseadnsition for models of Zrn&Ds filler
particles in a porous ZrQOnatrix with various geometriexs a function of change in
temperature. The legend gives the packing (hexagonal or square). Perpendicular pores
around a filler particle are oriented’30 the pores of neighbouring filler particles,
whereas parallel pores are oriented in the same direction as neighbouring pores.

3.3. Hyperelastic Material Model for a Pressureinduced Phase
Transition

CubicZrW20s, as it progressas h r o u g h  &rWEOk, €al betdescribed
mechanically as a hyperelastic material, that is,fonehich theelastic behaviour can
be described by a strain enedpnsityfunction where each strain state has a
corresponding energy densff This approach follows that used by Abeyaraghal.to
model austenitienartensitic transition®! The stressstrain relationship follows the
assumptions laid out in the previous section, leading to the strain energy function shown

in Figure3.5. The strain energy densitynctionwaspiecewise quadratithere are two
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energy minima corresponding to the normal and pressdueed polymorphs
respectivelyBy comparison, the straimergy density function for a linear elastic
material would also be quadratic, with a singhergyminimum at a volume ratio of
unity. The total volume ratioJy) wascorrected for thermal expansion to the elastic
volume ratio {e) prior to its use in t strain energy density function as follo#%:
0O UV p | WY. (3.5)
The strain energy density function showrFigure3.5 only considers changes in volume
ratio and therefore hydrostatic stressesrder to model this function in@VISOL, the
ANearly I ncompressible Hyperelastic Mater.i
model simply divides the strain energy density into a volumetric and an isochoric, or
sheay portion. However, modeling the isochoric portion of the strain engeggity
function proved problematic. The most reasonable choice of an isochoric strain energy
density function would be from the St. Vendtitchoff hyperelastic material model,
which is simply an extension of a linear elastic (Hookean) material modalder
strains?®> However, the calculations failed to reach convergence while using this material
model. This problem could possibly be solved by increasing the mesh dbuosity,
convergence was not reached even at the limits of the computational reswaitzdsde
in the lab. Instead, the nétookean model was used for the isochoric steai@rgy
density. This model matches the Hookean case for small strains, but becomes less stiff for
large straing®?
Sever al addi tional assumptyibonshearneali npphla
transition was not included. The crystallographic orientation of the@s\fystallites

was not considered. ThadomBHPT aeedr assomeh
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Figure3.5: The hyperelastic strain energy density function for ZDV The volume ratio
is corrected for theral expansion, and is given relative to the stfain e-phagg)tate.
The two energy minima corresponding to the two thermodynamically stable phases are
marked.
manner regardless of the orientation of the applied strain, when in acthalghiape of
the crystallites should change during the phase transition, due to the breaking of
symmetry inherent in the cubic to orthorhombic transitidonever the structural
changes inwol Pée®TiareheelUatively small, an
decreass considerably, the orthorhombic unit cell is closésiproportions to three
cubic unit cells stacked on each othef oZrW.Gsa= 9. 157 ZWpQsa=f or o
9.067 A,b =27.035 Ac=8.921 A.°¢ Additionally, the thermal stress applied in the
model geometry usaaasfairly uniform spatially

The model geometry used to implement the hyperelastic material model was a 3D

model composedf cubicpackedspherical ZrWOs particles in a Zr@matrix. Nine
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ZrW-0Og particles were included, to simulate the interactions of the central particle with
its nearest neighbourA.variable temperature drop was simulated by fixing the
boundaries of thenodel at a temperature lower than the initial temperalime material
properties used in the model corresponded to those at room tempdraturegnitude
of thesimulated temperature drop varied frétK to I750K. A temperature drop of
1750K would ke larger thara drop from the upper limdf the thermalstability rangeof
ZrW-0s to absolute zero, and therefore is unlikely to actually occur, but such a large
stress could also be caused by some combination of thermal stress and an external load.
Figure3.6(a) shows the progress of the PIPT for various temperature drops. The
progress was approximately linear with respect to the change in tempesgiacelly at
smaller temperature dropBhis was in contrast to the quadratic trend seénguare3.4,
when the PIPT was not modeled exactly. Téeson for this difference can be
determined fronfigure3.5: the strain energy function was composed of two quadratic
functions, one with a positive a@nd derivative and one with a negative second
derivative. This combination leads to an approximately linear progress overall.
Figure3.6(b) shows the evolution of thaermal stress in the filler p&cle. The
thermal stress begitis decrease in magnitude after the PIPT begins, as the phase
transition made compression more eneogdiiy favourable. This continuesitil the
thermal stress actually reaches zero andnisegi enter tension. The thermal stress in the
matrix material was also zero at this point. The tension continues to increase because the
threshold thermal stress has been crossed, but the collapse of the structure into the
orthorhombic form is restraindgy the surrounding matrix material. Following the

completion of the PIPT, the tensile stress quickly decsepassing through zero again,
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Figure3.6: (@) Pr ogr e s%o oR | R T O (edpr&setMn terms of the amount
o f-Zrw->0g formed) (b) thermal stress in the central Zs®é filler particle, and (c)
effective coefficient of thermal expansion in tin@deledcomposite(which consisted of
hyperelastically modeled Zrys filler in a ZrO; matrix) following various temperature
drops.

beforebecoming strongly compressive.

Figure3.6(c) shows the effectiv€TE of the modele@rW,0gs/ZrO, composite
materialafter various temperature drops. Clearly, the ability of the @3flller to act to
suppress the PTE of the matrix material decreased precipitously as the PIPT progresses,
until the CTE of the bulk materiatas practically equal to that of the matrix material
alone (k=10 x10 ¢ K'1). Theefore the PIPTan be seen tcompensate for the
mechanical weakness of Zp@®s in one way, by reducing the thermal stress it

experiences, while simultaneously making its bulk modulus effectively zero. However, if
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the microstructural environments of the filler particles were suffigidrgterogeneous
that a minority of the Zr\AOg passed through the phase transittbe effect could be
beneficial, as the overall thermal stress of the material would decrease. TH@sZnét
underwent the PIPT would be absorbing strain energy to makeithenaterial stronger.
Of course, the desirability of this effect depends strongly on thé&apeph; if the
material can beycled above the temperature required to reverse the PIPT (398k),

PIPT will not permanently change the CTE of the material.

3.4. Inclusion of a Phase of Intermediate Thermal Expansion

The inclusion of AAW3012in ZrW-0g/ZrO, composites can be accomplished by
addition of a small amount of ADs to the starting materidf2 Al,W3s012melts at a lower
temperature than Zr¥s, and if it is a liquid at the temperature used to sinter the
composite it can fill many of the pores, resulting in a much denser bulk métérial.
Al W3012is also dow thermal expansion materi@ly = 2.1 x 10° K'%)2%3 soif it is
included in an NTE/PTE composits thermal expansion would be between that of the
other two componentfn order to find the effect that a component of intermediate CTE
would have on the thermal stress distribution, a simple finite element model was created.
The 2D model was composed of a matrix of square particles, each randomly assigned as
NTE, PTE, orzem thermal expansigrwith the CTE of thehermomioticmaterialof
egual magnitude but opposite sigithe PTE material. The mechanical properties of the
three types of materialere all identical. Several random configuratiohshe particles
were obsered

Figure3.7 shows the stress distribution itwo representative modglone witha

thermomiotic phase and a PTE phase and one with an additional zero thermal expansion
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Figure3.7: Thermal stress distribution following cooling by 350 K@)a model with
two components, one NTE and one Rarte (b) a model with three components, one
NTE, one PTE, and one with zero thermal expansion

phase The thermal sesswaslower, on average, when the intermediate component is
added(Figure3.7(b)) than when it was not preseridure3.7(a)). Thenearzero thermal
expansiommateial experienceahotably lower thermal stress because of its lack of

expansivity, but it also lowerdtie thermal stress in the other componefte thermal
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stressmaxima wee located at verticeshere twothermomioticparicles are each
adjacent to two PE particles The addition of th@eearzero thermal expansianaterial
madethese higkstress areas less likely to occur. In general, the stress at an interface
between two materials can be seen tpioportional to the difference in thermal
expansivity aross the interface. Introduction of a material of intsirate thermal
expansion createmore irterfaces, but the interfaces weoe, averageof lower stress.
These models are taoudeto lead to any quantitative conclusions, but they do
validate the oncept that inclusion of a matergich asAl2W3012 with alow-magnitude

CTE wouldreduce thehermal stress in a composite.

3.5. Thermal Stress in an AbMo3012/Polyethylene Composit&

In this sectionFEA of thermal stress ia series of composite materials consisting
of AlzMo30O12 nanopowder in a polyethylene (PE) matrix is describeth the goal of
determining whether it is likely that thermal stresses in these mat&dald be
sufficient to cause ductility in the matrix fracture of the fillerThese materials were
synthesized and characterized primarily in the laboratoBr dBojan Marinkovic at
PUGRIo, as described iReferenc&04. Theexperimental results showed a 46 %
reduction i thermal epansivity following amodesfiller loading of1.1 vol%.2* This

large reduction was attributed to good matfiiber bonding resuliihg from use of vinyl

* This section was adapted withpermissi f r om: Soares, A. R. ; Ponton, P.
M.; Romao, C. P.; White, M. A.; Marinkovic, B. A. Mater. Sci2014 49, 78707 88 2. The aut hor 0 s
contrlbutlons to thls paper mcluded measurement of the bulk elastic propertie®ot@4. and finite

element analysis of thermal stress in theVAd;O1./polyethylene composites, and writing the relevant

sections of the manuscript.
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trimethoxysilane (VTMS) to surfacenodify the filler particles prior to their inclusion in
the matrix2®4

Prior tothe FEA, the mechanical properties 0bMb3O1> were determined
because they had not prewgby been reported in the lisgure.Bulk AloM03012 pellets
were prepared in order to measure their mechanical properties using ultrasonic
transduction. The synthesis was performed using a-staité reaction method, using
Al 203 (SigmaAldrich, 99.7 %) and Mo®(SigmaAldrich, 99.5 %) as precursorEhe
synthetic pocedure described in Secti@rl was usedAn X-ray diffractogramRigaku
Ultima IV diffractomete) of the monophasic product is presented in Appendikigure
AlX Thethree resulting pellets had an average height of 4.78 mm and a density fraction
73 % of theoretical.

Following correction for porositysge Sectio.3.2), the longitudinal velocity of
sound of monoclinic AM0301> was determine@see Appendix B for uncorrected
values) following the procedure described in SectB, as 3.2% 0.16 m ms' and the
transverse velocity of sound was determined as 2.29 + 0.22 inTihese values
correspond to a bulk modulus of 13.5 + 1.3 GPa and a shear modulu2 &f018.GPa.
Interestingly, the valuasdicate thamonoclinic AbMo3z012 has a neazero Poisson
ratio, specifically 0.03& 0.088.The bulk modulus measured by ultrasonic measurement
was consistent with that determined using the Turner model to analysetimal

expansion of the composité¥.

X For ease of comparison, allpdy diffractograms in this thesis are presented in Appendix A.
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FEA was used to assess the thermal stress that could be expected in VTMS
graftedAl2M03012/PE compositespon cooling. The model geometry chosen was that of
nine spherical filler particles of monoclinic AMo3012 embedded at random positions in
a cube of PE, where the volume fraction of filler was varied to match the experimental
compositions. A mesh of tetradral elements was generated in COMSOL and the mesh
size used was shown by a mesh convergence study to produce results convergent to
within 1 %.

The VTMS grafting was assumed, based on the experimental results described
Referenc&04, to produce perfect interfaces between matrix and filler. BoiM@dO1»
and PE were treated as linear elastic materials. Assumption of perfect interfaces and
linear elasticity leads to the calculated stress being a conservative estimate; the stress in
the actual composite could be reduced by imperfect interfaces or ductility. Therefore, the
results of the finite element analysis should be treated as qualitatbeeisate. Due to
the low volume fractions of filler used, the size, shape, and distribution of the particles
did not substantially influence the results and these parameters were not varied as part of
this study. The boundary conditions used were a temperdtop of 100 K on all sides
of the material and roller boundaries on three perpendicular sides.

FEA was used to calculate the thermal stresses experienced in the composites
following a 100 K temperature dropsing roomtemperature material properties
Cooling of the modeled composites induoednpressive thermal stresses in the VFMS
graftedAl2M03012and tensile thermal stresses in the PE matrix due to their mismatched
CTEs. The compressive stress in the filler particles reached a maximum of 22 MPa, and

was invariant with the filler loading. The maximum tensile and shear stresses in the PE
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matrix are shown ifrigure3.8. The maximum tensile stress increased approximately

linearly with filler loading, while the maximum shear stress increased nonlinearly.

7 12
® Max. tensile stress - 11.8
6.8 1 mMax. shear stress L 11.6
66 i } - 114
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Figure3.8: Maximum tensile and shear stresses in the PE matrifue@on ofthefiller
(Al2M03012) contentof the modeled AMo3012/PE composites following a temperature
drop of 100 KUncertaintybased orfinite mesh sizeffectsof 1 % is shownAdapted
from Referenc&04 with permission

The CTE of the composite on addition of filler was calculated to decrease only
slightly, but more than would be predicted by the rule of mixt(Fegire3.9). The
discrepancy between the finite element models and the experimental result is possibly
due to the finite size of the model, which prevents accurate modelling of the comdtraint
the thermal expansion of the matrix due to the filler since the bulk of the matrix material
iS unconstrained.

The thermal stresses calculated by the finite element method for \grafted
Al2M03012/PE composites following cooling by 100 K were belowytedd strength of
the PE matriX*as well as the level that would be expected to affect thidasO12
filler 2% Therefore, the composites would be expected to be mechanically stable

following thermal shock of 100 K or less,alto the absence of plastic deformation of the
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matrix or fractureof the AbMosOx.filler. However, addition of AM03012in amounts
considerably above 1.1 v# might increase the thermal stress in the matrix above the
yield strength of the PE due to the nonlinear increase in the thermal shear stress in the
matrix. Although there is considerable CTE mismatch between PE aktbAD:», the

low stiffness of the matrix reduces the magnitude of the thermal stresses considerably, in

addition to allowing reduction of the CTE by addition of only a small amount of filler.

3.6. Conclugons

The finite element analyses presented in this chapterdemenstrated that while
thermal stress in thermomiotic/PTBmposites inherently presents a major obstacle to
their useit can be mitigated in several ways. Microstructural modificationptisen

Hookean materials, incorporation of phases of intermediate thermal expansion and the
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use of compliant materials are all viable strategies to reduce thermal stress in composites.

The experimental realization of these methods is presented in Chapter
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Chapter 4:Synthesis and Characterization ad@omposite
Materials Containing a Thermomiotic Component

4.1. Reduction of the Thermal Expansivity of Aluminatoughened
Zirconia by Incorporation of Zirconium Tungstate and
Aluminum Tungstate*

4.1.1. Background

The considerable interest in including thermomiotic materials (also known as
negative thermal expansion materials) in composstdge to their ability to counteract
positive thermal expansion attfterebycreate novel neazerothermal expansion
materials-®3® Thermomiotic materials have been included in composites in conjunction
with polymerst07 136137 metg|g206207208209 gn g ceramicd?0122131132210211212213 Ceargmie
thermomiotic composite materials agpeciallyappealing becauss ther high-
temperature stabilityexceedingonventional neazero thermal expansion materials such
asLAS glass ceramics and Invggee Section.3).

The majority ofreports ofcomposites containing thermamtic materials include
ZrW,0g,* although composites including molybdatélithium aluminum silicaté® and
nitride?*® thermomiotic materialalso havebeen reported. Zr¥Ds has large isotropic
negative thermal expansion over a large temperature range (0.3 to 155quég)jties
that make it ayood candidate for use in compositdswever, there are challengies
producing useful Zr\A0g-containing composite#\s discussed in Chapt8y due to the

largemismatch between the thermomiotic and pesithermal expansion components

X This sectiorwas adapted from: Romao, C. P.; Marinkovic, B. A.; Weihwanziger, U.; White, M. A.
AThermal Expansion Reduction in Alumit@ughened Zircomi by Incorporation of Zirconiurmungstate

and Aluminum Tungstated i n JpAmeCeram. Sawloi:10.1111/jae.13675T he aut hor 6s
contributions to this paper included synthesis of composite materials, characterization by XRD, SEM,
TGA, and dilatometry, modeling thermal expansion, and writing the relevant sections of the manuscript.
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there issignificantthermal stress present following sinterfi§®!*3 Zrw,0s is much less
stiff than conventional ceramié$’ which reduces the stiffness of composites it is
included inat high loading®!Densification of ZrWWOs-containing ceramics is
complicated by théact that ZrWwOs melts atl255 °C8"12The addition of a small
amount of ApW3012, alow thermal expansion materf&t?18219220221 \whjch meltg?2
below the melting point of Zr'\Ds,'?° has been shown to aid densification
considerably**and would be expected to reduce thermal stresses (see Sedtion
The aimof this studywas to synthesize novel ceramic materials in which 20V
and AbW30O1. are formed by am situreaction of WQwith ATZ (see Sectiod.4for a
description of the properties of ATk order to reduce theTE of ATZ. Previous
researcltoncerningsimilar composites has shown the potential to form ZZrO,
composites by aim situ reactionof WOs with ZrO;*?? as well as the use of YSZ in
combination with ZrwOs,3tbutin situsynthesis of Zr\WOs and AbW3012 using YSZ

as the Zr@precursor together with Wghas not previously been reported.

4.1.2. Experimental Procedures

ZrW>0g/AlW3012/ATZ composites were preparég in situ formation of
ZrW->0g and AbW3012 by the solidstate reaction method. The reagents used were YSZ
(Aldrich, ZrO, with 5.3 mol % %03, 99.5 %pure ontrace metals basis excluding 2 %
HfO), monoclinic ZrQ (Aldrich, 99%), Al20s (SigmaAldrich, 99.7 % trace metals
basis), WQ (Fluka, 99.9 %), Zr\wOs (Alfa Aesar, 99.®6 metals basis excluding < 0.3
% Hf) and TiQ (Aldrich, anatase99 %). TiQ was used i smallproportion(a 1 %) as

a sintering aid because the compesinust be sintered below the usual sintering
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temper at ur 60 °Q.%F BT, anday>03 can be incorporated into
ZrW-0Ogas a solid solutioim small quantities, with Tf and Y** replacing zZf*.22422°

In these experiments, ZriWs and ABW3012 were maden situvia the reaction of
WOs (limiting reagent) and YSZ (or monoclinic Zsoand AbOs, where the latter were
in excess. In the synthesis conditions it is reasonable to asturties purpose of
formulating initial compositions of reagentsat Zr'\W.Og and AbW3012 were formed in
the starting mole ratio of YSZ (or monoclinic Z}and AbOs. Because of the need for 2
(or 3) moles of W@to produce 1 mole of Zr¥Ds (or Al2W3012), a relatively small
proportion of ZrQ and AbOsz actually react to form ZréDs and AbW3012. However,
because of the large increase in molar volume betweenafrDZr\WsOg, and AbOz and
AlW3012, respectively, the resulting composite has a large voftewgon of the
thermomiotic Zr\¥Og and AbW3012 phases.

A range of starmhg compositions was explore@igble4.1), aimedto makenear
zerothermal expansionompositesas calalated by the rule of mixture.wasassumed
that the WQ would react with AlOs and YSZ in proportion to their molar ratio, with
WO:s as thefully consumed limiing reagentTheinitial compositiondor reactionwere
ca. 35mass% YSZ (or monoclinic Zr@), 15mass¥ Al>0s, and 50mass’% WGO:s.

Preparation of composite samples followed the procedure described in Qettion
in 415 g batchesThe precursor powders webrall-milled for 1 to 1.5 h usingtainless
steel grinding media, to ensure good mixing and reduce the mean particle size. The
ensuing balmilled powder was then preskmto pellets using a 5 mm di€he pellets

had an average height of about 3 mm.
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Table4.1: Starting experimental compositions, by mole percent.

Rule of

ZrO2 mixtures

(yttria - ZrO2 predicted
stabilized) Al203 TiO2 WOs3 ZrW20s  (unstabilized) Sintering CTE/

Sample | / mol % /mol% /mol% /mol% /mol% /mol% time/h  106K'!
1 0 11.49 0.69 32.67 0 55.15 15 112
2 61.32 9.20 0.30 29.18 0 0 15 10.95
3 0 16.65 0.49 14.52 10.12 58.22 15 10.92
4 59.52 18.34 0.27 12.46 9.41 0 15 0.03
5 4491 23.37 0.20 31.52 0 0 15 10.13
6 49.50 19.34 0.20 30.96 0 0 15 10.48
7 49.50 19.34 0.20 30.96 0 0 21 10.48
8 4491 23.37 0.20 31.52 0 0 21 10.13
9 12.40 60.03 0.34 15.9 11.34 0 15 0.17
10 12.40 60.03 0.34 15.9 11.34 0 0.17
11 14.05 67.37 0.60 0 17.98 0 111

The pellets were subjected to heat treatment to caedermation of ZrWwOsg
and AbW3012 and sinteringThe pellets were placed in an unsealed fused silica sintering
vessel and heated in a tube furnace inHgating at a rate of 10 K mithfrom room
temperature t600 °C wadollowed by heating aguickly as possible (about 30 K min
to start but slowr at higher temperatures) 1200 °C Heatingrapidly servesseveral
purposesOne reason is to have formationAdW3z012 and ZrWOg in proportion to the
starting ZrQ and AkOs, sinceAl W30 begins to form at temperatures ab&a® °G2*8
lower than the temperature of formation of ZW (1105 °Q.8” Furthermore, although
the melting temperature of AM3012is ca. 1250 °C, melting can occur at lower
temperatures ithe presence of ZrGand WQ,*3tand therefore the presence of too much
Al2W3012 couldcause the pellet to lose its structural integigpidheating also
minimizes losof WO;, as it begins to sublimabove800 °C173 After rapid heating to

1200 °C the sample was held at that temperature for 6 to(2&dTable4.1 for sintering
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times)and then quenched in auenching is necessary to prevent the decomposition of
ZrWQOs into its component oxides’

The microstructures of the prepared composite materials were examined using
SEM, as described in Sectidh4. SEM imaging was performed with a Zeiss 1455 VP
microscopeusing aBE detectorat an accelerating voltage of 20 kV and a working
distance of 9 mmEDS analysis waalsoperformed by Patricia Scallion

27Al magic-anglespinning nuclear magnetic resonance (MREIR)
measurements were performmaa Bruker Avance NMR spectrometer with a 16.5 T
magnet (182.47 MHZ'Al Larmor frequency)py Dr. Ulrike WerneiZwanziger.
Additional expermental detailsre available ifReference&26.

X-ray diffractogramsfrom 10° to 709n 2d at 0.05° incrementsvere collected
by Andy Georgaising a Siemens-4500 powder diffractometeas described in Section
2.2

Dilatometry was used to measure the CTEs of the prepared compasites
described in SectioR.3.1 Dilatometric experiments were carried out by heating the
samples fron25 to 700°C at a rate of 5 K min? followed by cooling fron¥00°C to 40
°C at a rate of approximately 2 K mif

TGA measuremenisee Sectio2.3.2 were performed from room temperature to

1000°C at a ramp rate of 30 K miirt

4.1.3. Results and Discussion

4.1.3.1. Microstructural Characterization
The microstructure of the compositgas characterized by SE@#igures4.1i

4.3). The typical microstructure consisted largely of highly densifeggions where the
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Figure4.1: A SEM micrograph oSample 5a Zr\WoOs/Al2W301/ATZ composite (see
Table4.1 andTable4.2 for composition) Some regions of higher porosity were found
throughout the&eomposites, in contrast to the densified regions where molt&d:®h
had beempresentSeeFigure4.2 for a higher magnification micrograph of the same
sample.

; ) 4 -
Figure4.2: A SEM micrograplof thesame sample dsigure4.1 (a

ZrW>03/Al 2W301/ATZ composite, se&able4.1 andTable4.2 for composition)on a
different scale and regioffhe largest, dark crystallites arex@4, as verified by EDS.
The slightly smaller crystallites of intermediate darkness are likely mono&ifh
(several examples are marked with circl@$)e matrix is composed of much smaller
crystallites which likely are a mixture of AlV3012 and Zr\WOs.
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Figure4.3: A SEM micrograph oSample 1a ZrW>0s/Al2W3012/Al203/monoclinic
ZrO, composite (se@able4.1 andTable4.2 for composition) There is little visible
microstructure.

influenceof (formerly) liquid Al2W30i12 could be clearly seeffrigure4.1). Thee rrsized
crystallites embedded in a mostly homogenous matepeconfirmed as AOs by EDS.
Othersube nerystallitesalsocould be found in the matrix but their size
prevented theidefinite identification by EDS. XRD resultgide infrg suggesthat these
crystallites were likely monoclinic ZrOThese crystallites were embedded in a matrix
likely consisting of nanometric crystallites of2s012 and Zr\W.Og, although the two
componatscannot be distinguished from each otheFigure4.2. Regions of higher
porosity were also present. Formation of liquidwO12 appeared to have been less
pronounced in these areas. Materials made with monocliniestr@ved significantly
different microstructures than those made with YHgure4.3), specifically much

greater homogeneity and reduced porosity due to their different composiicmfra).
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4.1.3.2. Compositional Analysis

Solid state’Al NMR was used to characterize the aluminum environments
guantitatively Two peaksvere resolved at maximum positions around 15 ppmiahd
ppm. Their relative intensities were integrated between 35 to 3 ppm (15 ppm peak) and
between 3 t0 22 ppm(1 8 ppm peak)Figure4.4 shows examples of typical specof
the composites {a) in comparison to the spectra 0b¥Wz012 (d) and AbO3 (e). An
earlierliterature repoff’ places thé’Al MAS NMR isotropic shift resonance of a single
crystal of AbW3012at14 ppm in a 14.1T magnetic field. This differencesimfts is
probably mostly due to the secendder quadrupole shift of the central transition at two
different fields

It is worth noting thabverall the formation oAl2W3012 type environments, as
measured by NMR, was highest for the two samplesnhblaidedunstabilized zirconia,
with 38% £ 10% (Sample 1) and 2% + 10% (Sample 3)of alumiraconvertedo the
AlW3012 type environments. A similarly high number @8+ 10%) was only found
for Sample 2. All other samples contaahless than 206 + 10% Al2W3012 type
environments, some as low a%4 The material with the lowest AW3012 content
(Sample 1) did not have any Wg&n its initial composition; the W@that formed
Al>W3012came from the decomposition of Zp®k during heatingThe addition omore
Al20s to the starting material resulted in a lowep\WsO12/Al O3 ratio, as the amount of
Al2W3012 formed was relatively constant regardlessdfal composition, at about 0.5 g
per 4 g batch of starting material. The major exception was where madcO, was
used instead of YSZ as the starting mat€Bamples 1 an@®), which had about 50 %

more AbW3012 form than the averageesulting inthe non-granulamicrostructureseen
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Figure4.4: Comparison of’Al MAS NMR specta from ZrW;Os/Al 2W3012/Al 203/ZrO2
composites(a) Sample 10, (b) Sample 2, and (c) Sample 1; and from {@&jz8h, and
(e) Al2Os. SeeTable4.1 andTable4.2 for compositions.

in Figure4.3.

The nearly constant amount of2@lz01> formed is consistent with the SEM
results,which showedarge crystallites of A0z still present in the composites. Because
the crystallites of AlOs had a smaller surface area to volunagio than ZrQ, they
would be expected to react more slowly with the surrounding.WKis effect is
compounded by the fact that materials inAbkl:O12 family generally are formed more
slowly than Zr\WQg 127151

The X-raydiffractogramfor arepresentativeomposite $ample 7)is presented in

Appendix A Figure A2 Due to the large number of phases and songditallitesizes for
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Al2W3012 and ZrW:Os, only qualitative Rietveld fits could be obtainéthl MAS NMR,
which does not require crysliaity, gives more accurat@l 2WW3012/Al 203 ratios than
XRD. However, the XRD results do qualitatively demonstrate the presence/éf@d,
and ZrW,Og with submicron particle sizes. Little tetragoniag ( phase stabilized) ZrO
was foundo bepresentompared to monoclinic ZeEOThisfinding wascommon to all
of the synthesized ceramics, even when the diffraction expermaspterformed ora
pelletthat had not been crushewddicating thathe low amounof tetragonal Zr@was
notdue to gressuranduced phase transition during crushiigs likely thatthe
tetragonal Zr@precursowas converted to monoclinic Zg@luring ball milling, but the
ZrO2-Y 203 phase diagram indicates that heating200 °Cshould be more than
sufficient to reconvert ito the tetragonal phas& However, he thermal stress caused by
guench cooling could be sufficient to transform most of the tetragonaicQhe
monoclinic form In this case, the material would still be strengdteby the YSZ,
because thransitionwould have closed many microcracks which would otherwise have
persisted.

The X-ray diffractograms showed a small amount of cubicatQL mas$b)
present in the compositesppablyfrom slight decomposition of Zr\AOg upon
cooling12"228

To checkwhethera significant amount aVOs is volatilized upon heating, a
pelletizedsample(98.0568mgq) of the green powdarsed to make Samples 6 and/d@s
tested using TGA from room temperaturd @0 °Cusing the same temperature ramp
conditionsasused during sintering. A 2 % mass los®ccurred between room

temperature and00 °C probablydue to los of water and/or Cf)followed by a< 1 %
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mass los®etween/00 °Cand1000 °C presumably due to volatilization of W@Figure
4.5). From this experiment, as walssimilar results in the literatutf®!73212jt was
concluded that the mass loss during heating does not significaretty tfé final

composition of the composites.
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Figure4.5: TGA thermogram of a pelletized sample of YS2@4d/WOs green powder
subjected to the temperature ramp conditions used to synt@Ze®iz©s/Al 2Wz01/ATZ
composites (Samples 6 andséeTable4.1 andTable4.2 for compositiors).

4.1.3.3. Thermal Expansion

CTEs of the compositegere determined byildtometry An example set of
dilatometric curves is shown Figure4.6. Generally no special features were found in
the dilatometric curved’he CTEs of the prepared composites, as measured bet@een
and 700 °Cwere within the rangek= (5.1+ 0.5)x 105 K"t and (6.9+ 0.5)x 108 K",
averagng Uk= 6.2 x 108 K", While this isnotthedesirednearzero thermal expansion,
the resultsepresentp to ® % decreasm CTE relative toATZ, with its (k= 10 x 108
K'1.22% Attempts to prepare composites with lower CTESs by inclusion of more WO
resulted invariably in the melting point of the green body falling below the temperature

required to form ZrWwOg (1105 °Q.
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Figure4.6: A series of dilatometric curves of a ZpBk/AlW3012/ATZ composite
(Sample 8seeTable4.1 andTable4.2 for composition. The graph plots the thermal
strain, which is the change in length per initial lengtha functionemperature.
AHeating 10 or fACooling 10 refer to whethe
tempeature increased or decreased and the cycle nuifibeiICTE of this sample
(average value from two cooling curvegslk = (6.6+ 0.5) x 10° K'1. Some hysteresis
due to microcrack formation and healing is visible.

Heating 1
= Cooling 1

Thermal strain / 10" 3

= Heating 2

= Cooling 2

Interestingly, no changeinthe CTEla6 5 AC corresponding to
transition of Zrw0g®” was detectedlhe change in volume associated with this phase
transitionwasconsideredo beone of the major obstacles to the use of ZDdIn
composite$’ Thenegligible influenceof the phase transitioczpuld be due to
substitutionablefects €.g9.Y z%or Tiz*) in theZrW»0s, which @uld both decrease the
temperature at which the phasansition occurs and reduce the change in CTE and molar
vol ume b etawmedphadsed®®>he U

When two composites of identical composisdmut different sintering timeare
comparedthe ones sintered longeeremoredense anthad slightly higher CTEs. Eh
longer sintering time could lead teduction of some of the residual porosityd
subsequely increasemechanical contact between phaJéw lowest CTE materialk =

5.1 x 105 K™Y had been made with monoclinic Z@ot YSZ(Sample 1)
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Quantification of themount ofAl2W301. allowedthe remainder of the
compositiors of the composites to be determin@acluding pore volumepased oithe
assumption that all of the Wi@vas transformed into AW3012 or ZrW>0s. With
knowledge of te compositionsthe measured CTEs could be compared against
mathematical models of thermal expansion. The rule of mixtures, the simplest
mathematical model, cdre expressed &8

| B %o, (4.2
whereUsyi is the CTE of the bulk material atiland: ; are the CTE and volume
fraction, respectively, of thi component. The Turner model is an extension of the rule

of mixtures, including the effect ofariations in théulk modulus*®

B
B ’

(4.2)

whereK; is the bulk modulus of thé' component. There exist more complicated
expressions for the thermal expansivity of a composite, but they are generally formulated
for two-component composites and do not generalize easily to those with additional
components®

The experimentally measured CTEs from dilatometry are compared against the
modelCTEs inFigure4.7 andTable4.2. The predicted CTEs were calculated presuming
that all of the ZrQwas in themonoclinicphasein accordance with the XRD resulithe
reagentompositionsand the final compositions are givenTiable4.1 andTable4.2,

respectively The bulk modulus of Zr¥Ds was taken as 13 GP4at3tand its CTE (in the

Xi polycrystalline ZrwOs hasbeen shown to be considerably more compliant than would be expected from
the bulk modulusk& 70 GPa) as measured f rSbHareaduebaaddbne pressu
experiments on bulk ZryDs with a very small amount of AlVsO:, added to aid densification was usétl.
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Figure4.7: The dilatometrically measured CTEs ) of various

ZrW>0g/Al 2 W3012/Al203/ZrO> composites are compared against the predicted CTEs
from the rule of mixtures({) and the Turner modeJ] (see Equations (4.1) and (4.2)).
SeeTable4.1 andTable4.2 for exact compositions and CTEs.

Table4.2: Molar ratios of AIW3012to Al.O3 as determined b$/Al NMR, deduced

sample compositions by volume percent, and coefficients of thermal expansion as
measured experimentally and as calculated by the rule of mixtures and the Turner model
for ZrwW,0g/Al 2W3012/Al 203/ZrO, composits.

Rule of Turner

Mol. ratio Measured  mixtures  model

Al2W3012 Vol % Vol.% Vol.% Vol. % CTE/ CTE/ CTE/

Sample | Al203 Al2W3012  Al2Os Zr\W20s  ZrO»2 10 K' 1! 10 %K"1 10 K'1?

1 0.610.1 2342 7+0.4 38+2.5 33+0.5 5.1+05 1.4+0.2 6.02+0.02
2| 0.4+0.1 1443 6+0.4 42+2.7 38+0.6 5.9+0.5 1.3+0.2 6.19+0.02
3] 0.31+0.1 18+4 10+0.7 37+4.7 35+1.0 5.7+05 1.7+0.3 6.33+0.04
4| 0.24+0.1 1616 12+0.9 35+6.0 37+1.3 6.1+0.5 2.1+0.4 6.49+0.05
5| 0.21+0.1 2148 18+1.4 37489 25+1.9 6.3x0.5 1.7+0.6 6.48+0.08
6| 0.17+0.1 1447 15+1.2 43+7.9 27+1.7 5.9+0.5 1.3+0.6 6.45+0.07
71 0.17+0.1 1447 15+1.2 43+8.0 27+1.7 6.9+05 1.3+0.6 6.45+0.07
8| 0.12+0.1  13+#10 19+1.5 45+10.2 23+2.1 6.6+0.5 1.2+0.7 6.55+0.09
9 | 0.07£0.1 15+17 40+2.5 40+18.3 5%3.6 4.7+0.5 1.9+1.3 7.131£0.16
10| 0.06+0.1 13116 40+2.4 424175 5134 4.7+0.5 1.741.2 7.14+0.15
11| 0.04+0.1  10+16 42+2.3  38+16.8 9+3.4 6.5+0.5 2.4+1.2 7.28+0.13
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b phase) %K 5?2 thesbulk modulus of AWs012 was determined to be 46
GPa (see Chapté), and its CTE was taken as< 10° K'1;220221the bulk modulus of
Al,O3 was taken as 254 GB&and its CTE was taken 8s< 10° K'1;232and the bulk
modulus of monoclinic Zrewas taken as 187 GP¥,and its CTE was taken as 7 ¥ 40
K123 The rule of mixturegave inaccuratpredictions of theCTEs of the products.
(However the realized compositions gamde-of-mixturesCTEs thatwere close to zero,
validating thesyntheticmethodlogy.) The Turner model effectively predicted the CTEs
of the composites, demonstrating gtenginfluenceof the bulk modulus of the
thermomioic materialson the effective CT&

Earlier reports of Zr\W0s/ZrO, composite¥’%*! showed a negative deviation of
experimental CTEs from the rule of mixturas,observed here. The composites in
Referencel00differed from the ones synthesiziedthis workby the absence of ADs
and AbW3012. Thecomposies reportedh Referencel31 contained ZrWOs, YSZ, a
smallamount of A}W3012, and no AlOs. In both cases the morphologies consisted of
largeparticles of ZrWWO. embedded in a matrix of much smaller Zi6dystallites.

Two materials with a high Zr¥0s/ZrO, volume ratio Samples 9 and 10, see
Table4.2) hadexperimental CTEs lying between the Turner and rule of mixtures values.
These materials were made with{ssgthesized Zr\AOg and no starting W¢) and
subsequently contained little A/3012. The addition of larger amounts of2%3012 in
the other casesas well as the presence of the stif{@d, reduced the influence of the
thermomiotic components on the overall thermal expansivity.

Thepresentesults show that using thermomiotic materialsftectively

counteract positive thermal expansioould be vey difficult when the thermomiotic
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component is much stiffer than that of fhesitive thermal expansion component.
Composites combining a thermomiotic component with more compliant materials such as

polymers(Sectiond.2) or metals nght provide greater reduction in CTE magnitude.

4.1.4. Conclusions

In this study, mixtures of ATZ and Wivere used to prepare composites
containing ZrWQOs, Alo2W3012, and ATZ byin situsolid-state reactions. Composites with
ATZ as the precursor were shown to form lesgMO1, thanthosesynthesised using a
mixture of AbOs and monoclinic Zr@ The addition of Zr\WOg and AbW3012to ATZ
lowered the CTE of the compositesgyto 50%, bumuchlessthan predicted by the
rule of mixtures. The Turner model successfully preditte thermal expansivity of the
composites, showing the impact of the low stiffnesses of thermomiotic materials on their

inability to counteract positive thermal exgsion.

4.2. A Lamellar ZrwW >0g/Polymethylmethacrylate Composite

4.2.1. Background

Bio-composite materials such as nacre, which have unique directional thermal and
mechanical properties due to their layered composite struciuggest an interesting
potential avenueo tailor the properties of ceramic materief&>Lamellarceramic
structuressimilar to that of nacre can loeeated by a freeze casting process, where the
swift directional growth of ice crystals produces the strucitn@®23"2%8 The ice is
removed by freeze drying, and then following sintering the ceramic can be functionalized
and finally impregnated with a polym&P?38 A former postdoctoral fellow inDr. Mary

Anne WhiDr.&kéanhdn,aléveloped an experimental setup for the preparation of
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suchlamellar ceramigoolymercomposite material® As combiningthermomiotic
materials effectively with polymers presents many challetfjé¥'13° this method could
produce a lowexpansion material with increased toughf€smnd possibly otér novel
properties, such as highly anisotropic thermal and ionic conductivity.

The goal of this investigation was to demonstrate as a proof of concept that a
lamellar thermomiotic ceramic could be produgefreezecasting and subsequently
impregnatedvith a polymerZrW-:Og was chosen as the thermomiotic ceramic
component for this study because of its isotropic NTE and its commercial availability,
while polymethylmethacrylate (PMMAYas chosen as the polymeric component because
of its relative ease of synthesi$ie synthesis of lamellar Zr\¥@s was performed with
the assistance of Anderson de Farias Periera, an undergraduate research agistant in
Mary Anne Whit® kb in the summr of 2013 Anderson prepared the Zpls-water
slurries and performed the subsequent frexemting and freezdrying steps unddhe

a u t hsapergison.

4.2.2. Synthesis

In order to produce lamellar Zr\@s via freezecasting, a suspension of ZpB%
powder in water was required. Due to the high density of228/5.09 g crh®),®” this
was accomplished with some difficulty. To facilitate themension, the Zr'éDs
feedstock (Alfa Aesar, 99.7% [metals basis excluding Hf], Bf3%6) was balmilled
for 12 h(see SectioR2.1) to reduce the particle sizaliowed by sifting with a 100 mesh
sieve.The sizedistributionof the resulting particles was assessed qualitatively using

SEM (Hitachi $S4700 FEGmicroscope SE detectqr20 kV accelerating voltage, 11.6
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mm working distancesee SectioR.4). This analysisrevealedarticle sizes on the order

o f  landesmmalle(Figure4.8).

Figure4.8: Representativ€ EM image oZrW»0s powder following 12 h of balinilling
to reduce the particle size.

Suspensions of Zr¥Ds in water were prepared with several test dispersants:
PMMA (Aldrich, 100 mesh, 990), polyvinyl alcohol (PVA, 100 mesh, Aldrich, 99),
sodium dodecylbenzenesulfonate (SDBS, Aldrich, technical grade), polyvinylpyrrolidone
(PVP-10, Sigma), polyethylene gigl (PEG400, BDH), polyoxyethylene (20) sorbitan
monooleate (Tween 80, Anachemia) and sorbitan monooleate (Span 80, Fluka). The
suspensions were prepared ir2f batches in 5 mL glass vials. First, the pH of the
(deionized) water was adjusted dgdition of dilute acetic acid or KOH solution
followed by pH measurementith litmus paperA range of pH from 3 to 1@astested
as a means of adjusting the zeta potential (a measure of the charge surrounding a particle
in solution)?*° Subsequently, 1 vol.®BVA was added to the solutioth¢ PVAacedasa

binder for the green ceramic foymlowing it to retain its shagellowing freezedrying),
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followed by heating with stirringn a hot plate sett 95 °C until the PVA was
solubilized. The solution was then cooled to 40 °C and the dispersadv(l. %) was
added, followed by the Zr¥Ds (17 vol. %) while maintaining stirringThe sample was
then degassed under vacuum for 10 min, theasonicated for 5 min to break up
agglomerateslhe solutions were allowed to sit undisturbeddbleast oneveek and the
stability of the dispersion was assessed visually based @nebence and/@mount of
sedimentation.

Thirty-nine different solutionsvereprepared byAnderson de Farias Perieaad
evaluated for their ability to form a colloidal suspension of ZDYWSDBS(at 5 vol.%
andsolutionpH 3)was the first surfactant found to give an acceptable dispession
initial freezecasting experiments were carried out using it. The freagang process
beganwith theproduction of the suspension using the procedure described above. The
suspension was then poured into a circular polycarbonate mould (di@eter height
& 3 cm) ona copper basthat wasplaced on a Peltier cooling pladteddat 1 24 AC.
vacuum flask was placed over the apparatuspooducibly control the temperature of
the systemOnce freezing was completed, the sample was removed from the mould using
a rubbettipped plunger and freezer i ed f or 24 h (Edwards MoOulyA C and
Freeze Dryer System$intering of these samples proved problematic, however.
Although bulk ZrWOs is metastabletaemperatures up to 778 2’ sintering the freeze
cast samples at 700 42 650 °C resulted inisible decompsition into the component
oxides This decomposition could be related to the small size of the@s\particles, or
some chemical interaction with SDBS or its decomposition proddoisever, no such

effect was reported when ZR@ls nanoparticles were prepared using a hydrothermal
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method using SDBS as a surfact&fiHolding the material at 500 °C for up to 72 hours
did not cause decomposition but also failed to sinter the material.

An alternative sintering methodas employedo combat the problem of
decompositioninsertion ofthe freezecastZrW:0Og into a furnace held at 1200 f@r 150
sfollowed immediately by wateqquenchingThe goal of this method was to heat the
materialabovethe lower limit of phase stability of Zrds (1100 °C) for long enough to
reverse decomposition from heating, but not so long that the lamellar microstructure was
destroyedWaterquenching helpefdrevent additional decomposition during cooliAg.
thistime, it had been determined that Spar{B8@ol.%, solutionpH 3)was also able to
produce asuspension of Zr'dDgin water,and a freezeast sample made usiggan 80
was also subjected to the new sintering conditidvfsile samples made with SDBS did
not retain their lamellar microstructure follng sintering at 1200 °C fd50s, the
sample made with Span 80 diche results preseed below pertain to the sample made
using Span 80.

A portion of the sample preparegingSpan 80 as the surfactant was used for
SEM and XRD characterization (sBection4.2.3. The remaindewas treated with-3
(trimethosilyl)propyl met a ¢ r y-MRS, Alfa Aesar, 9%6) prior to polymer
i nf il tr aMP% teeatmentwhgerformed bysubmersing the sintered lamellar
ZrW>0g in a solution o6 % -MIPS in methanol at 80 °C f@h and then at room
temperature overnighFollowing rinsing with deionized water, the sample was left to air
dry. Subsequently, polymer infiltratiomith MMA was performed usinthe procedure
described in Referen@38 Methyl methacrylate (Aldrich, 9%), sodium lauryl sulfate

(Fluka, 99%), and potassium perate (Aldrich, 99.99%6) were used as reagents.
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4.2.3. Characterization

X-ray diffractionwas used to determine the phase purity of the freage
ZrW>0Og following sintering(Rigaku Ultima IV diffractometersee SectioR.2). Using
Match! to analyse the diffraction data usitige PDF2 databasé&s® the mmpositionof the
material was estimated to b6 ¥ol.% ZrW-0s, 11 vol.% ZrC; and3 vol.% WGOs (see
Appendix A Figure A3. Clearly, the sitering path used still allowesdsignificant
amount of decomposition to occur, hever the material still exhibitezbnsiderable
negative thermal expansiovide infra).

The mcrostructure of the freezeast ZrWOg was characterized by SEMiQure
4.9) using aHitachi S4700 FEG microscope5 kV accelerating voltagd,3.2mm
working distanceSE detector (see Secti@). The freezecasting process was
successful at producing a lamellar microstructure, with laee#a30 um thick
separated bga.50 um of void spacelhese lamellawereconsiderably thicker than
those reported for AD3in Referenc@38 howevelthere were several differences
between the experimenthie present experiment used a cooling plate which anijd
reach a higher minivaum 4tAediheCelOsparticle sizes( T 24 AC
used (40400nm) were smaller. Both factors would be expected to lead to thina@g Al
lamellae Many bridges between the lamellae are present idtheOg material

Following infiltration with PMMA, the sample was examined agamSEM (see
Section2.4) using aZeiss 1455 VP microscope equipped with a SE detesiaog a 20
kV accelerating voltage and a 28 mm working distgfogure4.10). The polymer
infiltration and grafting was determined to have been successful, as PMMA filled the

spaes between the Zr¥dg lamellae. The PMMA morphology consisted of spheroidal
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Figure4.9: SEM image of freezeast Zr\'WOg, showing the ordered lamellar structure
with bridgesthroughout thenaterial

Figure4.10: SEM image of the Zr\dDg/PMMA composie, showing polymer infiltration
between twdZrW.Og lamellae.
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submicrondiameter particles with considerable porofiggween them. Thisiorphology
is likely a result of the method used to synthesize the PMMA (stirring
methylmethacrylate in water with a surfactant); a similar morphology was reported in
Referenc&38 The inclusion of porosity in the PMMA would effectivetake it more
compliant, reducing thermal stress; however this would also reduce its ability to increase
the toughness of the bulk composite.

The thermal expansiaof the compositén a direction roughly perpendicular to
the lamellaavas measured dilatometricallgee Sectio2.3.1). A 1.766 mmlong portion
of the samplevas usedin order to avoicanymeltingof the PMMA, three thermal cycles
were carried out from 25 °C to 125 2@8ing a heating rate of 5 K mifrand a cooling
rate of 2 K mih! (Figure4.11). A | arge, irreversible negat.
observed during the first heating cycle, however the following cycles were repeatable.
ThelinearCTE, as measured from three cooling cycles, Was(1 7.6+ 0.5 x 10°K'%,
This is relatively close to the CTE of pure Z#®4 in this temperature rangek=19 x
10 ¢ K™),*2"indicating that the PMMA had only small éect on the bulk CTE of the
composite, and that impregnation of lamellar thermomiotic ceramics with a polymer can
result in a bulk polymeceramic compositeith negative thermal expansiobhe sample
did not have sufficient crossectional area in therdiction parallel to the lamellae to
permit measurement in that direction.

TGA was performed on a 14.9318 mg portion of the sample used for dilatometry
in order to determine the PMMA loadingigure4.12). The material was heated from 25
°C to 350 °C at a rate of 5 K minand then held isothermally at 350 °C for 30 min to

ensure complete decomposition of the PMRIAA 9.5 % mass loss was olpged upon
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Figure4.11: Dilatometric heating and cooling curves of the lamellar ZDYPMMA
composite. Heating 1, Cooling étc. refers to whether the measurement was performed
while increasing or decreasing the temperature and the cycle nukilbege,
irreversiblenegativethermal strain occurred during the first heating, but subsequently the
dilatometric curves were repeatab{a) Shows overall results, (b) shows a clapeof

reallts after the first heating.
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Figure4.12: TGA thermogram of the Zr¢Ds/PMMA composite, with mass % shown as
(b) and temperature shown @s0 ),doth afunctiors of time.

heating between 25 °@hd 100°C, corresponding to the large negative strain seen in this
temperature regioan the first heatinfrom dilatometry. Given the temperature at which

it occurs, the thermal event can be attributed to removal of water from the PMMA and
corresponding shrinkagas PMMA is known to take up water from the atmosptére.
Mass loss from 15®50 °Chas beemeported in bulk PMMA*and was attributed to
desoption ofsolvent Due to the high surface area of the PMMA in the composite
(Figure4.10), there is the potential for considerable adsorption of water from the
atmosphere.

An additionalmass loss of 14.4 $%6om decomposition of PMMAvas observed
upon heating above 200 °Thisresult corresponds to a composition for the composite of
55 vol.%ceramicand 45 vol.% PMMA, following the removal of waf€é*3 Knowledge
of the canposition of the material allows its thermal expansion to be compared with that
predicted by several modelEhe rule of mixtures (Equatiof.1) predicts a CTE ofk=

343 x 10°K'?, while the Turner model (Equatiai) predicts a CTE ofk=2.4x 10°
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K'1Xi showing the large impact of the different bulk moduli of the comportéfts.
However, the Turner model stilldinot predict theexperimentabulk CTE((k=17.6 x
106 K™Y accuratelyUnlike the materials discussed in Sectibhfor whichthethermal
expansion was close to that predicted by the Turner mibeeZr\W\Os/PMMA
composites have an ordered microstructuegiered composites can display interesting
and unusual thermal expansion propenvéen they are composed of materials afve
different stiffnesses and CTE¥?4’ The CTE of a layered Zr¥Ds/PMMA composite
with theexperimental layedimensions and volume ratioan bepredictedusing the
equations of Linfor stacked laminated’ The predicted CTE in the direction
perpendicular to the layersis= 1 2 5°¢KI'?, aimdich more negative value than the
observedk=17.6 x 10 ® K'%. However, the observed microstructaiiéfers from a pure
layered microstructure because of the presence oy im@dges between the lamellae,
which wouldhave some effect aimne CTE of the bulk composit€he effects of the
bridges on the bulk CTE can be approximdigatonsidering the PMMAsacylindrical
inclusions in a ZrWwOs matrix. The thermal expansion of such a material can be
calculated using the Klemens modter composites with cylindrical inclusiof€® the
result for a5 vol. % ZrW-0s/45 vol.% PMMA composite idk= T 0. '8K']f 10
Therefore, the observed CTE can be explainethéynicrostructure being intermediate
between alternatinigyers of Zr'¥O12 and PMMA and cylindricalPMMA inclusions in

a Zr'\o0g matrix.

Xi Material properties used fthese calculations: Zr'Ds, (k= & 90°K'1127K = 75 GP&> G = 34
GPa?>PMMA, U= 75x 106 K'1242K = 12 GP&* G = 2 GP&*ZrO,, (=7 x 10 ¢ K'1,2%2K = 187
GPaZ3W03, (k= 10x 106 K'1 24K = 45 GP&**The Lim and Klemens models only accommodate-two
component composites so the effect of the &A@ WQ was neglected.
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4.2.4. Conclusions

Lamellar Zr'WsOs, and subsequently a lamellar Zsfd¢/PMMA composite, were
successfully synthesizeBolymer impregnation of a surfangodified lamellar substrate
proved to be an effective way to combine a thermomiotic material and a polymer in a
composite. The composite as a whole proved to be thermomiotica Vathe negative
CTE in the direction perpendicular to the lamellae. The freazéng method used is
highly flexible, implying that the thermal expansion and other properties of the composite

could be tailorable by modification of the microstructurehef Zr\WoOs.
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Chapter 5 Structure Determination and Properties ahe
Zero Thermal Expansion MaterialZrMgMo 30,V

5.1. Background

Thereare two primary ways to use thermomiotic materials to synthesize novel
zero thermal expansion materials; the first is to use themmbination with positive
thermal expansion materiaksg.in a compositg??1342%° a5 discussed in Chapt&and
4. The second is to tailor thestructural features chemically in order to produce a
material with an intrinsic zero coedfent of thermal expansioi’%7273747576.77.78.79.249
The second route avoids potential problems involving thermal expansion mismatch and
can, in theory, lead to zetbermatexpansion materials that would experiencehesrhal
stress. In this chapter it is shown tEaigMo3012 exhibits zero thermal expansion over
a widetemperature range, afiuis exceptional properig relatedo its structure, as
determined by NMR crystallography.

ZrMgMoz012 belongs to a group of materidlsat have the general formula
AMgM3012, WhereA is a tetravalent cation such ag’zr Hf** andM is Mc®* or We*
(see Section.6). These materials typically hav@wv-magnitude CTEs at room

temperaturé>62°9251They are also of interest because of the high ionic conductivity

XV This chapter was adapted with permission fiRamao, C. P.; Perras, K.; WernerZwanziger, U.;

Lussier, J. A.; Miller, K. J.; Calahoo, C. M.; Zwanziger, J. W.; Bieringer, M.; Marinkovic, B. A.; Bryce, D.
L.; White, M. A.Chem. Mater2015 27, 2633 26476 Copyright2015American Chemical Societirhe

aut hor 6s toadhis manusbripttincludedsdentification of ZrMgh 2 as a suitable material for
NMR crystallography, synthesis of ZrMgMD;2, 1’0O-enriched MoQ, and*’O-enriched ZrMgM@O2,
dilatometric measurement of the CTE, TGA measurement of the decompositi@ratumg, DSC
measurement of the phase transition temperature, collection of the Raman spectrum, measurement of ionic
conductivity, measurement of the bulk elastic constants, analysis of the structure of ZMgta

A:M3012 materials from the literaturie terms of various quantitative structural parameters and
determination of correlations between structure and properties, and writing the relevant sections of the
manuscript.
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reported for HIMgWO0:2.2°%2°3 AMgM3s012 materials display lownagnitude thermal
expansion in an orthorhombic space group, which had previously been determined
through indexing analysis to be eitfi&ma2; or Pnma®*'*® However, no atomitevel
crystal structures AMgM3s012 materials havereviouslybeen determined. The absence
of structural information has precluded understanding of the mechanisms of thermal
expansion in these materials, especially regarding the origins ehbgmitude thermal
expansion.

AMgMs0:2 materials are related to theMsO12 family of thermomiotic materials,
whereA is a trivalent cation anil is Mc®* or We* (see Section.6). A2M3012 materials
displaynegative or lowpositivetherma expansionn the SeW3z012 structure(Pbcn
space groupy*® consisting of cornelinked AOs octahedra anOs tetrahedra. The unit
cell of the SeW3012 structure contains 68 atoms; this large unit cell, and the great
difficulty of producing single crystals from volatile M@@nd WQ precursors,
obfuscates structure determinatiorAuMzO12 andAMgM3z012 materials.

Thermal expansivity iloM3012 materials has been shown to correlate negatively
with the inherent distortion of th&0s polyhedrof®'®3defined as the difference between
the volume of the real polyhedron and an ideal polyhedron with the same circumscribed
sphere radiu$>* For A;M3012 materials for which atomic positions at various
temperatures have been reported, the inherent distortion correlates with the derivative of
distortion with temperature, and it has beengasted that noengidity of coordination
polyhedra enhances NTE in thAeMsO12 structure?>4

Much effort has been expended in recent years towards the goal of solving, or

refining, crystallographic structures with the use of setate NMR data, sometimes in
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combination with theoreticahodeling and powder diffraction. This approach has come
to be known as NMR crystallograpf3#2°° Information concerning the connectivity in
zeolite€°%25" and aluminophosphat@82°%2¢0 has also been used to solve the crystal
structure of framework systemas initio. ZrMgMo3z012 is an ideal candidate for such a
crystal structure refinement approach asdleetric field gradientensors for all of the
nuclei 70, Mg, %Zr and®*Mo) can be determined experimentalig solid-stateNMR.
NMR spectroscopy has been shoto be particularly useful in helping to elucidate the
mechanism responsible for NTE in other mateA&&263264 Furthermore, ais shown
below, ZrMgMaO12 exhibits zero thermal expansion over a wide temperature range, and
the NMR crystallography approachable to provide a structure that is sufficiently
accurate to delineate the origins of the remarkable CTE.

NMR spectroscopy of ZrMgMs®1> wasperformed by Frédéric Perraad Dr.
David Bryceat the University of Ottawa and by Dr. Ulrike Werxavanzigey
Department of Chemistrat Dalhousie Universitgn samples of ZrMgMs1» prepared
by the authomand Dr. Kimkerly Miller. Subsequent refinement of the structure of
ZrMgMo3012 by NMR, XRD andDFT was performed by Frédéric Perras and Dr. David
Bryce.Characterization of the intrinsic CTE of ZrMgMhor» was performed using
variabletemperature XRD at the University of Manitoba by Joey Lussier and Dr. Mario
Bieringer.Experimental details for measments not performed by the author are

available in Referenc265.

5.2. Experimental Procedures

5.2.1. Synthesis of ZrMgMoz:O12and ’O-enriched ZrMgMo 3012

Zr Mgsldioowas synt hesszatlebyeafcslblboawimedg htolle
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procedure desXx.rl B(Al drni cShes IO 0% 5.6 MgA |l f a

Aesar , 98 p) fAdhamld i MO e PO . 6s &Y. aRe a ctaigee t s

sintering ofhtat peo0l ACsi fhai na2f oad anefdi rZmevdy |

XRDm99 % (fieneres P500 powder diffractometgpattern collected by Andy

Georges ee AppenrdigiugAe AdAdf f.r Satmpdreamwer e synt he

this method for all the ¥G pNoMR esd uedxi peesr.i me n
170-enriched MoQwas synthesized by hydrolysis of Ma@@k a precursor to

170O-enriched ZrMgMaOz2. In a dry N atmosphere in a glove box, 1.B3F MoCk (Alfa

Aesar, 99.6 %) was sealed with a magnetic stir bar in a dry #loohoin flask. The flask

was then placed in an ice bath on a magnetic stir plate. Using a syringe, 5 mk of CClI

was added to dissolve the MaCliollowed by 0.4958 @f enriched HO (Aldrich, 40 to

45 atom %' ’0). The reaction was allowed to proceed for 24 h, yielding a dreek

solid. The flask was then opened and placed in a sand bath held at 150 °C to evaporate

the CClh; 1.269 g of solid product was subsequently recovelrbis solid was presumed

to be a mixture of molybdenum oxides, hydroxides, and chloffiésit was not

characterizable from diffraction patterns in the PD#atabasé®® To determine the yield

of Mo!’Ox from the reaction of MoGlwith H,'’O, a small portion of the product was

held at 500 °C for 3 h in an inert atmosphere to remove the hydroxides and chlorides

from the solid, giving a black solid which was identified from XRD by Match! phase

analysis software as approximately 67 % Ma@d 33 % M@011.1%° The remaining

hydrolysisproductwas subsequently heated to a temperature of 500 °C for 2 h in air,

producing a pale blugreen solid that was confirmed by XRD to be MoDuring

heating a considerable amount of Ma@s volatilized, resulting in a yield of 57 % for
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this step. The volatility of Mo&at 600°C has been reported to be low (0.1 %HH3in
dry atmosphere, but it is enhanced in the presence of water Vdpoun'eD-e nr i c he d
Moe@was then mixed with si(oAlcdhriiocnne t r9 9 %) m oaunr

CHMgO1 A58 (Al fa Aesami |98 d%)f oand thaliln a pl a

with polyurethane grinding jars and stabil
milling, the precursor powdern waasr parte s4s7eld A
h to remoye awalt earn,y o®I| yur et hane, foll owed

690 AC for 12 h. The monoph@ssacs rcaotnuri e noefd
XRDmMYq % p u (Sierhens B500 powder diffractometecollected by Andy George,
see ApperFdigwurRBDABri che&OidawvaMg Mo ed ohly for

NMR experi ment s.

5.2.2. Characterization

The bul k CTEIrwds Zmdigidarometry 6ee SectioR.3.1).
The measurements were performed from room
10 K'!miaand at a natural coolling rate of app

DS@Was used to delineate aiwiphase 20r &8s
sample in an aluminum pan using a TA I nstr
l i gwec do Ni nMi chreeald .Johnson, ,Dalstsa wdiead Wi itvhe rtd
measur amempteer. at ur e r aiMge dSBtGu@ioed wasemper at
ramp ramihofMfh® Knstrument was calibrated u
in an aluminum pan. Measurements were pertf

TGA was perfor mede osrf Mgkt .07 4 erhge rIva mel wh

the materi al had taken up water from the a
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temperature. That sampatéwam mh@ alb emtit e mper at
500 AC and at "‘Aromt 8®0 PAB® AIC 3mirt 20 n

The Raman spectrum of ZrMgM0:12, with aspectral resolution of 1 crh was
collected at room temperatuigee SectioR.6).

The mechanical properties of ZrMgh@.> were determined by measurement of
the transverse and longitudinal velocities of sound at room tempefsder&ectio.5).

The electrical impedance of ZrMgM012 was determined using a Solartron Sl
1260 Impedance/Gain Phase analyser to assess ionic conductivity. AC impedance of a
sintered pellet (12.67 mm diameter, 1.75 mergh) was measured using Pyroduct 597
A electrodes over a temperature range from 340 °C to 520 °C irhaiexperimental
setupusedto perform the AC impedance measurements at elevated temperadgres w
devebped by Courtney Calahoo, Dalhousie Universitye AC impedance was
measured while decreasing the frequency from 3 MHz to 100 Hz, with an amplitude of
three different values, 50 mV, 75 mV and 100 mV, to check that the response was linear.
The instrumentagetup was validated by measuring the ionic conductfegyof
SeW3012in comparison with a literature valmm Referenc@67 (Figure5.1). At this
point a number of discrepancies in the literature were discovered. The conductivity
reported for S&V3012 in Referenc®67is consistent with that reported Reference268
but not with that iran earlier papeReferenc&69 despite thespaperssharing manyf
thesame authors. The discrepancy is obscured by a switch frolayiigpthe data as
log1o(3eT) to logio(ae). Additionally, while the data shown Figure5.1 matches the data
in Reference®67and268, the activation energy calculated fréfigure5.1 (90 kJ mal?)

does not match theportedvalue (44 kJ moéH). This is most likely due to an error in

112



0.0012 0.0014 0.0016 0.0018 0.002

12.5
.

i3.10 o

-~

‘7ET3.-5 Y

T 14.10

(]

145

3

- 15.10 °
i5.15

T YK 1

Figure5.1: lonic conductivity ée) of SeW30i2 (plotted on a logarithmic scale), reported
here to validate the measurement appain@fuReference67).

calculating the activation energy, specifically using the slope of a plogefasT) vs

T' L rather tharn(aeT) vs T' L. Correcting for this apparent error would lead literature
value for the activation energy of 101 kJ MoRAttempts to measure the conductivity of
HfMgW 3012 for comparison witlReferenc&52resulted in sample decomposition as a

result of application of the AC voltage.

5.3. Results and Discussion

5.3.1. Phase Stability

DSC of ZrMgMaOoshowed asolis ol i d phase fQupnsiti on a
heating and anH,efd354 mdl (Figures.p).s8Basgdeon thegphase
transition in HfMgM@aO12atT 98 °C27°and solidsolid transitions in manfMsO12
materialg(see Sectiol.6), ZrMgMoz0:2 is likely in a monoclinidP2:/a phase (with
positive thermal expansionide infrg) belowT 126 °C. To determine the upper
temperature limit of phase stability, TGA was perforntédre5.3), showing
decomposition beginning ab. 750 °C. This informatiomdicates a broad temperature
range of stability for the orthorhombic phase of ZrMgi@a. (i 126 °C to 700 °C).
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Figure5.2: DSC thermogram of ZrMgMs®12 (exotherm up) with cooling/heating
direction, onset temperatures, peal) temper

shown. The DSC curves did not show any additional thermal events in the temperature
range T30 to 30
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Figure5.3: TGA thermogram of ZrMgMgD12. Mass loss due to water from the
atmosphere is very low, < 1 %, showing that it is not very hygroscopic. Decomposition
into constituent oxides (followed immediately by sublimation of Mao&hich is
reflected in the thermogram) begins at approximately 750 °C.

5.3.2. Thermal Expansion

Dilatometric curve for ZrMgMoz012 on coolingare shown in Figures4, 5.5,

andb5.6. Often, the first heating curve is less representative of the CTE than the cooling
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Figure5.4: A dilatometric heating and cooling curve of a ZrMgd®a, sample, showing

the change in length with respect to the original length as a function of temperature.
AHeati ngdo and ACoolingo refer to whether t
decreased during the measurement. The CTE as detervimrigabar regression on

cooling from 23 °C to 500 °C ig = 0.41x 10 K", This dilatometric curve was

acquired at Dalhousie Universitidapted from Referenc65with permission
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Figure5.5: A dilatometric heating and cooling curve of another ZrMg®le sample,
showing the change in length with respect to the original lesgyenfunction of
temperatureln this case, data from the second cooling run were lost due to a power
failure. The CTE was determingdh linear regression from the first heating weifrom

30 °C to 600 °C ak= 0101 x 10®K'?, from the first cooling curve from 30 °C to 700
°C aslk=0.9 x 10® K" *and from the second heating curve from 30 °C to 700 G as
0.4 x 108 K™, This dilatometric curve was acquired at PB® by Dr.Bojan
Marinkovic.
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Figure5.6: A dilatometric heating and cooling curveathirdZrMgMoz012 sample,

made in a separate synthesispwing the change in length with respect to the original
lengthas a function of temperaturehe measurement was considerably affected by
microcrack healing and formation during the first heating. The CTE was detemaned
linear regression from the first cooling curve from 30 °C to 500 °Gas 1 2 '6K'!, 1 0
from the second heating curveldss 1 1 ' K'!ahdfrom the second cooling curve
from 30 °C to 400 °C ask= 0B x 10° K'™. This dilatometric curve was acquired at
PUG-RIo by the author and Dr. Kimberly Miller.

curve or subsequent heating cunasthe first heating curve is influenced the most by
microcrack healing in the sample and desorption of surface water on the alumina
pushrod. These effects are especially prominent here because of the low intrinsic thermal
expansivity of ZrMgM@O:12. Thebulk CTE of polycrystalline ZrMgMgD12is

remarkably small, with an average valudlpf Q.3 0.1) x 10 ®K"1from 23 °C to

500 °C based on seven runs on three samples. From 500 °C to 700 °C the bulk CTE is
dominated by extrinsic, microstructural effects (microcrack heaipog heating and

microcrack formation on cooling).

¥ Uncertainty reported at the 95% confidence level.
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Theintrinsic CTE of ZrMgMo3012, as determined from variablemperature
XRD (seeReference&65for details),is very closdo zero between 25 °C and 450 °C
during heating(s= (0.17 + 0.02)" x 106 K"?) and cooling (k= (0.15+ 0.03) x 10 ¢
K'1). By comparison, the CTEs trditional oxide ceramics are typically 1.5 to 2 orders
of magnitude larger than that of ZrMgh®i in this temperature rangé-?’? The
magnitude of the CTE of ZrMgMO:: is lower across this temperature range than that of
many commonly used zero thermaparsion materials such as fused quartz and Invar; it
is also lower than that of several zero thermal expansion materials which have recently
been reported in the literatut®/ 0374757677273 Ahove 450 °C the linear thermal
expansion coefficient increases by almost an order of magnitude with valles @9
+0.3)x 109Kt andlk = (1.0+ 0.3) x 10 6 K'* during heating and cooling,
respectively’®® The CTE in this temperature range is still quite low by comparison to
conventional materials, howevét?’2 The CTE forZrMgMozO:2 reportedherein is
considerably closer to zero than was reported by 8bafy?>*andtheresultshereare
corroborated by the CTE as measured by vartdtgerature Xay diffraction over a
much lager set of temperature poir#fS and by dilatometricRigure5.6) and variable
temperature Xay diffraction results on a second saenpf ZrMgMaO12 made in a
separate synthesi®

Axial CTEs measuredipon heatingarelh = ( *02) 810K, U= (1 4. 7
+0.2) x 10°K'?, andlk= (7.6+ 0.2) x 10 ® K" from 25°C t0450°C.?%° From 450°C to

650 °Cthe axial CTEs areh = (10.5+0.2) x 10°K™, U,= (1 2.5+ 0.2) x 10°K'?, and

xi Uncertainties reported at the 95% confidence level.

117



O =(5.8+0.2) x 10° K' 1285 Because the CTE of ZrMgM©12 is anisotropic, bulk

samples could experience thermal stress and microcracking upon heating and cooling

(see Chapte®). However, thermal cycling resultBigures 5.5 and5.6.) indicate reducs
microcracking effects after the first heating. An important measure of an orthotropic
material 6s propensity for ther mahu(®etress |
maximum difference between two axial CTES). For ZrMg®a between 25 °C andi50

A C Unaxe 12 x 108 K'2, a value slightly higher than reported for orthorhombic
In(HIMg)0.sM03012, IN2M03012, and HIMgMa@O12;® cinax for ZrMgMosOr2 decreases

to 8.3 x 10° K'? over the temperature range 450 °C to 650 °C.

The intrinsic (%ray derived) thermal expansion coefficiéfitagree qualitatively
with the dilatometry results. Both data sets show only very small volume changes from
room temperature up to approximately 450 °C and larger expansion at higher
temperatues. Notably the dilatometric data indicate a very small negative expansion
coefficient up to 450 °C, whereas the intrinsic expansion coefficient is also small but

positive. The difference suggests that microstructural effects influence the bulk CTE.

5.3.3. Mechanical Properties

Mechanical properties of thermomiotic and rearo CTE materials are very
important in determining their suitability for potential applications, whether they are to be
used in bulk form or incorporated in a composite, because theyrio#ube thermal
stresses experienced and the degree to which positive thermal expansion can be
counteractedsee Chapter8 and4). The transverse and longitudinal velocities of sound
of ZrMgMo3012, corrected to zero porosifgee Appendix B for uncorrected datakere

determined here @ = 2624+ 63 ms tands = 4314+ 58 ms'! (uncertainties based on
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three samples), which correspond to a bulk modulus af 3GPa and a shear modulus
of 22+ 1 GPa, both quite low in comparison to conventional oxiderdesa Low

stiffness is common to many thermomiotic materials &=tionl.3.2.3.

5.3.4. Structure Determination

The above findings of zero thermal expansion in ZrMg®e can only be fully
understood with detailed knowledge of its structure. However, it was not possible to grow
single crystals of ZrMgM¢D1». Furthermore, although the powder diffraction approach
can, in principle, resolve unknown crystal structwaesnitio, powder diffraction
experiments usingynchrotrorx-ray*>® and neutrot?’sources were unable to delineate
the crystal structures, or even the space groups, of the related phases Bidtgiid
HfMgW30O12. Therefore, an alternastructuredetermination approach, Ni
crystallographywas takenThe NMR-refined crystal structurebtained from this method
is similarin qualityto what can be obtained using singtgstal Xray diffraction?®® The
NMR-refined structure is shown Figure5.7, and the fractional coordinates for the
atoms are given imable5.1. The space grougas determined to Hena2;, a subgroup of
Pbcn The connectivity of the coordination polyhedra in this structure is analogous to that
in the structure of SW3012?’” and features ordering of the Mg and Zr cations,
suggesting that ZrMgM®1- could have high ionic conductivity similar to that of

HfM gW3012.252
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Figure5.7: The NMRrefined structure of ZrMgMgD12. O atoms are shown in red,
MgOs coordination polyhedra in orange, Zd green, and Mo@in purple. An

alternative view, showing the alignment of Mglong [110] is shown ifigure5.11
Adapted from Referenc&5with permission

Table5.1: Fractional coordinates for the atoms in the Ndk&Rned structure of

ZrMgMo3012, at room temperature.

Multiplicity and

Atom X y z Wyckoff letter
Zrl 0.0361 0.4975 0.6156 da
Mgl 0.4628 0.5000 0.3732 da
Mol 0.7485 0.2766 0.4844 da
Mo2 0.1303 0.6607 0.3510 da
Mo3 0.6105 0.3623 0.1410 4da
o1 0.1065 0.8418 0.3548 da
02 0.8772 0.3912 0.5407 4da
03 0.0227 0.5846 0.2526 4da
04 0.3243 0.3357 0.3961 da
05 0.0870 0.5858 0.4722 4da
06 0.3052 0.6306 0.3248 da
o7 0.4953 0.4392 0.2260 da
08 0.5756 0.4293 0.0207 da
09 0.1691 0.3277 0.5829 da
010 0.6206 0.3740 0.4238 da
011 0.2116 0.5984 0.6752 da
012 -0.0857 0.6742 0.6410 da
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5.3.5. Phonon Modes

As an additional step in validating the
i mportance¥®®dny nfamainteswor Ki-pmatér ioplts c tohe nc
frequencies wer e clayrédéricBaraEd Aepiercgi KASBFEP
cal cudlpat emd optic phonomOir epuepracicas tof t Hold
previousl y  MaOpzorsheaw faorr iYncreased nbmber of
but otherwise a genef@l increase in mode e

All d@f Mgemodes araectRavmean and therefore
modes can be compigure28 .t Appxrxp&r mméept aési gnm
vi brational modes Ma®anaiVél ! PhOfs tsupdeiceisalo f
interest are the mModwhki dlel iowc lalach@tt R® 01l iclnr
tnal abipomnal modes t hatoh gwhwreodthaatéino nm(sslesat e AN T B
Sectli. iile -dmew gy HokMgRohawe rsirnellaat i ve i nt e
whats waser mMedl%aurt AMlave much higher relati\
Y. MaO128Fhe similarity of t he@ afma@bvgn, spectra
materials suggests similar dynamics and po
expansion reduct i oacvteil mo deasl awlpdtiedtRa maire
|l i brational, translational, and bending mo

stretmoldiengnergies than observed.
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Figure5.8: The experimentallgetermined Raman spectrum of ZrMgi®a.. Calculated
d-point optic phonon fAdapdi®m Rafeeesc@awitte s hown
permission

5.3.6. Conductivity

ZrMgMo3sO12 shows significant conductivity, 4.1 x '#ay t m'tat 520 °C (see
Figures5.9 and5.10); this level of conductivity in an insulating solid indicates a
consderable ionic conductivity, as was previously reported in the structurally related
material HIMgWsO12,2%2 although several orders of magnitudss than fast ionic
conductor€/’® The Nyquist plotsKigure5.9) indicate only one time constant, consistent
with a single species as the major contributor to theweindty. lonic conductivity is not
surprising giverthe crystal structure; if the Mgions are mobile the structucan be
viewed as a network of Zg&nd MoQ polyhedra with Mg" in cavities that are
connected along several directiqiggure5.11). The conductivity of ZrMgMeO:2 is
significantly lower than was reported for HIM@®h2;22it falls within the range of
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Figure5.9: Nyquist plot of therealANj)) and iZMid)g i m@amponent s of
of ZrMgMo3012, measured at 40TC.
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Figure5.10: lonic conductivity,ge, of ZrMgMosO:2 (a) plotted on a logarithmic scale and
(b) as InéeT). The correlation coefficient relating B to T' tis smaller than that relating
In(2eT) to T'1(0.9959vs 0.9965), supporting the assertion that conductivity in
ZrMgMo3Oa2 is ionic. The derivative of Im¢T) with respect td 'tis equal to the
activation energy (82 kJ nid) divided by the gas constam°?

conductivities 0fA%* ions inA:M3012 materials such as AN3O12and SeMo3012.25” The
activation energy for ionic conductivity in ZrMgM012 was determined to be 82 kJ
mol' ! (Figure5.10) which is close to that of HIMg¥D12 (80.6 kJ mdl*)?*2and the fast

ion conductor LiAISiQ (81 kJ mot).276
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Figure5.11: The NMRrefined structure of ZrMgMsD12, with a view emphasizing the
positions & the M¢f* cations (orange spheres)ith MoOq tetrahedra shown in purple
and ZrQ@Q octahedra shown in green.

5.3.7. Correlation of Structure and Properties

The orthorhombid®na2; structure of ZrMgMaO12 (Figureb5.7) is related to the
PbcnSeWs0:12 structure with the 2t and M¢f* ions associated with the Besites. In
this sectionstructure and bonding features of all orthorhomdbM3z01» structures of
sufficient quality from the literature are compared to ZrMgW. Sources of structural
data and CTEs are given fable5.2.

The reduction in symmaeatifrom Pbcn(space group number 60) Bma2; (space
group number 33) leads to the addition of one crystallographically distinct Mo site and
six O sites, as well as the splitting of #site into a Zr site and a Mg site. This in turn
allows a greater vaation in the distribution of-O-A angles compared to tii¥bcn
orthorhombic phases #:M301> materials Figure5.12). TheM-O-A bond angle
distribution of ZrMgMaO:2 is the broadest yet reported for this family of materials. Not
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Table5.2: Intrinsic CTEs ad structures from the literature of materials in the
orthorhombidPbcnSeW302 structure and ZrMgMgDs 2.

Material Ck/ Range of Structure determination metho References

106K'™  measurement

of k/ °C

Al,M03012 24 250 to 650 Neutron powdediffraction 140 159
AlLW3042 21 50 to 550 Neutronpowder diffraction 203 220
FeMo301, 1.8 550 to 750 Neutron powder diffraction 140 159
CroM03012 0.7 400 to 750 Synchrotron Xm® 159
ZrMgMo 3012 0.16 25 to 450 NMR crystallography Current work
INn2M03012 11.9 370 to 760 Synchrotron Xm® 153
SeMo30:2 12.1 193 to 27 Singlecrystal XRD 150, 277
SeW3012 12.2 1263 t0 176 Singlecrystal XRD 149 277
LuzMo03012 16.0 25to 700 Synchrotron Xm® 146,278
Y 2 W3012 17.0 20 to 800 Neutron powder diffraction 220
ErnMoz012 17.6 25to0 700 Synchrotron XmP 146,278
Y 2M03012 19.0 126310 176 Synchrotron Xm® 45

all of the materials in this family follow the same trend regarding aveva@eA bond
angle, but they can be separated into tigreeps of materials with similar properties
(Figure5.12). The averag®#l-O-A angles of the molybda#Mz012 materials and
ZrMgMo3012 are remarkably consistent; &lll within 1.5° of 156.6°. By contrast, the
A>W3012 materials trend towards increasing averllg®-A angle with increasingly
negative thermal expansion. TAgMo0301> materials that are orthorhombic at room
temperatureRigure5.12(a)) show decreasinifl-O-A angle spread with increasing NTE,
while those that are monoclinic at room temperatbiguie5.12(b)) show relatively
consistent angles with changing CTE. The hj®-A angle range for ZrMgMsD12
correlates with both its low orthorhomhbiconoclinic phase transition temperature and its
zero thermal expansion.

Inherent distdions (.e., distortions at the lowest temperature where data are
available see Equatiof.17) of AOs polyhedra in ZrMgMaO12 andA2Mz012 materials,

as calculated by IVTON’? are shown irFigure5.13. The negative correlation of the
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Figure5.12: Correlation of CTE in the orthorhombic phasee¥03012 materials with
M-O-A/Mg bond angles fofa) A-M0301> materials which exist in an orthorhombic phase
at room temperatur¢b) A>Mo3012 materials which undergo a phase transition into their
orthorhombic phase above room temperature, @nb\(V:012 materials (all of which are
stable in an orthorhombic phager@om temperature). Information f8sMz012> materials
was taken from the literature; s€able5.2 for referencesAdapted fromReference65

with permission

CTE with polyhedral distortion is clearly visible for tAeMo3sO12 materials, while the
average distortion value for Zg@ndMgOe polyhedra is higher than would be expected
from its CTE, as the average distortion value is close to thabbfdz©12. The MgQ

octahedron has an inherent distortion close to what would be expected from the CTE.
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Figure5.13: Coefficients of thermal expansion as a function of inherent polyhetidg) (
distortion in ZrMgMaO:2 (large symbols) anf8>M3012> materials.Structural information

regardingAoMs012 materials was taken from the literature; $able5.2 for references
Adapted fromReference65with permission

AOs distortion in ZrMgMaOx2 is largely related to variance of theA0O angles
within the octahedra, as is commonf#MsO1. materials Figure5.14). To determine the
causes of zero thermal expansion in ZrMglp one must consider both the origins of
the polyhedral distortion in ZrMgM@®:2 and how much the polyhedra would be
expected talistort with increasing temperature.

Polyhedral distortion il\aM3012 materials is generally correlated with the
Shannon ionic radid® of theA cation, as shown iRigure5.15, with larger cations
permitting and/or causing larger polymaddistortions. However, Zf and M¢* have
nearly identical radii yet very different levels of polyhedral distortion, witi*\tpse to
the trend forAoM30O12 materials. A very large inherent distortion (19.8 %) in £rO
octahedra was found in Zr\@s,*® but this distortion is essentially static and the NTE

mechanism in Zr\W0g does not involve distortion of the rigid polyhedra. It is therefore
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A>M3012 materials compared to three causes of polyhedral distortion:faP@ngle

variance, (b) bond length variance, and (c) the average 900@ngle. The @A-O
angle variance is the dominant contributor to the polyhedral distoRigarg5.13)

except in the case of-Mo03012. Structural information regardinpMsO12 materials was
taken from the literature; s@@bleb.2 for references
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Figure5.15: Inherent polyhedral distortio®Qs) in ZrMgMo3012 andA>M3012 materials
as a function of the Shannon ionic radii of fsite cation§®(inherent polyhedral
distortions of AlQ in Al2M03012 and AbW3012 are nearly identical and these two points
overlap).Structural information regardingM3012 materials was taken from the
literature; se@ able5.2 for referencesAdapted from Referen@65with permission

plausible that thdistortion of the Zr@octahedra in ZrMgMgDs is also static. The
inherent polyhedral distortion fé.M3O12> materials increases nonlinearly with
increasing ionic radius. This nonlinearity could be related to the instability of the
orthorhombic SgWV30:12 structure above a criticl cationic radiusA>W3012> materials
with A greater in size than Hb(104.1 pm) and\:Mo301, materials withA greater in
size than Y* (104 pm) crystallize in a variety of structures different from that of
SQW3012.146'280

The ease of distortion of ths polyhedra could be rationalized, more
fundamentally, in terms of the magnitude of the attractive fofegd€tween the
AZ*3+4+ cation and the ®'anion. To estimate this attractive force, and the consequent
ease of distortion of the ZEDMgOs and other octahedra, the ionic attractive farae be
used?® Thisise x p r e s leZeZde?/ B’avheiekeis Coub mb 6 s cZoiathed ant |,

valence of the catioiZ; is the average valence of the anianss the elementary charge
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andr, is the sum of the cation and anion radfiThis methodelates the ability of the
polyhedrato distortdirectly to the force of the ionic attraction between the cation and

anion. Polyhedral stiffness can impact thermal expansiontlgitcough its interaction

with the modeGriineiserparameters (see Equation 1.8 and associated discussion).

Instead of using standard valences, these attractive forces were calculated using the bond
valence methdd?within IVTON.2”® Inherent polyhedral distortion is expressed as a

function of the ionic attractive force Figure5.16, showing that the inherent distortions

of the Zr@Q and MgQ polyhedra are highly different fromOs polyhedra forAoM3012

materials. However, estimating their average effect, together they could act like a

conventionalA site.
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Figure5.16: Inherent polyhedral distortio®Qs) in ZrMgMoz0:2 (large symbols) and
AoM3012 materials as a function of theérsite ionic force Structural information
regardingAoMsO12 materials was taken from the literature; $able5.2 for references
Coefficients of thermal expansion AiM301. materials and ZrMgMgD:» are
shown as a function of their A site ionic forceFigure5.17. Instead of using the sum of
Shannon ionic radii to calculate the interatomic distance and thémelzgationic force,

average crystallograph#&-O bond distances could have been used. diiogcegives a
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Figure5.17: Coefficients of thermal expansion of ZrMgM:» (large symbols) and
A>M3012 materials as a function of the\rsite ionic force Structural information
regardingAoMz01> materials was taken from the literature; $able5.2 for references
Adapted from Referenc&5with permission
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weakercorrelation to the CTEs of the compounBgy(ire5.18), especially at the

extremes of thermal expansion of the data set. differencecould be due to the
underestimation of bond lengths in thermomiotic materials as measured by diffraction,
due to the libratinalmotion of the oxygen atoms, which, when tiaeeraged over the
course of a diffractioexperiment, reduces the apparent bond lerfjihe general trend

is increased CTE with increased ionic force. A clear difference is visible upon
comparison ofigure5.17 to Figure5.15: ZrMgMo3012, FeMo3012, and EsM030:2 fit

the A site ionic force trends better, suggesting that the ionic force offers a goodtest

of the distortability of thé\Oe polyhedron forA2M3012 materials and ZrMgMgD1», and

that the zero thermal expansion behaviour of ZrMgMeis due to a mixed effect from

the more rigid Zr@octahedra and the more distortable MgCtahedra.
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Figure5.18: Coefficients of thermal expansion of ZrMght (large symbols) and
A2M3012 materials as a function of thélrsite ionic force, calculated as a function of the
A-O bond length rather than thenswf ionic radii.Structural information regarding
A2M3012 materials was taken from the literature; $able5s.2 for references

This assertion regarding the polyhedral rigidity of ZrMgie is supported by
examination of thether physical properties discussed above, including the presence of
low-frequency optic modes in the Raman spectrum and the calculated vibrational
spectrum, and the measured bulk modulus. Specifically, the bulk modulus of
orthorhombic ZrMgMa0O12(31 + 3 GPa) is less than that@tthorhombicAl 2W3012 (48
GPa)?® similar to that oforthorhombic SgMo03012 (32 + 2 GPafandSeWs012 (31 + 3
GPa)?’ and greater than that of orthorhombig/:012 (27 GPaj® and Y2M03012 (21 + 3
GPa) (see Chapt8) indicating that the overall rigidity of ZrMgM@:2 is close to what
would be expected given its CTE.

The absence of significant hygroscopicity in ZrMgi®e. can also be explained
through knowledge of its structure. The atomic packiagtions(with the volume of

each atom defined to legjual to that o& sphere whose radius is equal to half the nearest
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neighbour distance)f ZrMgMoz012 andA>M3012 materials are shown iRigure5.19;
the packing fraction of ZrMgMs®D12 (0.17) is larger than fokoM3012 materials that are
known toincorporate water into their crystal structdfé&?® and is close to those of the

non-hygroscopicA2MzO12 materials SgM03012 and InPMo03012.
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Figure5.19: Atomic packing fractions of ZrMgM1> (large symbdlandA>Mz012
materialsshown in comparison to their coefficients of thermal expansion. The dotted blue
line separates materials with significant hygroscopicity due to incorporation of crystal
waters (to the left of the line) from those without this prop&tguctural informabn
regardingAoMz012 materials was taken from the literature; $able5.2 for references
5.4. Conclusions

It has been demonstratdtat ZrMgMaO12 is a zero thermal expansion material.
l't is thermally stable in its orthorhombic
members of théxM3z012 family, it is not hygroscopic.

The bulk average value of the linear thermal expansion coefficient, as oheteérm
from dilatometry, idk= Q.31+0.1) x 10°K"*from 23 °C to 500 °C. The average linear

intrinsic CTE, as determined by-pay diffraction, also is very close to zetd= (0.16 +

0.02) x 10 K'* from 25 °C to 450 °C andk= (0.9 £0.3) x 108 K'* from 450 to 700
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°C. The small differences between intrinsic and extrinsic thermal expansion at lower
temperatures are probably due to microstructure, and especially behaviour of

microcracks. Nevertheless, the average linear CTE is exceptionally snradl wicke

temperature range. However, the CTE is anisotropic, with the maximum difference

between two axial CTEs for ZrMgMO12b et ween 25 AlGa beng12850 AC,
x 106K™,

The structure of ZrMgMgD1», intractable by Xray powder diffraction ashnot
feasible by single crystal-¥ay diffraction, was determed by NMR crystallography,
makinguse of NMR activity of all the nuclei’zr, Mg, **Mo, and’O. In order to
obtain the!’O NMR, a synthesis method f810-enriched MoQ@was developed. The
space group of the orthorhombic phase of ZrMgBlais Pna2; and its structure is
related to the structure of 83012, with ordering of Mg" and Zf* cations. The
structure suggests the possibility of ionic conductivity, which wasrooad
experimentally. The solution of the structure of ZrMgide should aid in the structure
determination of otheAMgM301> materials with interesting thermal expansion
properties.

The calculated and experimental Raman spectra both indicate a higl déns
low-frequency modes associated with librations of guggl units that could play a role
in negative thermal expansion in this framework structure. Velocity of sound
measurements revealed low bulk and shear moduli relative to conventional oxide
ceramics, again supporting flexibility of the linked polyhedra.

Compared with the orthorhombic phase®g¥:0:. materials, ZrMgMaO1»

shows the broadest distributionMfO-A angles yet reported. While the average inherent
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distortion ofAOs polyhedra in ZMgMo3012 is similar to that of materials with negative,
rather than neazero CTEs, distortion of the Mg@ctahedra alone is a better predictor
of the average CTE. The distortion in 4@ likely static in natureThe averageA-site

ionic force in botlzrMgMo3z012 and in a wide range @:Ms0:> materials is a useful
predictor of the CTE. Thereforié,was possible toise the crystal structure to understand

the properties of ZrMgMg12, providing further experimental validation of the structure.
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Chapter 6: Mechanical Properties and Thermal
Expansion of AMs01,and AMg M50, Materials and
Their Solid Solutions

6.1. Background

The mechanical propees of thermomiotic materials are an essential component
of their overall thermoelastic behavioas theyinfluence their suitability for applications
(Sectionl.3.2.3, propensity to thermal stress (Cha@grand the thermal expansivity of
their composites (Chaptd). Additionally, reduction of stiffnescan be expected to lead
to largermagnitude CTEs (Chapt&). However,mechanical propertidsave not
previously beemxtensivelyreported in the literaturdside from Zr\WOg,?® reporting of
the elastic constants of thermomiotic materials has generally been limiaetk tmoduli
obtained from variabl@ressureXRD.262728283 Although variablepressure XRD can
give important information regarding pressimduced phase transitions and other
structural changed provides only the bulk modulus and directionahpoessibilities.
Therefore, information is only obtained
volume, not changes in shape ( shear deformation).

The AoM3012andAMgM3z012 families of materials offea large amount of
diversity both in terms aheirchemistry andhermal expansiopropertiegsee Section
1.6). It is possible to synthesize solid solutions from this family whose CTEs range from
positive tonegative>>?84 In this chapterthe synthesis of several series of solid solutions
is reported, as is the characterization of their CVigsdjlatometry) and bulk and shear
moduli (via ultrasonicmeasuremertf the velocity of soundyith the goal of examining

correlations between thermal expansivity and elastic properties
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Three series of solid solutions were studied: ¥HfMg)xMo03012,
S@ 1Al 2W3012, and Cs 1 gHfMg)xW3012 ( 0 x @D .1 )

Intrinsic thermal expansioof the Irp 1 kHfMQg)xM03012 series has previously
been characterized far= 0, 0.25, 0.5, and £1°31°6284the thermal expansivity closely
follows the rule of mixtures between thermomiotigMiwsO12'>% and lowpositive
thermal expansion in HfMgM®12,°® with nearzero thermal expaien reportedor
In(HfMg)0.8M03012.”8 HIMgMo3012 existsin an orthorhombic phase (presumed to be
Pna2;, see Chaptes) at room temperature; however materiishe general formula
Inz 1 HfMg)xM03012 with x O0.5 are known to exist in monoclink2:/a phases at room
temperaturg®1°31%6284 Thex = 0.75 member of the series has not been previously
reportedandwassynthesizednd characterized herein

Thermal expansion in th8¢ 1Al W3012series, which also varies between
positive (Al2W3012)%2° and negativéSeWs012)*° thermal expansiorhas been
previously studiedia dilatometry328528¢ andvariabletemperature XRD?#3220285 p\||
members of the serig¢s0 x @D dr¢ stable at room temperature in an orthorhormban
phase.

The third seriesCr. 1 xfHfMQ)xW3012, has not previously been reported.
HfMgW3012 has been reported to be thermomiotic, althaegliorts conflict concerning
whether it is stable in a monoclinic or orthorhombic phase at room tempéetafa@nly
onereport of the properties of &Vs012 has been published’ andthe thermal
expansion properties reported (intrinsic axial, intrinsic volumetric, and bulkjgirky

inconsistent with each other.
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6.2. Experimental Procedures

Samples were synthesized using methods described in S2dtidine reagents
used were AlOs (Sigma Aldrich, 98.7 %), Hfe(Aldrich, 98 %),In203 (Fluka, 99.9 %)
Mgs(COs)4(OH)A 5.8 (Alfa Aesar, 98 %), Mo&(SigmaAldrich, 99.5 %) SaOs (Alfa
Aesar, 9%6), and WQ (Fluka, 99.9 % and Alfa Aesar, 99.8 %)olybdateAoM3z012
materials decompose upon heating at temperalmnes than their melting point, which
complicates sintering by placirsglow limit on the sinteringemperatureTemperaturg
reported in the litetare as producinthe desired monophagicaterial are not always
sufficiently high to produce an adequately densified material.

Sintering temperatures for molybdate materials were optimized using
decomposition temperatures determinedT GA for In,Mo3012 and HIMgMaO12 (see
Section2.3.2. HIMgMo3012 (34.1099 mg samplayas subjected to20 K min'! ramp
to 600°C followed by al0 K min'* ramp t0900°C andInoMo30:2 (39.5531mg sample)
wassubjected t@ 30 K mint ramp to 750 °C followed by a 10 K mifrramp to 990 °C
TGA thermograms of these materials are showFigare6.1. Tungstate materials melt
uponheating without decompositipso sintering temperatures were determined by
consultation of literature valug$°+??? The absence of decompositiotoaledthe
materials to be sintered closer to their melting pantilesssintering time wasequired.

The experimental sintering temperatures and times used are summaiiabtein
6.1. In order to adequately densiliy,M03012 and HIMgMaO:2, sintering very close to
the decompositio temperature was required. The sintering temperatures regesudted
in a small amount of decompositioride infrg. Sintering C#Osz and WQ at 800 T did

not result in formation of GW3012 as was described in Referer&, so it was
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Figure6.1: TGA thermograms ofa) HfMgMo3012 and(b) In-Mo3z012, showing
decomposition into constituent oxides and subsequent sublimation@f iyon
heating.

Table6.1: Sintering temperatures and times f/aM3012 andAMgM3z012 materials and
their solid solutions.

IN2M03012 905 24
In1.5(HfM@)0.29M 03012 730 24
IN(HfMQ@) 0.sM 03012 730 24
|I’lo,5(Hf|\/|g) 0.79M03012 775 24
HfMgMo30:2 775 24
CraW3012 1000 12
Cr1.5(HfMQ)0.28W3012 1100 12
Cr(HfMg)o_5W3012 1100 12
Cros(HfM@)0.73W3012 1100 12
HfMgW 3012 1100 12
AlW3012 1000 12
Al 1550 sW3012 1000 12
AIScW301» 1000 12
Alo.5S¢.sW3012 1000 12
SeW3012 1100 12

performed at a higher temperature.

XRD was used to check the phase purity of the samples and determine their lattice
constants following the procedures used in Se@i@nThe bulk CTEs of the
Al 1, 8xW3012 and Cp 1x6HfMg)x\W3012series and kis(HfMg)Mo3012 were

determined dilatometrically (see Sect@3.1). The CTE2f theremainder of the
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In2 1 §HfMg)xMo3012series have been walharacterized previously1531°6284
Unfortunately, for some of the materials collection of dilatometric data was limited to a
maximum temperature of 500 °C because of a problemangtial irthe instrument,

which introducedartefacts intalata acquiredbove that temperatur&€he transverse and
longitudinal velocities of sound of all the materials waeasurediltrasonically (see

Section2.5).

6.3. Results and Discussion

6.3.1. In2 i xdHfMQ) xM03012

6.3.1.1. Lattice Constants

X-ray diffractograms of lnex(HfMg)xMosO12materialswere refinedusing the Le
Bail methodin thePna2; settingfor x = 1 and in thd2;/a settingotherwise(see
Appendix A Figures A6A10 for diffractogram$. Therefinedlattice constants
presented iTable6.2 andFigure6.2, wereconsistent with those previously reported in
the literature’®153156284 |n, 5(HfMg)o.7sM03z012, which has not been previously reported
in the literature, shows a reversal in the relative lengths @-taedc-axes with respect
to the other monoclinic members of the series. This reversal is also seen in the
Cr2 1 xgHfMg)xW3012 series betweer= 0.75 andk = 0.5(vide infrg), and could be
related to a change in the space group of the-teigtperatur@rthorhombicphase from
Pna2: to Pnca, as In(HfMg)MaO12 has been reportéit to transition to #ncaphase at
163 °Cwhile HfMgMo03012 adoptsPna2; at room temperature

TheP2i/a phases of HiMgMeO12*%® and HfMgWs012."! were both reported to

have thec-axis longer than tha-axis, however due to the experimental conditions used
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Table6.2: Lattice constants dh, x(HfMg)xMo3012materials Pna2; setting forx = 1 and
P2:/a otherwisg, goodnes®f-fit values, and mean densities, expressed as % of the
theoretical density, for sintered pellets. Literature reswitere availableare shown in
italics for comparison.

Mean density

Material alA b/A clA b/e° I !/ % theoretical
IN2M03012 16.2503(4) 9.5786(3)  18.9053(5) 125.320(2) 0.514 74.9
Referencd 53 16.272 9.592 18.921 125.2
In1s(HfMQ)029M0s012  16.2097(4) 9.5433(3)  18.884(1) 125.368(2) 0.633 73.3
Referenc@84 16.223 9.5614 18.879 125.35
In(HfMg)0sM03012 16.128(1) 9.5193(6) 18.791(1) 125.31(1) 0.873 68.0
Referencg6 16.2147  9.5582 18.8797  125.396
Ino.s(HfMg)o7sM0s012  18.8095(2) 9.5109(1) 16.1016(2) 125.296(1) 0.869 85.6
HfMgM03zO12 9.556(5)  9.4406(5) 13.1651(7) 90 1.086 83.2
Referencd 56V 9.57067 13.15713 9.48283 90
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Figure6.2: Lattice constants of thee (), b- (6), andc- (6) axesand unit cell volumes

(Y )of Inz2 «(HfMg)xMo3O12materials Pna2; setting forx = 1 andP21/a otherwise) The

unit cell volumeof orthorhombicHfMgMo03012 has ben multiplied by two in order that
the number of formula units per unit cislliconsistent with that of the monoclinic
materials Error barorresponding testimated standard deviations are smaller than the
symbols.

¥il In Referencel 56, the Le Bail refinement was carried out in ®remaspace group.

141



in these literature reports there is some potential for error, as described below. Due to the
large number of peaks the diffractogram and the usétbe Le Bail method, there is

only one significandifference between the two axis settings. As showkignre6.3, a

peak duetd h e ( &fle€@ionta@pars at approximately 28ri.2d. In the case of
HfMgMo30:2 this peak would not have been observable because of a peak from the
sample holder in that region the literature diffraction patteffi®while in the case of

HfMgW 3012 it would have been obscured by a peak from an internal st&h(iaisiseen

in the present investigation of HIMgWW1», see Sectio6.3.3.). It is also possible that

this peak could be due to the presence of a smalt lHiBurity, however no other extra

peaks related to decomposition products are visible in the diffractiomrpatte
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Figure6.3: A portion of thepreseniX-ray diffractogram of las(HfMg)o.79Ml03012 refined
in P2/awith (@)ad 1A&an8& 1Aand(b)withad 1AKandca 1A4.. 8
Experimental data are shown as black crosses, the Le Balil fit to the data as a red line, the
peak positions as blue ticks, and the residual as a greemhi@@osition of the major
peak which differs between the two choices of axis lengtslsasn with an arrow; the
first choice is consistent with the data.

As discussed above, the sintering conditions necessary to produce reasonably
densified samples caused a small amount of decompositiosMo30:2 and
HfMgMo3012. Therefore, Mo@®8 and In0s%8° or HfO?°° were included in the

refinementdor those material8ecause the patterns were refined using the Le Bail
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method, the amounts of decomposition products could not be determined directly,
however the absence of mass lossaa?00 °C in the TGAHermogramsKigure6.1)
indicates that very little Mo@is presentdf. Figure2.3) and that decomposition was
limited to afew percent at mos®ince the thermal expansion and velocity of sound are,
to first approximation, bulaverage properties, this is not expected to significantly affect
the results.

6.3.1.2. Thermal Expansion

The CTE of In.s(HfMg)o.7sM03012 was determined dilatoetrically between

room temperature and 700 °C using a ramp rate of 5 K'mpon heating andooling.

The resultsare shown irFigure6.4. The CTE as determinedgia linear regression on

cooling from125°C to700°C,is (k= T 2 104K'% As is usual forA;MsO12 and
AMgMo30:2 materials Jno.s(HfMQ@)o.79V103012 undergoes a phase transitatca. 50 °C

into a (presumably) orthorhombic phase with increased voandalecreased thermal
expansionThe CTE of In.s(HfMg)o.79M03012 (125°C to 700°C) is considerably more
negative than would be expected from the rule of mixtures. This is especially surprising
as other members of this series of solid solutions had besyngo follow the rule of
mixtures quite closel§#* The deviation from the predicted CTE can be seen clearly in
Figure6.5.

Because materials with anisotropic thermal expansion can show large
microstructural effects on the bulk CTE due to microcrack healing and fornitibie,
microstructure of Ins(HfMQ)o.79V103012 was examined using SEMiitachi S4700 FEG
SE detector, 5 kV accelerating voltage, 15.3 mm working distance, see Sedtidrne

microstructure was found to be very similar to thangffMg)o.sMos012°¢ and
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Figure6.4: A dilatometric heatindgred line)and coolingblue line)curve of
Ino.s(HfMQ)0.73M 03012, showing the change in length with respect to the original length
(thermal strainps a function of temperaturEhe heating curve is shown in red and the
cooling curve is shown in blu&he onset of a phase transitiobserved as large
change in volume, can be seerat50 °C.
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Figure6.5: The CTE of In.s(HfMg)o.7sM03012 from 125°C to 700°C (filled symbol) is
compared to literature values of the CTEs eM03012(370°C to 760°C),’®
In1.5(HfMQ)0.29V103012 (300 °C to 700°C) 284 In(HfMQ) 0.5M03012(225°C to 650°C),>°

and HIMgMaO12 (25 °C to 740°C)'°3 (open symbols). An estimated uncertainty is also

shown.

HfMgMo3012;%% significant amounts of microcracking or other microstructural

anomalies were not foun&ifure6.6).V" Therefore, the intrinsic CTE of

i Althoughthe micrograph was acquired from a fracture surface, if a sufficiently large amount of
microcracking had occurred to cause a significant deviation from the intrinsic CTE it would be expected
that some microcracks would be visiBfe.
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Figure6.6: A SEM micrograph of polycrystalline dB(HfMg)o.73M03012.

Ino.s(HfMQ)o.79M 03012 is likely the same as the bulk CT#thin the margin of error
shown inFigure6.5. The discontinuity in thermal expansionlim ; x4HfMg)xMo3012 at

0.5 <x < 0.75 could potentially be related to a compositional boundary between solid
solutions which ado®na2; and those that adoptocn i.e. a boundary between materials
with disordered Hf" and Md* cations and those with ordered*Hand Md*. This
hypothesisould be tested using variablemperature XRD to determinehetherthe

space group of the orthorhombic phasBbsnor Pna2;.

6.3.1.3. Mechanical Properties
The longitudinal and transverselocities of soundcorrected for porositgsee
Appendix B for uncorrected velocitie®)f Inz 1 .- §HfMg)xMozO012 materialsare shown in
Figure6.7(a). By comparison td-igure6.5, a clear relationship between the velocities of

sound and the CTE can be seBme velocities of sound follow the same trend with
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Figure6.7: (a) Longitudinal and transverse velocities of sound @mdulk andshear

moduliof Inz i ,¢HfM@)xM03012. All measurements were performed at room temperature,
on the monoclinic phasesf®O 0. 75

and

and shear data points overlap fcr 0, 0.25, and 1.

composition as the CTEs, with an anomaly at0.75. However, it should be noted that

the densities of the materials fo® 0 . 5

on

t h ex=olrThehbolk h o mb i

f e level ob7& % ofwheatrehical for

which the correction for porosity is expected to be reliable (see Sechoi herefore,

the corrected velocities likely undstenate the actual fully densified velocity somewhat.

The bulk and shear moduli bf; ; x§HfMg)xM03012 materials are shown fhigure

6.7(b). As is the case for the velocities of sound, the elastic moduli follow the same trend

as the CTEAIl members of the series have unusually low stiffness for oxide ceramics,

with the stiffress ofthe most thermomiotic membets,Mo3012 and

Ino.s(HIMQ)0.79M 03012, being exceptionally lowThe material with the smallest

magnitudeCTE, In(HfMQg)o.sM03012, also hashe highest stiffnesdt is interesting to

note that these correlations relate the elastic properties in the room temperature

monoclinic phase with the thermal expansion in the-béghperature orthorhombic phase

forxO 0. 75.
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The bulk moduli of severa#M3z012 materials havéeen reported to decrease
significantly following a pressursnduced phase transition into a monoclinic phase, and it
has been surmised that a similar increase in compliance follows thermally induced
orthorhonbic-monoclinic phase transitio’%! However,it is seen here that the elastic
moduli of HIMgMo301 are close toltoseof the monoclinic members of the series.
Additionally, the elastic modubf the two neazero thermal expansion materials
In(HfMQ)0.sM03012 andof ZrMgMo3z012 fall within the margin of error of each other (see
Section5.3.3, despiteZrMgMo3012 being in a orthorhombic phase at room temperature.
The decrease in stiffness seen following a pressgigcedorthorhombiemonoclinic
phase transition could be related to the tendency of thermomiotic materials to become
more compliant upon comgssion (se&quationl.14 dove and related discussion).
SITiGs is an example of a materiddlatundergoes a similar displacive phase transition
whichinvolvesrotation of cornetinked coordination polyhed/®°! but the transition

does not cause a large change in the elastic prop&tties.

6.3.2. S& 1 xAlxW3012
6.3.2.1. Lattice Constants

Lattice constants of $96,AlW3012 materials as determed from XRD
refinementare shown imable6.3 andFigure6.8. All of the refinements were performed
in the orthorhombidPncasetting Thediffractograms are presented in Appendix A
Figures A11A15. The lattice constants are consistent with those previously reported in
the literature#9203220285286 A steady increase in each of the lattice constants was
observed as Af (ionic radius 67.5 pm¥is replaced with S (88.5 pm)**8In contrast

to the molybdate materials presented in the previous section, considerable reduction of
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Table6.3: Lattice constants @ 1 xAl W3012 materialg(Pncasetting) goodnessf-fit
values, and mearedsities, expressed as % of the theoretical density, for sintered pellets.
Literature resultsire shown in italics for comparisé#?.

Mean density
Material alA b/A clA G | % theoretical

AloW301, 9.1407(4) 12.6167(4) 9.0575(4) 1.392 92.6
Referenc@86  9.1499 12.6117 9.0685
Al1sSensW3012 9.2348(4) 12.7452(6) 9.1487(5) 1.069 87.0
Referenc@86 9.2638 12.7699 9.1799
AlIScW301> 9.3423(5) 12.8929(7) 9.2538(5) 1.114 91.2
Referenc@86  9.3952 12.9559 9.3204
AlosSc sW3012  9.5056(7) 13.0872(9) 9.4155(7) 1.064 88.2
Referenc®&86 9.5463 13.1318 9.4458
SoW3012 9.6627(4) 13.3218(6) 9.5728(4) 2.282 79.7
Referenc&86 9.6801 13.3211 9.5832
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Figure6.8: Lattice constants of thee (), b- (6), andc- (6) axes and unit cell volumes

(Y )of Se Al W3012 materials Pna2; setting).Error barscorresponding testimated
standard deviations are smaller than the symbols.

porosity was achievable through sintering due to the absence of decomposition prior to
melting. This reduction presents a major adagatof tungstatd>M>0O1, materials in

comparison to molybdates in terms of potential applications.
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6.3.2.1. Thermal Expansion

Dilatometric curve®f S 1 xAl xW3012 materialsare shown irFigure6.9, and the
CTEs ofthemembers of theeriesas a function of compositicare summarized iRigure
6.9 andTable6.4. Dilatometry was performed between room temperature and 50 °C
700°C, at a heating and cooling rate of 5 K firThe thermbexpansion of these
materials wa consistent with the values previously reported in the liter&tea®220285
The bulk CTEs are closer to the reported intrinsic CTEs than in several previous
dilatometric studiesf Se 1 AlxW3012mat e r i »Q $£Y{2Bindidating that
microstructural effects on the CTE are relatively snidie microstructuragffects can
also beevaluatedy the (relativelysmal) amount of hysteresis in the curves due to
microcracking.SeW3012 was found to have a bulk CTE significantly more negative than
the intrinsic CTE(k= 1 2 . "2K"%),14® gré&sumably due to microstructural effects.

This is not unexpected, as bulk CTE#SeW:0,as | ow a%K'lihdvdbedn 10

reported*9
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Figure6.9: Thermal expansion iB& 1Al xW3012 materials shown &) heating
(dashed lines) and cooling (solid lines) curves @as cooling curves onlyhe zero

points of thermal strain in (b) have been set asthgof the cooling curves for ease of
compaison.
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Figure6.10: Thermal expansion i8a 1 xAl W3012 materials as measuréereby
dilatometryon cooling presented as a function of composition. Estimated uncertainties
are included.

Table6.4: Coefficients of thermal expansion over given temperature ranges as
determined from linear regression of dilatometric cooling curv&ofiAl 23W3012
materialsLiterature valuesire included in italickor comparisonEstimated uncertainties
are also included.

Temperature Measurement

Material (k/106K'! range/°C method
SeW3012 H4.0+ 0.5 35 to 500 Dilatometry
Referencd 49 122 126310176 XRD
ScsAlpsW3012 H.4+ 0.5 55 to 600 Dilatometry
Referenc@85 10.32 30 to 600 XRD
ScAIW30;2 1.6x0.5 35 to 460 Dilatometry
Referenc@86 11.02 30 to 600 Dilatometry
S .sAl1.5W3012 1.9+0.5 35 to 600 Dilatometry
Referenc@86 0.05 30 to 600 Dilatometry
Al W3012 2.3+0.5 25to 700 Dilatometry
Referenc03 2.1 50 to 550 Dilatometry

(single crystal)

Unusually, the CTEs were largely invariant to Al/Sc substitution xp=t0.5.
This invariance could be related to a nonlinear variation of the axial CTEs with
composition, as the axial CTEs»#£ 0.75 andk = 0.85 materials were reported to all be

negative’®® whereas in StWVs012 thermal expansion along theaxis was reported to be
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highly positivel*® However, the axial CTEs in Referer2@swere determined by
interpolation betweeanly three data points, making their reliability questionable.
Referenc&86reported a similar behaviour to what is seen here in a dilatometric study,
although hey did not report axial CTEs.
6.3.2.2. Mechanical Properties

The velocities of soun@nd bulk and shear modulf Sc 1Al W3012 materials,
following correction for porosity (see Appendix B for uncorrected vaJas)shown in
Figure6.11. This series shoeda looser correlation of the elastioduliwith the CTE
than did thdnz 1 §HfMQ)xM03012 series, even though in this series measurementd coul
be performed directly on the orthorhombic phases. However, an increase in stiffness,
especially of the shear component, can be seenXrotox = 1 inFigure6.11(b). In
this series, the increase in density frem 0 tox = 1 has a significant effect because the
variations in the velocity of sound are small. Unfortunately, the relative uncertainties of
the measurements for tke= 0.75 and, to &esser extens = 1 materials were quite large.
The large uncertainties can be traced to the fact that while the measured densities
between the three pelletized samples varied somewhat, the measured velocities did not,
indicating that microstructuréctors such as microcracking influenced the results. The
additional microstructural effects could be due in part to the large degree of densification
achieved during sintering, as an increased pore fraction could reduce thermal stress (see
Chapter3). However, the bulk modulus result for 1 can be corroborated by

comparison to the experimental value from varigiessure XRD (48 GP4&).
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Figure6.11: (a) Longitudinal and transverse velocities of sound and (i and shear
moduli of Se 1Al 2xW3012. All measurements were performed at room temperature on
orthorhombic phases.

6.3.3. Cr2 1 ¢HfMQg) x\W3012

6.3.3.1. Lattice Constants

Lattice constants drz 1x¢HfMg)xW3012 materialsare presented ihable6.5 and
Figure6.12; diffractograms are presented in AppendixFigures A16A20. Due to the
delayedcontaction following coolingn these materials/ide infra), the diffractograms
were acquired after the samples remained at room temperature for a period of one year.
All of the diffractograms were refined in the monocliR2;i/a setting No additional
phase were detected in any of the materielBVigW:012 has been reportdaly different
authorsto existin a monoclinié* or orthorhombi® phase at room temperature; the
current resltis unambiguouslghow that it isthe monoclinic phasé switch in the
relative lengths of the- andc-axes was seen betweer 0.5 andk = 0.75, as was the
case innz 1 ,¢HfMg)xM03012 (see Sectios.3.1.]). Additionally, the change in cell
volumeis not monotonic as the smaller’Cfionic radius 75.5 pmj®ion is replaced by

larger Hf* (85 pm}3®and Mg+ (86 pm}*®ions; Cps(HfMQ)o.73W3012 actually has the
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Table6.5: Lattice constants dZr. 1 xHfMg)xWs012 materialg(P2:/a setting) goodness
of-fit values, and mean densities, expressed as % of the theoretical density, for sintered
pellets.Theliterature result for HIMgWO:2 is included in italics.

Mean density
Material alA b/A c/A b/° & | % theoretical
CrW:Or2 16.0585(2) 9.3070(2)  19.4079(3) 125.534(1) 1.007 88.5
Cris(HfMQ)o20N:012  15.9777(4) 9.4179(2)  19.3255(4) 124.867(1) 0.728 89.9
Cr(HMg)ogWsOr2  15.9784(9) 9.2654(5)  19.339(1) 125.849(5) 1.393 93.9
Cros(HfMg)o78N:012  18.908(1) 9.3191(5) 16.031(1) 125.895(5) 0.815 76.1

HMgW 012 18.9988(5) 9.6029(3) 16.231(2) 125.494(2) 0.360 89.0
Referenc®1 16.297 9.606 19.038 125.639
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Figure6.12: Lattice constants of thee (6), b- (6), andc- (6) axes and unit cell volumes

(Y Jof Crz2 1 §HfMQ)xW3012 materials P21/a setting).Error barscorresponding to
estimated standard deviations are smaller than the symbols.

smallest molar volume of this series. It was possible to sinter this series of tungstate
materials well enough to obtatonsiderable reduction of porosity.
6.3.3.2. Thermal Expansion
An initial attempt to measure the CTESQ@b 1 kHfMQg)xWs012 materials revealed
an unexpected result: while the solid solution matenads(.25, 0.5, 0.75) showed a

large volume increasgpon heatingollowed by adecreased magnitude of the GTE
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typical of a monoclinieorthorhombic phase transition, neversaof this behaviour was
seen subsequently @ooling.In order to examine this phenomenon, the samples were re
measured by dilatometry after thisad beeneft at room temperature for five months.
Measurements were then performed using a temperature ramp of 10%a&a0 °C or
700°C, followed by cooling at a rate of 5 K o room temperature. Following

cooling, measurement continued @am temperature for 10 h.

The results for the three solid solutions are showkigare6.13. The absence of
a phase transition on cooling is evident; in thetre wa not a significant change in the
CTE upon crossing the phase transition temper#tard 00 °C) Possibly,an
orthahombic phase persists upon cooling, however XRD redtilsie6.14) indicate
that the materials are monoclinic immediately following cooling. This result imphbgs th
for example Cro s(HfMg)o0.2sW3012 displays NTE in its monoclinic structure during
cooling, a highly unusual phenomenon for such materials.

Upon reaching room temperature the materials contracted very slowly, indicating
relaxation of their structuresw@rds the equilibrium volume. This contraction was
approximately linear as a function of time (from 180 min to 770 min as shokwigune
6.13). The delayed volumehange was investigated further using XRD. A powdered
sample of Cg5(HfMQ)o.7sW3012 was heated to 500 °C for one hour and then cooled to
room temperature and immediately examined using XRD. AdditiofralyX
diffractograms were acquired after allowing thaterial to remain at room temperature

(Figure6.14). These showed increases in the positions of the peakfs in 2
corresponding to contraction of the unit cell. Tined can be seen in the refined cell

parameters ifrigure6.15andTable6.6. The contraction, expressed in terms of

154



Cr1.5(HfMQ)0.2sW3012

O P, N W H OO N
1

Thermal strain / 10" 3
O P N W b 01 O N
Thermal strain / 10" 3

0 100 200 300 400 500 600 0 200 400 600 800
T/AC Time / min

—~
QD
L

Cr(HfMQ@)o.sW3012
5 5

4'(&-\”\

3 4

Thermal strain / 10" 3
N
Thermal strain / 10" 3

0 100 200 300 400 500 600 0 200 400 600 800

(b) T/AC Time / min

Cro.s(HfMQ)0.7sW3012

T

10

[EnY
o

[e0)
1

(o]
1

Thermal strain / 10" 3
o N IS (o)) [e0)
Thermal strain / 10" 3

0 100 200 300 400 500 600 0 200 400 600 800
(c) TIKC Time / min

Figure6.13: Dilatometric heating (red lines) and cooling (blue lines) curve&aior
Cr1.5(HfMQ@)0.23W3012, (b) Cr(HfMQ@)o.sW3012, and(c) Cro.s(HfMg)o.2sW3012, afterthe
sampleshad been left at room temperature for five months prior to the experiment
Thermal strains shownas a function of temperatufeft column) andime (right
column)in order to visualize thabsence of the phase transition dethyed contraction
uponcooling
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Figure6.14: Portions of ovdaid X-ray diffractograms of Gi(HfMg)o.7sW3012 at
various times (indicated in the legend) following cooliogoom temperaturigom above
the phase transition temperature. Arrows indicate the movement of peaks over time.
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Figure6.15: Unit cell volume of Cg5(HfMQ)o.7sW3012 as determined from XRD as a

function of time following coolindo room temperaturigom above the phase transition
temperature. The dotted black line is a linigaio the data intended as a guide to the eye.
The dashed red line represents the unit cell volume after the sample was left for one year
at room temperature.
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Table6.6: Lattice constants of Gg(HfMQ)o.73W3012 and goodnesef-fit values as a

function of time following cooling from above the phase transition temperature.
Time from

cooling alA b/A c/A b/° &

0 h 19.192(1) 9.3866(6) 16.1492(7) 125.196(5) 1.097
1h 19.320(1) 9.3589(4) 16.1452(6) 125.291(6) 0.905
23 h 19.300(1) 9.3543(7) 16.114(1) 125.372(6) 1.025
47 h 10.3067(9) 9.3447(4) 16.1257(6) 125.261(4) 0.981
71h 10.2467(7) 9.3274(4) 16.0891(7) 125.143(3) 0.810
95 h 10.254(1) 9.3374(5) 16.1041(9) 125.199(5) 0.941
1 year 18.908(1) 9.3191(5) 16.031(1) 125.895(5) 0.815

volumetric strain, observed from XRD was an order of magnitude slower than that
observed from dinmindvsd ®e t%mn ) @nda larber vblome
difference was observed by XRD between the fully relaxed material and the material
immediately following heating (4 %s.2 %). The differences in contraction rates and
volume changes suggests a difference between the bulk and powdered samples, possibly
related to nucleation or the sintered crystallites placing mechanical constraints on each
other. In addition to changes in the positions of the Bragg peaks, changes in their
normalized intensities were also seen in the diffractograms. This could be related t
changes in atomic positions which cannot be elucidated from the Le Bail refinements.
Dilatometric curves of the end members of the seried\V/€d12, and HIMgW50:2,
are shown irFigure6.16, and the dilatometric thermal expansion behaviours of all the
members of the series are summarizeigure6.17 andTabe 6.7. These engnember
materials showed no change in length when they were held at room temperature
following cooling. CsW3012 shows no evidence of a phase transition in the temperature
range studied, contrary to a previous reptrHowever, its thermal expansivity oviire

full temperature range still falls in line with those of the three solid solution materials of
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Figure6.16: Dilatometric heating (red lines) and cooling (blue lines) curvéa)of
CraW3012 and(b) HIMgW 3012.
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Figure6.17: Thermal expansion i@r2 1 §HfMQg)xW3012 materials as measured by
dilatometryon cooling presented as a function of composition. Estimated uncertainties
are included.

Tale 6.7: Coefficients of thermal expansion over given temperature ranges as
determined from linear regression of dilatometric cooling curv&xof$HfMg)xWs012
materials.The literature result for HIMgWD:1 (from variabletemperature XRD) is
included in italics. Estimated uncertainties are included.

5 Temperature
Material U/ 106Kt range/°C
CroW3012 8.6+0.5 25 to 700

Cl’l,s(HfMg)o_25W3012 49+0.5 25 to 500
Cr(HM@)ogWsOr,  2.1%0.5 25 to 500
Cl’o,s(HfMg)o_75W3012 13.6£0.5 25 to 500
HfMgW 301> 10.1+0.5 150to 500
Referencé®1 11.2 200 to 600
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this seriesKigure6.17). HIMgW3012 has previously been reported to have a second
order monoclinieorthorhombic phase transition between 125 °C and 260 4G4 a

small feature is seen in the dilatometric curve in that temperature range. The CTE of
HfMgW 3012 as measured from the cooling curve is slightly higher than the literature
value {0.1 x D6 K"t vs.T1.2 x 10° K'Y *tindicating some microstructural effects on
the bulk CTE.

The overall thermal expansion behaviour of @rer ,¢HfMQ)xW3012 series of
materials shows some similarities to thattefIn. 1 ,§HfMg)xMo03012 Series, most notably
an anomaly in the thermal expansivityat 0.75. In combination with the change in
lattice constants betweear+ 0.5 andk = 0.75 in both series discussed above, the presence
of two anomalies in this compositional range suggests that substitution of trivalent
cations into &na2; material leads to a decrease in thermal expansivity up to the point
that the Hf* and Md¢"* cationsbecome disordered, leading t®acaphase with
disorderedA sites. This hypothesis could be tested by varitdnieperature XRD.

6.3.3.3. Mechanical Properties

Theelastic propertiesf Cr. 1 x$HfMQ)xW3012 materials, corrected for porosity
(see Appendix B for uncoected velocities of sounddre shown ifrigure6.18. With the
exception of GiW301», the materials followed trendin their stiffnessas a function of
compositionopposite to that aheir CTE ¢f. Figure6.17), with one increasing as the
other decreasandvice versaThis is similar to the behaviour of the
Inz 1 xgHfMQ)xM03012 materialg(Section6.3.1.3, which showed a decrease in stiffness
with increasingly negative, rather than positive, thermal exparidmnever in the

Cr2 1 x6HfMQ)xW3012 case thex = 0.75 material with anomalously lodermal expansion
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Figure6.18: (a) Longitudinal and transverse velocities of sound and @iy and shear
moduli of Crz 1 ,dHfMQ)xW3012. All measurements were performed at room temperature
on monoclinic phases; data points marked@ensymbols were measured on samples
immediately following cooling from above the phase transition temperature.

has increased, rather than decreased st#ffredative to the other members of the series.
The shear modulus of &301- fell in line with the trend, however its bulk modulus was
significantly higher than expected based on the trend of the solid solution materials. This
increase in the bulk modulesuld be related to the apparent lack of a monoelinic
orthorhombic phase transition upon heating in this material; it behaves more like a
conventional ceramic in its thermal expansion and mechanical progérties.

An additional set omeasurements of thelocity of sound was acquired on the solid
solution materials immediately following coolifigm 350 °Cin order to see if the
mechanical properteechanged during the delayed contraction of the matandthese
are shown irFigure6.18. These measurements shovegdly minor differences from
thosedeterminationperformed ormaterialshathadbeen stored at room temperature,
even though the CTEs immediately following cooling are considerably lower than those

of the relaxed monoclinic structure (degure6.13). This, to some extent, validates the
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comparison of the CTEs of the orthorhombic phases at elevated temperature to the

mechanical properties of the monoclinic phases at room temperature

6.4. Conclusions

Three series of solid solutis were studied in this chaptém: 1 ¢HfMg)xM03012,
Se Al 2W3012, and Cs 1,¢HfMg)xW3012) and all were shown to vary from positive to
negative thermal expansion as a function of composition. Anomalously negative thermal
expansion was found indrx¢HfMg)xMo3012 and Cg 1 x§HfMg)xW3012 for x = 0.75,
possibly related to a compositioniasdransition betweerPncaandPna2; phases. The
elastic constants of the materials studied also varied significantly with composition, a
finding thatimplies that selection of a material from #gM3sO12 or AMgM3O12 family
for a particular application must take into account its mechanical properties as well as its
thermal expansion properties. The variasiohthe sheamoduli weresimilar to thoseof
the bulk moduli.

The bulk thermal expansion and elastic constaiitsin a given series appeared
to be correlated, although the nature of these correlations varied from series to series.
Overall, the shear moduli tended to decrease with increasing magnitude of the CTE,
while the relationship between the bulk moduli #&mel CTE was more complicated. This
is perhaps to be expected given the influence of factors such as morothoihombic
phasdransitions differences between molybdates and tungstate®acalandPna2;
phases, and the absence of information regattim@xial properties of these anisotropic
materials. Some of these problems are avoided in the computational study of elastic

tensors presented in Chap8er
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Upon cooling C# 1 kHfMg)xW3012 solid solutions below their (presumed)
orthorhombiemoroclinic transition temperature® volume contraction or change in the
CTE was observed. Subsequently, a contraction was shown to occur very slowly at room
temperature. This phenomenon has not been previously reportedAa\a@y. or
AMgM3012 materialsfurther sudywould berequired to determine structural changes

during and after cooling, and to understand the origin of this phenomenon
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Chapter 7 The Heat Capacities of Thermomiotic Sck
and Sck-YF; Solid Solutiong™

7.1. Background

The oefficient of thermakxpansiorof scandium trifluoride (Scfj has been
reported to be negative over a wide temgure range (10 K to 1100 R¥ Sck has the
cubic Re@ structure which consists of cornesharing SckoctahedrgFigure7.1). NTE
in Scks arises from transverse vibrations of the F atoms, whichieshtite average 8c
Sc distancé®?°2 Recently, the thermal expansivities and compressibilities of a series of
Y -substituted solid solutions of Scave been reportgd® these matéals are cubic and
thermomiotic at room temperature but transitiacooperative static rotations of the
Scks octahedra into rhombohedral phases with positive thermal expansion upon cooling.

It has previously been suggested that materials with the &afture are
generally unstable with respect to distortion, largelytdudipoledipole interactiong®
Phase transitions potentially related to this instability have been reportecinrsielf
ca.0.1 GPa of pressure at 53%as well as in ScxY«Fs, and S¢ xTixFs2°* The
phenomenon of transition from a thermomiotic phase to a phase with positive thermal
expansion is also seen in many thernmmtnimaterials from thé&>MsO12 andABMsO12
families (see Sectioh.6), and represents a major challenge to the use of thermomiotic

materials in applicationshere a large temperature range of dimensional stability is

XX This chapter was adapted with permission from Romao, C. P.; Morelock, C. R.; Johnson, M. B.;

Zwanziger, J. W.; Wilkinson, A. P.; White, M. A. Mater. Sci201550,34093415. The authords
contributions included measurement of heat capacities, performing DFT calculations, and writing the

relevant portions of the manuscript.
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Figure7.1: The cubic [06od ) structure of Sck?%? with Scks octahedra shown in purple
and F atoms shown gseyspheres.

required A primary goal of this investigation w&o examine the phase transitions in Y
substituted Scfusing relaxatn calorimetry andlefinitively determinevhethera similar
transition in Sckoccursin the absence of applied pressure.

This chapter reportslaw-temperature calorimetric study of Sahd Y-
substituted SeHSa xYxFs, 0 .x®50025). The hlaanot capacity
previously beemeported below room temperatutke current results preseimtsight into
the phononic and thermodynamic propertédsSck. Specifically, the lowfrequency
modes which lead to negative thermgbamsion have been shown to lead to a peak in the
heat capacity expressed@sT 3which is absent from conventional, pogitithermal
expansion materials

DFT calculations were used to determihe heat capacity of Sgfor

comparison, as well as the elastic tensor. The heat capacity calculated using the whole

164



Brillouin zone (BZ) was compared with that calculated knowing only the phonon
frequencies at the | point. This compariso
of usinga simplifying assumption: thatreasonable estimate of the heat capacity of
thermomiotic materials can be obtainesing the Einstein equation to predioe theat
capacity of the optic modes based on their
predict the heatapacity of the acoustic modéhisassumptiorcould be useful, for

example, in situations where the heat capacity must be estimated to toerrasl

diffusivity into thermal conductivity and would require significantly less computational

expense for large systems. The effect of disperan heat capacity was previously

investigated in ¥Mo3012 and was found to pyea small but significant rol&*

7.2. Procedures

Dr. Cody Morelock at the Georgia Institute of Technology prepsaetples of
Sa xYxFs (x= 0.05, 0.0, 0.20, and 0.2%)y the solidstate reactionf Sck and YF,2%
andassessetheir lattice constants and sample purity by X&D.

The heat capacities of S&B®.95Y 0.0573, S®.90Y 0.10F3, S.80Y 0.20F3, and
Sm.75Y 0253 Wweremeasured by relaxation calorimetry following the procedure described
in Section2.3.3 Data tables and sample masses are presenggapandik D.

DFT calculations of the phononic structure, elastic constants, and heat capacity of
Sck were carried out in ABINIT (see Secti@rB).18619191 Norm-conserving
pseudopotentla generated by the OPIUM cad&were usedas received from the
Bennett and Rappe Pseudopotentiariip2®’ Perdew Burkei Ernzerhof(PBE) GGA
exchangecorrelation functionals were usé® These functionals were compared_DA

functionals and found to give a value of the bulk modulus of 8oBer to the
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experi ment al 2R hisgoinf o coBparis@Bsachoseiecause
experimental results suggest that the bulk modulus of iIS¢&rgely independent of
temperature between @@nd 500 K23 (unlike some other thermomiotic materials such as
ZrW;0g? and HfWx0g2%° for which the bulk modulus is strongly temperature dependent),
which would facilitde direct comparison with firgirinciples calculations. Additionally,
thetemperaturelependent phonon spectrum experimentally obtained by inelastic neutron
scattering shows little change in the energy of thedaergy phonons with
temperature®

The experimental lattice constant (the only structural parameter of ScF
unrestricted by symmetry) was relaxed until the maximum stress in the cell was below
10 7 hartree/boh; resuting in a 1.4 %increase of the lattice constamd a final internal
pressure of 1.06 x 1®GPa. Calculation of the electronic structure of Sg&s then
performed using a 50 hartree planaveenergy cuff and a 6 x 6 x 6 shifted
Monkhorst Pack grid® of k-points This grid size corresponds to a spacing of points of
0.042 A*. Subsequently, the responses to electric fields, atomic displacements and
strains were amputed using the responrienction functionality of ABINIT9196197 the
atomic displacements were computed ovéra6 x 6grid of g-points The dynamical
matrices resulting from these calculations were then used to calculate the stiffness tensor
and interpolated over an 80 x 80 x 80 gridjqdointsto compute the phonon dispersion
relation and the heat capacigeé Appendix Dor datg. The stiffness tensor was
calculated to determine the Debye temperature, to compare the bulk mégutis (
experiment, and to determine the heretofore unreportst shodulus@) , Youngos

modulus ), and Poisson ratiquj of Sck.
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For comparison, the heat capacity was also calculated using only the phonon
frequenci es adharacterigtitethpetaturedp) DTbebhgat capacity of the
optic bands was caltated treating each optic mqdeith frequencysi, as an independent

Einstein oscillatari.e., as?

6 B Q— —, (7.2)

whereN is the number of atormie a mole of formula unitandg; is the degeneracy of the
i mode. e heat capacity due to the acoustic bands waslatdd using the Debye

equationj.e., as?

5 w— . ' —0on (7.2)

The Debye temperatufevhich is defined as— — — — for an elastically

isotropic materiglwas obtained from the elastic constants using a geonvetigti
ReussHill (VRH) average®®®which generally produces the most accurate estimates of

the Debye temperature for polycrystalline aggtes>®

7.3. Results and Discussion

The calculated stiffness tensoyof Sck has the following unique elements: =
230 GPag12 = 17.3 GPagss = 18.0 GPa. The geometric VRH values for the isotropi
elastic constants ake= 88.4 GPa@ = 38.0 GPaY = 99.1 GPa angd = 0.303%° This
leads to a value of 505 K ftine Debye temperaturey. Interestingly, there is a large
difference between the Voigt (uniform strain) and Reuss (uniform stress) values for the
shear modlus, withGy = 53.4 GPa an@®r = 27.1 GPa. Becausa, = Grfor an

isotropic solid, the large difference can be interpreted as an indication of elastic
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anisotropy in this cubic material. This can be expressed numerically as the universal

anisotropy (so naaud because of its applicability to any space grodp)defined as®?
0 v— — Q, (7.3)

whereKy andKr are the Voigt and Reuss bulk moduli. For $&g = 4.9, which is

larger than, for example, almost all cubic elemental métaEhe origin of this

anisotropy can be understood by considerimgdifference between a force applied along
[100], where there are BEi Sc chains, and a force applied along [111], where there are
isolated S& ions. This result is consistent with the large role dispersion plays in the
thermal properties of Sefvideinfra).

The calculated phonon dispersion relation and the phbD@®of Sck are
presented ifrigure7.2 andFigure7.3. The DFT-calculated phonon dispersion and DOS
have been previously reported and compared tostielaeutron scattering resuffs;
similar calculationdave been carried out heykthe heat capacity and elastic properties
of Sck, not previously reported.

The molar heat capacity at constant pres0sedf Sck, as measured
experimentallywas converted to molar heat capacity at constant vol@yeuging
literature values for the compressibilidpd temperaturdependent CT#3as?

0 O | "Yw. (7.9)
The result is plotted along with the DIET, result inFigure7.4. The molar volumes for
theCv value from DFT and the experimen@! are normally slightly different: the
former is constant, and the latter allows fofetént volumes at different temperatures.
NeverthelessCy values can be directly compared in this case because the compressibility

andCTE of Sck arelargely invariant with volumé®The ful-BZ DFT calculations of
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Figure7.3: The calculated phonon density of states ofsScEni * bins were used.

the heat capacity provide an excellerdtch to the experiment in the temperature range
from 15 to 400 K, but diverge significantly below this temperatbirguie7.4).
Compariso of the calculated phonon@s (Figure7.3) with the experimental DOS

reported fom inelastic neutron scatterifghows that there are fewer states in the
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Figure7.4: The molar constantolume molar heat capacity of S&s a function of

temperature as determined fraxperiment, as calculated using the whole Brillouin

zone, and as calculated using the sum of the Einstein models of the phonon frequencies at
the | point and the Debye contribution fro
temperature range, and (b) at lewmiperature. The Einstein calculation of the heat

capacity of the optic modes and the Debye calculation of the heat capacity of the acoustic
modes are also showAdapted from Referenc@95with permission.

calculated DOS at the lowest energiBse differences between experiment and the full
BZ calculation inthe heat capacity below 15déuld possibly be due to quartic
anharmonicity of transverse motions of thatéms, which has been reported to
significantly influence the loviemperature thermal expansion of §¢ince the DFT
calculations are confined to the harmonic approximaRoeviously reported frozen
phonon calculations showed softening of the potential of the R4+ winele a quartic
model wa used® Since this anharmonic behaviour is expected to be general to the low
energy rigidunit modes near F the reduction in their energies would lead to an
increase in the lowemperature heat capacity above that predicted by the harmonic
approximation. In order to investigate this discrepancy further, additional fpimemon

or molecular dynamics calculationa supercells should be performed to better
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understand the effect of anharmonicity on the-temperature phononic properties of
Schs.

Additionally, the acoustic band between R anavisk calculatetb be nearly
dispersionleséseeFigure?7.2). The calculated energy of the acoustic band athRgher
than that reported in Refereng@ If the present calculations overestimate thergy of
the acoustic band atiRwould lead to an underestimation of the lemperature heat
capacity.

The lowtemperature heat capacity of Seof interest because the presence of
low-dispersion lowfrequency modes is highly correlated with negative thermal
expansion, for example in HM®s?! and Zn(CN),!!as these modes often correspond to
coordinated rotatiosof rigid units. Many thermomiotic materials have lewergy
vibrational modes that are not welescribed by the Debye model, which manifest as a
low-temperature peak i@p T' 3 (Figure7.5). Similar peaks have previously been reported
in other thermomiotic materials, although they are usually attributed more to the
contribution of lowenergy optic bands than to the Adabyelike kehaviour of the
acoustidhands®>126270274275\when expressed per mole of atoms rather than per mole of
formulaunits, the height of the peak @ T 3 of Sck is similar in magnitude to reports
for other thermomiotic materials (0.1%) K 4 mol ! for Sck; cf. Y2M03012, 0.4mJ K4
mol 1,274 ZrW,Q0sg, 0.3 mJ K* mol' ;126 HfM020s, 0.2 mJ K* mol' ;8 and SgWs0:12, 0.2
mJ K4 mol'1),2% indicating directly from experimenthkat capacity data that there are
low-energy vibrational states with negati@elineiserparameters available in ScF

T h eonly calculations dramatically underestimate the heat capacity at low

temperatures (especially< 100 K), indicating that dispersion plays an important role in
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Figure7.5: The experimental molar heat capacity of S, S@.05Y 0.053(2),
SwoYoiFs( ), S®sYoFs(o) and Se7sYo29s(l ), expressed aBp T' 3, as a function of
temperature, and for Sgks calculated using the whole Brillouin zone (solid black line),
and as calcul ated without dispersion using
and the Debye temperature (dotted black liAeapted from Referen@95with
permission.
the lowtemperature heat capacity of 3cFhe Debye contribution underestimates the
acoustic modes at low temperatures due to their unusually lengiea near the R and M
points (Figure7.2). Additionally, there are lovfrequency optic modes with negative
Griuineisen parameters that contribute to the heat capacity at low temp&@hersfore,
Sck behaves thermally at low temperatures as if the lattice is much less stiff than is
implied by the elastic constants, due tovtmational modes that are responsible for
NTE.

Experimentally determined heat capacities of foursS&Fs solid solutions are
shown inFigures7.5and7.6; complete data tables are availablé&ppendix D.The
molar heat capacities of-3ubstituted Scfare close to that of Sek their cubic (room

temperature) phases; however, upon cooling, they transition between 250 K and 100 K

(transitiontemperature varies with comgition) to rhombohedral phas&$ at which
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Figure7.6: The experimentally measured molar heat capacitiesoatBgos s, (3)
S®.oYo01Fs ( ) SwsYoFs(0 ), SawrsYo2ds(l ), and ScE(-) as a function of

temperature: (a) full temperature rangew; (b) phasdransition temperature region

(with estimated cubithombohedral phase transition temperatures indicated), (€) low
temperature regigrand (d) temperature derivatives in the phase transition region (lines
are included as a guide to the eyaapted from Referen@95with permission.

point their heat capacities begin to diverge from that og.Side lowtemperature heat

capacities of th&'-substituted materials are smaller than fors3ékgures7.5and

7.6(c)), a findingwhich correlates with the positive thermal expansif the

rhombohedral phases.
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Although the heat capacity of SgB larger than that of the-Substituted
materials at low temperature, significant peaks are visible in the heat capacities of the
latter expressed & T' 3 (Figure 7.9, which is atypical fopositive thermal expansion
materials' However, a similar result was previously reported in the heat capacity of the
framework material HfMgMegO12, which has low positive thermal expansion at room
temperature, undergoes a psegdoondorder transition into aaonoclinic phase upon
cooling but still shows a significant peak @ T' 3in this low-temperature phagé’

SeMo3012, a thermomiotic material at room temperaf@so undergoes a
transitionto a positive thermal expansion phase upon cooling and shows a fi&akK i
at lowtemperatur€’® Presumably, some of the lefrequency modes with negative
Grlneisen parameters can persist following-avergy displacive phase
transitions of framework materials even when the material as a whole exhibits a positive
CTE. Experimental identification of the changes in the phononic structure related to the
phase transition in the solid solutions and their influence on the thernzaistap would
require variablgpressure, variableemperature inelastic neutron scattering. Although
computational investigation of such a disordered system is possible in principle, for
example using a spetiquasirandom structure mo#hélto determine thehononic
structure of rnombohedr8&ic: xY xFs, in practical terms to incorporate thedéping and
the subsequent structural distortions would require the use of a unit cell much larger than
that of Sck, considerably increasing the resources required.

Cubicrhombohedral phase transitions can be obseivigdie 7.9 in the heat
capacity data for 9gYo.-Fsand Se.75Y 0.2d-3 at approximately 220 K and very weakly for

SwmoYoiFzat 150 K. These temperatures are somewhat higher than those réoonted

174



variabletemperature XR® however, they are close to the inflection point in the
reported voluméemperature curve. The small anomalies in bepacity are consistent
with seconebrder phase transitionas suggested by the XRD d&t3A phase transition
was not observed in the heat aajy of S@.95Y 0.093; possibly it was below the detection
limit. A low enthalpy change is consistent with the {mmperature heat capacity results:
the relatively high values of the let@mperature heat capacity suggest that tiumyed
Sck solid solutions have considerable vibrational entrioptheir rhombohedral

phaseg® stabilizing them with respect to the cubic phase, whit¢hercase of ScFalso
has considerable vibrational entropy.

There is no experimental evidence of a phase transition geaSeRy point in the
temperature range studied (0.38 K to 390 K). Thetiemwperature heat capacity of ScF
is significantly higherlian that of the ¥substituted materials down to the lowest
temperature measured for those samples (2.03 K to6¥543). This finding is
consistent with the absence of negafregjuency vibrational modes in the DFE 0 K
phonon structure, which wéilibe indicative of structural instability. The present
experimental and theoretical results, in combination with previously reported low
tempeature diffraction experiment§283292 gyggest that SeFin the absence of applied
pressure, is not susceptibletie distortional instability identified in other ReO

structureg®?

7.4. Conclusions

The experimental heat capacity of $&m 0.38 to 390 K shows no evidence of
a phase transition. The let@mperature heat capacity of Sshows significant deviation

from the Debye model, which was shown from the calculated phonon dispersion to be
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due to the lownenergy phonon modes that aesponsible for negative thermal expansion
in Sck. Theheat capacities of $65Y 0.083, S®.9Y 0.1F3, S®.8Y 0.20F3,and S¢.75Y 0.2973 were
reported the last three show evidence of a cuthicmbohedral phase transition as
previously reported. The lotenmperature heat capacities of thedopedrhombohedral

phases have a smaller ldemperature anomaly, in terms@j$ T' 3, than ScE.
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Chapter8 CalculatedElst i ¢ Tengmont s and
Phonon Energiesof A:-M03;0,, Materials and
ZngMO 3012

8.1. Background

Materials from theA-M3012 andAMgM3012 families are known to display highly
anisotropid¢hermal expansion properti€3his anisotropic thermal @ansion can cause
large thermal stresses and subsequently microcracking in polycrystalline materials with
randomly oriented grairi$® As will be demonstrated in Chap@rthe anisotropy of the
elastic constants affects the thermsiaéss distributiond he anisotropy of the elastic
properties of these materials is generally unkn@madmore difficult todetermne
experimentally thathe CTE anisotropyl herefore, the elastic tensors obMibz012,
SoMo3012, and ZrMgMaO12 have beeralculatechere Together with that of
Y 2Mo3012 (calculated by Dr. Josef Zwanzigéf}this provides elastic constants of
materials ranging from low positive to large negative thermal expansion.

As discussed in Chapt6y examination of elastic prof&s of these matershas
previously been limited to determination of bulk moduli by varigilessure XRDThis
experimentan yield information about directional compressibilitfes example in
SeWs0122° and SeMo30:12’ the compressibility along an axis was shown to be
positively corelated with the thermal expansion along that axis. Howéwetechnique
has limitations, for example the compressibilitiesithorhombicAl 2W3012 could not be
accurately determined due to a pressndeiced phase transitidhand no information
about shear elasticity abtained The use of ultrasonic measuremenoldain shear

moduli of bulk polycrystalline samples (Chap&rcontributes some additional
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information, but experimental determination of the full elastic tensor would resjngie
crystals for Brilloun spectroscopgr resonant ultrasoal spectroscopy

Therefore, computational methods are, for practical reasons, the best choice to
study the full elastic anisotropy 86Ms0O12 materials. In the preséwork, the materials
studied wee limited to molybdates because of the increased cotqmaaexpense that
would be required to include tdéorbitals oftungstenThere is an associated drawback
the DFT calculations we performed withouinclusion of thermal effects.€.,, atT =0
K). Since A>M03012 materials (except 2#Mo03012) transition into a monoclinic phase upon
cooling, the calculationsereperformed on a phase which is not stable at absolute zero.
Therefore the phononic structures will contain vibrational modes with negative energy
that cause the instability of the cothombic structur&!4+293However, since the
orthothombiecmonodinic phase transition involvastation of the coordination
polyhedral®t he unstable mode will ?%&andisnoat ed
caused by an instabilityafc ou st i ¢ rfoAdditienally, bexause inany
thermomiotic materials havgghly temperaturalepedent bulk moduli#?>3+2%° DFT
results will not necessarilpatchroomtemperature elastic constants

The energies of the optic phonons at
calculation of the full dispersion relationship would be too computationally expensive.
Low-energy optic phonon modesA-Mz012> materialscorrespondig to polyhedral
distortionscan have large negati@riineiserparameteré4’143and therefore their
energies playn important role ithe thermal expansidmehaviour Determination of
optic phonon frequencies alatbows further validation of thealculationsby comparison

to experimental Raman spectra.
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8.2. Procedures

El asti c t-pointplomoss wareahlculated using density functional
perturbation theorin ABINIT 188190191 fg|lowing the procedures described in Section
2.8, The structures of AM03012**° and SeMo3012*"" were taken from the literature,
while the structure of ZrMgMe®Ds is given inTable5.1. PBE GGA exchange
correlation functionals were used in all ca$€#n the cases of AMo3012 and
SeMo3012, normconservingoseudopotentialgeneratedising the OPIUM cod&® from
the Bennet and Rappe pseudopotential liPawyere used. For ZrMgM®;2, two-
projector optimized norrsonserving Vanderbilt pseudopotentiéfprovidedby Dr.
Josef Zwanzigewere usedThese pseudopotentials were tested by comparison o
calculatedb®d modul i to experimental ¥Zr0(ia6 for
% deviationf*?and Mo (1 3. &30%geldingredasandbie mesulfs®
Computational parameters determineliioiving convergence studies and structure
optimization are listed iffable8.1. Shifted MonkhorsPackk-point grids were usetf?

Table8.1: Parameters determined by convergence studies and volume changes and final
pressures following structural relaxation.

Material Plane waveut-off ~ k-point grid k-point grid  Volume change  Pressure
energy / Hartree  dimensions spacing / A® relative to | GPa
experiment %
AlzMoOz - 30 2x2x2 0094 6.4 1 x 10*
ZMgMoz0r2 35 2x3x3 0.063 7.5 9 x 104
SeMos0r. 35 2x3x3 0.107 7.3 2 x 10*

* Mo was chosen as the test material becausedWia®a layered structure and therefore is an unsuitable
point of comparisor®® and the bulk modulus of Maas not been reported in the literatur
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Experimental results regardiegpstic properties okl2M03012 (albeit in the
monoclinic phase) are presentadsection3.5, and those of ZrMgMgD12 in Section
5.3.3 Attempts were made to synthesizeNsasO:2 in order to measure its elastic
properties and Raman spectrum, however no synthesis temperature was found where
sufficient densification occurreditiout decomposition of the material, even when
sintering times as long as 96 h were ustavever, the bulk modulus &Mo30:12 has
previously been reported from varialgeessure XR¥32 + 2 GPaj’

Y2Mo03012 was synthesized in order to compare its bulk elastic constants to DFT
calculated value$’* Samples were prepareding the soliestate reaction method
described in Sectio®.1 with Y203 (Acros Organics, 99.99 %8nd MoQ (Sigma Aldrich,

O 9 9 .asreagents.iseringwas performedor 24 h at950 °Cusing a temperature
ramp up of 5 K miit and natural coolingJnder ambient conditions, ¥103012 readily
absorbs moisture from the air; this water is incorporated into the lattice, inhibits the
rocking motion of the tetrahedra, and destroysibenframework responsible for
thermomiotic behaviout*>3%° To avoid hydration of the samples, they were sintered in
Ar atmosphere and then immediately placed in a desicddterphase purity dhe

Y 2Mo03012 synthesizedvas confirmed am 99 % by XRD (Siemens B500 powder
diffractometer collected by Andy GeorgeseeAppendix A Figure A21for pattern).

The longitudinal and transverse velocities of sound o502 were determined
by ultrasonic measurement of three sintereblld:012 pellets(see Referencg74for
further descriptiongis described in Sectiéh5. The measurements were performed in dry
N2 atmosphereThe samples measured had an average density of 86 % of the theoretical

density.
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Raman spectra of X103012 and AbM03012 were measured following the
procedure described in Secti2r6. Y2Mo03012 was measured in a sealed glass tibe
Raman spectrum of ZrMgM®:2 is described in Chapté The Raman spectrum of
SeMo3012 was not acquired due to the problems involving decomposition described

above, however it has been reported in the literdtd?é!

8.3. Results and Discussion

8.3.1. Elastic Tensors

The bulk velocities of sound of2M03012, following correction for porositysee
Appendix B for uncorrected valuesyere determined to be= 3.4+ 0.1 m m&t andv =
2.0+ 0.1 m m&t. These values correspond to a bulk modulus af 21GPa and a shear
modulus of 12+ 1 GPa, both considaibly smaller than the calculated valuks{(47 GPa
andG = 19 GPa}’ This difference is possibly due to a large temperature dependence of
the elastic constants such as that reported for.@e\A?

Thecalculatecklastic stiffness tensorc) of orthorhombic AIMo3012 (Pbcn

setting)is given by:

79.1 [19.3 [193]0 |0 0
19.3 [128 |[51.3|0 |0 0
c= | 193 [51.3 [126 [0 |0 0 x GPa (8.1)
0 |0 0 |457]0 0
0 |0 0 |0 [298 |0
0 |0 0 |0 |o 29.4

and the corresponding directioréstic moduli are shown ifable8.2. The thermal

expansion tensot} from the literatur®®is shown for comparison:
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|7 0 0 o
U= [o 0.5 0 x106K™.,  (8.2)
0 0 [

Table8.2: Directional elastic moduli of AM03012.
Youngo6s Shearmodulus Compressibility Poisson ratio
modulus / GPa / GPa / GPd1?
Y11 74.8 G23 45.7 b11 1.05 x 102 H23 0.38 H32 0.15
Yzz 105 G13 29.8 bzz 4.43 x 103 H13 0.15 Ma1 0.15
Ya3 104 G2 294 B33 452 x 103 H12 0.11 21 0.15

Al2Mo03012 showed similar elastic anisotropic properties to that of its thermal

expansion, with only a small difference betweenlth@ndc-axes. The overall elastic

anisotropy of AIM03O12, expressed a4y (see Equation.3) is equal to 1.9. By
comparison. ¥Mos012 hasAu = 3.9274 Unlike in the case of M03012,2"*t h e

modulus and directional compres#iti®gs followed the expected trends and were

Youngos

inversely proportional to each other. The VRH vailfdsr the bulk elastic constants

were determing to beK = 35.3 GPa an® = 36.2 GPa. These stiffnesses are roughly

twice as large as those determined experimentally for monocliphtodD:2 (K =13.5 £

1.3 GPaG =18.2 £ 0.7 GPaseeSection3.5). A similar discrepancy was seen in the case

of Y2Mo3O12 (vide suprd, obscuring whether the difference is due to temperature

dependence of the elastic constants or the difference betwemorlginic and

orthorhombic phases.

Thecalculatecklastic stiffness tensaf orthorhombicZrMgMo3012 (P2:nb

setting)is given by:
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56.3 116.8 |14.2 |0 0 0
16.8 |85.2 |43.6 |0 0 0
c= [ 142 |43.6 [88.4 |0 0 0 x GPa (8.3)
0 0 0 339 |0 0
0 0 0 0 201 |0
0 0 0 0 0 18.0

and the corresponding directional elastic moduli are showialte 8.3 The

experimental thermal expansion tensor (see Sebtihg) is shown for comparison

x 106K'L.  (8.4)

C«
1

—Oo|o

7.6
0 125
0

Like Al2M03012, ZrMgMosz012 shows increased stiffness along its thermomiotic
axes both in terms of Youngdés modublands and
c-axes were similar even though their CTEs are quite different in magnitude. The overall
elastic anisotropy of ZrMgM®1» was very similar to that of AMo3O12; both haveAy =
1.9. The VRH bulk and shear moduli were 26.5 GPa and 23.8 GPa, respectively. These
values are relatively close to those obtained through experimental measuréhedts (

+ 3 GPaG =22+ 1GPa,see Sectiorb.3.3.

Table8.3: Directional elastic moduli of ZrMgM®;2.

Young6s Shearmodulus Compressibility Poisson ratio

modulus / GPa / GPa /| GPd?

Y11 52.5 Gy 339 P11 1.45x% 102 M23 0.46 a2 0.49
Ya2 61.9 G13 20.1 bzz 5.72x 103 H13 0.11 31 0.49
Y33 65.6 G12 18.0 b33 6.16x 103 H12 0.18 21 0.15

Thecalculatecelastic stiffness tensor of orthorhomi@eMo3z012 (Pbcnsetting)

is given by:
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531149 [16.7]/0 |0 0
149 [881 4930 |0 0

c= [16.7 [493 [922]0 |oO 0 x GPa.(8.5)
0 |0 0 3180 0
0 |0 0O |0 |158 |0
0 |0 0 |0 |0 185

and the corresponding directional elastic moduli are showialte8.4. The

experimental thermal expansion tert$dis shown for comparison

C«
1

11 0 o
0 187 |0 x 10°K™,  (8.6)
0 18.4

The elastic anisotropy of 8403012 (Au = 2.9) was larger than that of AMo030:2 and
ZrMgMo3012, which would perhaps be expected given its larger CTE anisotropy. The
VRH values for the bulk and shear moduli wkre 24.0 GPa an® = 22.3 GPaunlike

in the cases oAl2Mo03012 and Y2M03012 the calculated bulk modulus is significantly
smaller than the experimental valiie= 32 + 2 GPdrom variablepressure XRD?’

Table8.4: Directional elastic moduli of S03012.

Young6s Shearmodulus Compressibility Poisson ratio

modulus / GPa / GPa /| GPal

Y11 495 st 31.8 bll 1.57x 102 H23 0.51 H32 0.12
Ya2 60.9 Gis 15.8 boo 6.00x 103 H13 0.13 M31 0.16
Y3z 63.1 G 18.5 b33 4.80x% 103 H12 0.10 M21 0.12

In order to visualize correlations of axial elastic properties with axial thermal
expansi on, axi %) axial oompresgibditiesdn(p dnd directiohal shear
moduli (Gi) are shown as a function of the axial CTEY(**>°for the three materials
described above andbMo301214%274in Figure8.1(a)i (c). Theelastt behaviour of the

thermomiotich- andc-axes appear to be related to their axial CTEs whereas the elastic
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compressibilities, (c) shear moduli) shown as a function of axial thermal expansion along
thea- (0), b- (6), andc- (6) axes for orthorhombic AM03012, ZrMgMo03012, SEM03012,
and Y2Mo3z012 in thePbcnor P2:nb setting. (d) Volumetric thermal expansion shown as
a function of calculated VRHulk and shear moduli for orthorhombic,Moz0:2,
ZrMgMo3012, SeM03012, and Y-M03012. Axial CTEs and the elastic tensor of
Y2Mo03012 were taken from the literatudesee text for references.

behaviour of th@-axis does not show a strong correlation. thandc-axes are stiffer

than thea-axis except in the case 0bM03012, in which thea-a x i s

has

a

modulus but also higher compressibility. Stiffer thermomiotic axes could lead to a

hi gher

negative effect on the bulk CTE of a polycrystal, as the stiffer thermomiotic axes would

have a larger contribution to the bulk expangidnthe behaviours discussed for

composites in Chaptd). This effect is discussed further in Chager
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The materials studied show significantly different behaviour when subjected to
different stress conditions. Tlve andc-axes show a decrease in uniaxial stiffn&sgure
8.1 (a)) with increasingly negative thermal expansidawever when subjected to
isotropic pressure~{gure8.1 (b)), a smaller and less constant variation in the stiffisess
seen. These differences illustrate the importance of computational studies of the full
elastic tensor, as onfy is obtainedrom experimental variablpressure XRD
measurements on polycrystalline samples. The directional shear moduli show generally
increased stiffness f@23 by comparison t@;3 andGzz, which is consistent with the
increased stiffness of the andc-axes incomparison to tha-axis. This trend leads to
the shear modulus in a plar@) increasing with the thermal expansion of the axis
perpendicular to the planglij. The variations in the axial elastic constants with axial
CTEs are a possible explanationt@svhy correlations between the elastic moduli and
CTEs of the materials presented in Chapteould only be found within each series of
solid solutions; two mat&ls with similar bulk CTEslo not necessariljpave similar
axial CTEs.

The correlation between the calculated VRH bulk and shear mamatlithe bulk
CTEIis shown inFigure8.1 (d). A decrease in overall stiffness with increasingly negative
thermal expansionan be seen clearlyhetrend relating the elastimodulito the CTE is
very similar to that relating th& site ionic force to the CTRvhich was shown
previously Figure5.17), suggesting that polyhedral distortability is a common factor
between thermal expansion and elastic properties in this gfaupterialsThe axial
CTEs ofAoM3012 materials and ZrMgMgD1» are shown irFigure8.2, as a function of

the A site ionic forceFigure8.2 shows that the relationship between axial CTEs and the
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Figure8.2: CTEs along the- (6), b- (6), andc- (6) axes 0fA,M3012 materials and
ZrMgMo3z0s2 in their orthorhombic phaseBl§cnor P2:nb setting) are shown as a

function of theA site ionic force (an average is used for ZrMgil@). Information
regardingAoMsO12 materialswas taken from the literature; s€able5.2 for references.

A site ionic force is similar to that between axial CTEs and the elastic constants: the
thermomiotich- andc-axes follow a weldefined trend, while the thermal expansion
along thea-axis does not.

With theanisotropic elastic constants, axial Grineisen parameters could be

determined, defined a&
r = O AY @l . (8.7)

Here,Cy was calculated using the Einstein and Debye models following the procedure
described in Chaptérusingt he cal cul at ed-pantghenoni c t ensor s
frequencieg’* The axial Griineisen parameters were determined at a temperature of 300
K for ZrMgMo3012, SeM03012, and :Mo3012,14%2"4and at a temperature of 550 K for
Al2M03012. The results are shown figure8.3 andTable8.5.

Thermal expansion along thheandc-axes is largely detmined by the Grlineisen

parameter along that axis, showing that vibrational modes with negative Griineisen
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Figure8.3: Axial CTEs shown as a function of axial Griineisen parameters aloag the
(6), b- (6), andc- (6) axes for orthorhombic AM03012, ZrMgMo3012, S@M03012, and
Y2Mo03012in thePbcnor P2:nb setting. Axial CTEs and the elastic tensor @630
are taken from the literatudesee text for references

Table8.5: Axial Griineisen parameters of orthorhombigMdz012, ZrMgMozO:2,
SeMo03012, and Y2-Mo30:12in thePbcnor P2:nb setting.

Material 11 X2 D33
Al>:M03z012 0.24 0.07 0.02
ZrMgMos0:,  0.18 10.16 10.23
SeMo03012 0.17 10.58 10.58
Y 2M03012 10.35 11.11 11.20

parameters along those axes are directly responsible for NTE. Essentially, this high
degree of correlation is because tig; andcikU« terms in Equation 8.7 have opposite
signs and nearly cancel. These terms are due to the Poisson effect, where a (thermal)
strainalong one axis causes a corresponding strain along the axes perpendicfilasto it.
shown in Table8.2 to 8.4, some of thexial Poisson ratios in these materials are quite
large, close to the theoretical limit of Gd stable isotropic materiafé? However,NTE
along theb- andc-axes increases tl&TE along thea-axisdue tothe Poisson effecThe
PTEalong thea-axis in Y2aM03012 is causeckntirely by this effect, as1 is negative.

Similarly, the increase in thermal expansion alongatagis in SeMo3z012 relative to
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ZrMgMo3012 and AbM03012 is due to its larger NTE along theandc- axes, as all

three materials have similar valuesoof Therefore, the Poisson effect is responsible for
some of the thermal expansion anisotropy which causes microcracking in sintered bodies
of AoM3012 materals2%® This interaction coul@éxplain some of thetherwise

unexplained variation in the CTE along @z@xis seen ifrigure8.2.

8.3.2. li-point Phonon Energies

G-point optic phonon frequencies calculated in ABINIT are presented in tabular
form in AppendixC, and visually inFigure8.4 (along with the previouslyeported
phonon spectrum of X03012).27* Figure8.4 showsthe commonfeatures of the phonon
spectraof the four materials studied:band of lowenergy librationgltranslationaland
bending modes separated from stretching modes with higher engifygsymmetric
stretches at lower energies than symmetric streféA¥8 As discussed in Chaptsy
ZrMgMo3z012 has a larger spread of stretching mode enedgiego the splitting of tha
site into a Zr site -pomtpholog speatrumes, simibautdothad t h e r
of the A2M03012 materials Of particular interest is a mode at 26'¢im AlzMo3O12
which isanomalously low in energy lyomparison to the other translational and
librational modes inthismatetiazaza. Thi s mode could be the fiso
frequency at some point in the Brillouin zone which causes the orthorhomeioiaclinic
phase transition, as discussed above.
Theenergies of the lovenergy phonons can be compared more easHjgire
8.5, which shows the cumulative distribution function of the modes below 500 the
phonors belowca. 200 cm? are expected to have negative mode Griineisen parameters

and contribute to NTE, while those of higher energies are expected to have ffasitive
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Figure8.5. Ca | c-poiniaphoaanh frefjuencies (in the region below 500ammere
the modes most relevant to thermal expansion)exfigt2M03012 materialgincluding

Y 2M03012)?" and ZrMgMaO12 are shown as the cumulaivumber of modes with an
energy less than or equal to a given wavenumber.

nearzero Grineisen parametéfdzigure8.5 shows that ¥YMo3O12 has significantly
more modes with energies below 200 tand has generally lower phonon energies
this region, which isansistent with its observed NTE over a widmperature rang@:°

Conversely, AIMozO12 has cosiderably fewer modes below 200 '‘¢pwith a much
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broader distribution of its phonon frequencies in the region below 500 The mode
distributions for SgMo3012 and ZrMgMaOz2 are very similar, especiglin the region
below 200 crit. Since SeMo3012 has a negative CTE while ZrMgMO:, displays zero
thermal expansion, this implies that the mode Griineisen parametepdlobO¢, are
more negativelnterestingly, the inherent distortions of #h@e polyhedraof SeM03012
and (on average) ZrMgMO:1- arealso very similar (seEigure5.13), however their
distortabilites (expressed in terms of theite ionic force, seBigure5.17) are quite
different.

The c al-pantphonan drequencies of M03012, ZrMgMoz012,
SeMo3012 andY2Mo3012 are compared to experimental Raman spectra (measured at
room temperaturah Figure8.6 andFigure8.7. Al2M03012 shows significant diffeences
betweerthe calculated and experimental Raman spectra because the experimental
spectrum igludes additional peaks due to thever symmetryof the roomtemperature
monoclinic phasé®®However, the energies of the band below 500'@re welt
reproducedT h e ¢ a | -paint padnan dpedirum of ZrMgNO1> matches well with
the experimental Raman spectrum, especially the positions of the stretching peaks, which
were less welleproduced ithe CASTEP results (séggure5.8). A small
underestimation of the mode energies can be attributed to the choice of PBE GGA
functionalst®18>whose underbinding also contributes to the reduction of the calculated
elastic moduli below their experental values. This slight underestimation is also seen in
the cases of SM03012 and Y2Mo03012. As discussed above, a Raman spectrum of

SeMosOiowas not acqui r-peidt phorfo spectvum is compakeé to e
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Figure8.7: Experimental Raman spectrum (black line) from the literdtbicempared to
c al c uipant optet phibnon frequencies of $03012. Adapted from Referen&ll
with permission

Raman spectrum reported in Refere8té (Figure8.7), showing generally good
agreement with the calculated da@erall, the results of this comparison, in addition to
the comparison of experimental elastic moduli to calculated values ped@bove,

show that the calculated elastic and phononic properties of these materials, while not

guantitatively accurate, have a reasonable agreement with the experimental data.

8.4. Conclusiors

Materials in theAoMo03012 andAMgMo03012 families were shown to hav
significant elastic anisotropy, a finding consistent with their characteristically large CTE
anisotropy. The thermomiotic axes of these materials were shown to be stiffer than the
PTE axes, which could act to decrease their bulk CHB®ever, the stiffass along the
thermomiotic axes decreassith increasingly negative thermal expemms The stiffness
along the PTE axes did not show a strong correlation with their GHdgever,
Al2M03012, ZrMgMo3012, and SeMo3012 were shown to have similar axi@kiinesen

parameters along their PTE axes, with differences in thermal expansion being driven by
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el asti c f ac tpoimtsptic piibaoh tegueraiesesiowed differenadseen
the materials in the lovenergy region which correlate to their thermal egpan
behaviour, and were used to validate the results by comparison to experimental Raman

spectra.
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Chapter 9: Thermal Stress in Polycrystallind,M03:02
Materials

9.1. Finite Element Analysis of Randomly Oriented Polycrystad

9.1.1. Background

The thermal expansion properties”/oM3z012 materials are fyically highly
anisotropic an@s a resultonsiderable thermal stress can occur in polycrystalline
sintered bodies (see Chapigrin order to determine the theahstress due to CTE
anisotropyandto examine the effect of varying stiffness along various crystal axes on the
bulk CTE,thermal stress following cooling anpolycrystalline body with randomly
oriented crystallites was modelading FEM(see Sectio2.7). Two materials were
studied, AfMo3012 and Y2Mo3012. At the timethat the calculations involving AMoz012
were performed, the elastic tensor presented in Ch@ptmil not been calculated, so the
material was treated as elastically isotropicthe case of ¥M03012, the elastic tensor
reported in Referenc74was used. This provided the opportunity to determine the
effects of elastic anisotropy by comparison of the two analyses.

The simulated polycrystal was a cube subdivieo smaller cubic crystallites.
Due to computational limitations, the number of crystallites included in the polycrystal
was limited to64. Each crystallite has a randarad orientation, determined by three
random Euler angles (i, andy (angles by whihk thex, y, andz axes are rotated). The
Euler angles determine the rotation terlRpwhich rotates the thermal expansion tensor
Uinto a tensothwith a new basis as follows?

S (9.1)

whereR can be expressed in matrix form as the product:
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However, determination d® using random Euler anglegll not result in a truly random
final orientation othe basis vectors d&l. In order to achieve that goal, the ordrewhich
the three matrices aboweere multiplied togetheri €., the order in which rotations of each
of the three axes occur) was randomized, as was the starting orientdtigineqfil, etc.
were randomly selected to correspond to the thermal expansion alongyther z axis
prior to the rotation being applied). This leads to a total of 72 possible ways to randomly
reorientU. This complicated procedure was necessary to mitigate the problgim sl
lock, whereifii s equal to O or ~ a degree of freed
the final random orientation to be biased towards havingoidoas aligned with the axis.
The problem could have been avoided more elegantly bysthefuquaternions, however
this is unfortunately precluded by the limitations of the software packagd@eaSOL
Multiphysics v. 4)
The stiffness tensarcan also be reoriented using the random Euler angles in a way
similar to the procedure fds. Agan, a rotation tensofl,, was used to rotate:**°
T AT - 9.3
T, like ¢, is a fourthrank tensor. Its matrix representation is related to the entries of the

seconerank rotation tensdr as follows!®

Y Y Y
o Y Y Y (9.4a)
Y Y Y
Y'Y Y'Y Yy
1 YY Y'Y YY (9.4b)
YUY Y'Y Yy
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Y 'Y Y Y Y'Y
I Yy YvY YY (9.4c)
Y Y Y 'Y Y Y
Y Y Y 'Y Y 'Y Y 'Y Y Y Y 'Y
J Y'Y YY YY YY YY O YY (9.4d)
Y'Y Y'Y Y'Y Y'Y Y'Y Y'Y
| |
] ] 3]' . (9.4e)
1 1

The secondank rotation tensdr is defined a in the previous case.

Because the crystallites were randomly oriented, many models must be created and
their results averaged in order to give a final result that can be considered statistically
representative of a real polycrystal containing billioh€rgstallites. To determine how
many models were required, a convergence study was performed. Convergence was
achieved for all examined variablds (G, and()) after aboutt00 models were averaged.

The mesh used on the simulated polycrystal comsatewept cubic elements subdivided
into tetrahedral elements so that the mesh in the homogenous region could be made much
coarser. The mesh size chosen was checked by a mesh convergencarstxhmple

simulated polycrystal of 03012 is shown inFigure9.1.
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Figure9.1: An example FE modeled polycrystal 0fM03012, showing(a) coefficient of
thermal expansion along tixedirection of each graiim units of 10° K'* and (b)the first
principal invariant of stress units ofGPafollowing cooling by 700 K.

9.1.2. Al;M03012%

In the case of AM03012, the simulategbolycrystalline material was bound by a
homogenous isotropic medium, and a temperature drop of 700 K was imposed at the
boundaries of the model, to be indicative of thermal stresses on cooling after sintering.
The axial CTEs of AMo03012 used were the litature values for the orthorhombic (high

temperature) form>® Measurementand calculationsf the elastic properties of

Al2Mo3012 had not beengaformed at the time of thisstud,s 0 t he Youngdés mo

i This section was adaptedth permissiorfrom Prisco, L. P.; Romao, C. P.; White, M. A.; Marinkovic,
B. A.J. Mater. Sci201348,29862996 The aut hor 6s (intenetemanttanatysisodn s i ncl u
writing the relevant portions of the manuptr

i A study using a larger simulated polycrystal, more realistic microstructure, and the full calculated elastic
tensor is presented in Secti@r.
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was estimated to be 22 GPad®n other similar structuré® and its Poissoratio was
estimateé® to be 0.3c.f.the DFT-calculated VRH value¥ = 79.4 GPa ang = 0.12).

The finite element model used was validated cayparison of the calculated
average strain energy density over all 400 models (53 R tm the value predicted by
the analytical solution given by Kreher (77 kIPnil431° The differencecan be ascribed
to the boundary conditions used for the study, as the stress at the boundary between the
polycrystal and the homogenous medium is lower on average than if the polycrystal
continued indefinitely. Increasing the size of the modeled polycrystal would indfeas
strain energy density; however computational restrictions prohitigdgng a model of a
size suchhat the results could be considered quantitatively similar to the analytically
derived average values. Furthermore, average values of stress aesaotgd because
analytical solutions for themxist(vide infrg). The present finite element analysis is
focused mainly on the local maximum stresses in the material, and whether they would
be sufficienty prevalent and of sufficiemhagnitude to cause despread microcracking
which could lead to a noticeable effect on the bulk CTE. Inaccuracy introduced by the
boundary conditions used would be expected to have a small effect on the maximum
stress.

It should be noted that the low rigidity of materisisilar to AbMo03O12 reduces
the thermal stress of the material compared with many ceramics, but it also reduces its
material strength.

The distributions of the maxima and minima of the three principal stragsés, (
andUs) are shown in histogram forin Figure9.2 for the 400 models. It can be seen that

the maximumh (i.e., the largest unidirectional tensile stress in the model) and the
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Figure9.2: This histogram shows the maximum and minimum values of each principal
stress {1, Uz, andUs; where the principal axes are defined such that . > Us; in this
casefh andl; are tensile on average, aitds conpressive on average) in each of the
400 modeled AMo03012 polycrystals. Normal distributions of each principal stress are
included for comparisorAdapted from Referenc05with permission

minimum (s (i.e., the largest unidirectional compressive stress) were not well represented
by normal distribution functions, with some significant outliers present in tirgdison
of (u. The other principal stresses fit normal distributions more closely, with the
compressive stresses being on average somewhat greater and more tightly distributed
than the tensile stresses.
According to Krehef!431® on average the principal stresses will be aligned with
the crystallographic axes within a stgllite. The average principal stresses were
calculated foll owithg6.0MPEIh-e430MBa, andst hp8. Fo be

MPa. On cooling the two crystallographic axes with positive thermal exparas#oas(
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andb-axis in thePbcnsetting used hein, see Equation 8.2 abgvare in tension, and

the c-axis (which shows NTE), is in compression, on average. The larger magnitigde of
compared withl; gives rise to maximum compressive principal stresses from the finite
element analysis that are sligharger than the maximum tensile principal stresses
(Figure9.2). The wider distribution of maximum principal tensile stressesd bea
consequence of two of the average principal stresses being tensile.

Taken together, these results show that whentiaximum thermal expansion
mismatch (between the andc-axes in AM03012) is the main driver of thermal stress
in Al2Mo03012 and related materials, the mismatch between the other pairs of axes also
plays a noticeable role in shaping the thermal strssshaition. For example, when €r
is substituted for AIin Al,Mo3012 the difference between all three crystallographic
CTEs is reduced, whereas wheri*Hs substituted for A the difference betweed, and
U decreases but the difference betwelgand U increases®® Consequentlythe addition
of Cr** could reduce microcracking in AllosO12to a greater extent than addition of
Fe*.

The maximum total tensile stress, which equals the maximuninfuastiart of
stressis shown irFigure9.3. Assuming that AMo03012 behaves like a typical brittle
material and is much stronger under compression than tension, tensile stress is likely to
cause failure. The physical interpretatior=ajure 9.3 is that the maximum tensile stress
in a given 64crystallite segment af polycrystal is likely to bé& 220 MPa. This level of
stress is expected to be larger than the tensile strengthMdA&D1- (the tensile strength

of sintered bodies of 1803, a much stiffer material, falls between 200 &00 MP3,316
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Figure9.3: The maximum local tensile stress in each of 400 simulatgdaAD:2
polycrystals. A normal distributiowith a mean of 222 MPa and a standard deviation of
20 MPais included for comparisodapted from Referenc05with permission

and therefore the presence ofmganicrocracks irmicroparticulate samplesan be
understood®

It is important to note that the bulk strength of a material cannot be directly
compared to the microstructural stresses because the growth of microcracks, asiddescribe
by Gr i ff ftotcérswhenhhe straity gnergy (which depends on the crystallite
volume) released from crack formation, due to the relaxation of stress, is greater than the
surface energy required to propagate the crack. Therefore, decreasing the grain size of the
materid can increase its resistance to thermal stress, although the thermal stress itself is
unchanged. With this in mind, the maximum strain energy density for each model is
plotted inFigure9.4. The strain energy density poorly represented by a normal
distribution as there are several extreme outliers, as for the maximum tensile stress
(Figure9.3). The outliers can be understood as points of random but severe mismatch

between several adjacent grains.
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Figure9.4: The maximum strain energy density in each of 400 simulatgd3D:>
polycrystals. A normal distributioof mean 421 kJ hiand standard deviation of 56 kJ
m' 3 is included for comparisordapted from Referenc05with permission

The maximum total compressive stress in each model is shaviguire9.5,
which iswell represented by a normal distribution. Compressive stressMpéD:>
would be unlikely to cause failure, as the tensile stresses are larger and a brittle ceramic
withstands much higher compressive stresses, however manyrapmwork
compounds witlstructures similar to AMozO12have been found to undergo pressure
induced phase transitions and/or amorphizaét relatively low pressurédFor
example, AIW3012 and SeMo03012 undergo presswi@duced phase transitions at
compressive stresses of @G®aand 0.75 GPa, respectively, and80:012.becomes
amorphous a compressive stress of 24 GPalo high-pressure study of AMo3012 has
been reported, buine couldspeculate that the local maximum compressive stress, being
on the order of 200 MPa, could potentially be enough to initiate a phase change in some
regions of the material if a highressure crystalline phase exists, although thermal stress

probably wouldhotlead topressurénduced amorphization.
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Figure9.5: The maximum compressive local stress in each of 400 simulaibthb#D1>

polycrystals. A normal distribution with mean of 205 MPa and a standdediation of
16 MPais included for comparisodapted from Referenc5with permission
9.1.3. Y2M030 i

The DFT stiffness tens8 and experimental thermal expansion tertdor

Y 5M03012:142

713 x 108Kt (9.5)

Ce
1

o|o
E=li=]

were used to p&rm a finiteelement analysisf thethermal stresses arising upon
cooling a polycrystalline sample obMo3012. Roller boundary conditions were applied

along three orthogonal sides of the polycrystal, while the other three sides of the cube

il This sectbn was adaptedith permissiorfrom Romao, C. P.; Miller, K. J.; Johnson, M. B.; Zwanziger,

J. W.; Marinkovic, B. A.; White, M. APhys. Rev. B014 90, 024305T he aut hor 6s contri but
measurement of velocities of sound, analysis of the elastic tensor in terms of axial elasticfimibeluli,

element analysis and writing the relevant portions of the manuscript.

xV The elastic tensor used in the finite element analysis presented heralouasted using

pseudopotentials generated with the OPIUM code and is presented in the Supplemental Material of
Referenc&74
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were left unconstrained. A 700 K temperature drag wnposed at these boundaries of
the model to mimic thermal stress in the matehmathe model of AAIM0301> presented
above it was determined thaetunconstrained sides reduce the average stress in the
polycrystal(hence the use of a homogenous medsunnounding the polycrystal)
however this approach was required to determine the effect of elastic anisotropy on the
thermal expansian

In the 400 randomly oriented samples studied, three related quantities, the first
principal invariant of streggigure9.6(a)), the strain energy densiglfigure9.6(b)), and
the volumetric sain (shown in a different form ifigure9.7) were found to be normally
distributed, as would be the case if elastic anisotvegrg not included in the model (see

Section9.1.2above).

80 50
70 (@) 45 - (b)
60 - 40
> 50 - > ]
5 a0 | s
§30- Ezo—
20 A 15 -
10 | 10 -
5 |
0" o =11

210220230 240 250 260 270 280 290 650 700 750 800 850 900

Root-mean-square first principal ) . -
Average strain energy density / kJ m' 3

invariant of stress / MPa

Figure9.6: (a) Rootmeansquare first principal invariant of stressd (b) average strain
energy densityor each of the 408imulatedY 2Mo03012 polycrystals Normal
distributions are included for comparison

The normal distribution of the stress leads to a normal distribution of the strain

and therefore a normal distribution of the effecti/eE (Figure9.7). The effective CTE
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Figure9.7: Distribution d the average effective linear CTE for each of4B8simulated
Y 2Mo03012 polycrystals A normal distribution is included for comparison. The intrinsic
coefficient of thermal expansion is the experimental value from XRD over the
temperature range 100960 K*>142 Adapted from Referenc74with permission

is what would be measured experimentally for a bulk sample, if that sample were free of
other influences on the CTE such as microcracking.

A small increase in CTE relative to the experimental intrinsic €T &due to
coupling of elastic anisotropy with thermal expansion anisotcapybe seen iRigure
9.7. Since the experimental CTE tensor was used as an input parameter to the model, if
there were no elastic anisotropy then the effective CTE would equal the experimental
CTE. It can be inferrethat the increase in CTE is due to the axes with more positive
thermal expansion having higher Young's moduli. It is interesting that this effect
outweighs that due to the decrease of the axial compressibilities with increasing axial
CTE, showing that therystallites are on average in a state closer to uniaxial stress than

isotropic stress.
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This finding has consequences regarding the experimental measurement of the
elastic properties: because the relation between the axial compressibilities (whieh can b
measured by variablgressure Xray diffraction) did not in this case predict the relation
bet ween the axial Youngds moduli, and beca
case a better predictor of the effective CTE, it is necessary to know tk#ffnédss
tensorto predict the thermoelastic properties of the bulk material

The expectation values of the various stress measures can be calculated following
the method of Krehe®*31°put it is more instructive to look at the maxima of various
stress measures, as these condittamdead to microcreking and fracture. The
maximum and minimum principal stresses are showfigare9.8. The principal stress
extrema distributions were fitted using Minitdbto threeparameter Weibull

distributions with the probabilitgistribution function

n . - w o om Q (9.6

for 0> Uo, wherellis the location parameteis the scale parameter, agi the shape
parameterWeibull distributionsare commonly used to describe properties such as
maximum stress, strength, and time to failure in cases where some stochastic effect
causes them to vafy>3?9321When extrema of the principal stresses are fit, it is
appropriate to sel equal to the smadbt value of{] .f°

The principal stress extrema distributiong-@fure9.8 can be compared to those
calculated for AIM03012in Section9.1.2aboveusing the same method bwith
isotropic elastic constants. The largest change is in the distributions of the stress extrema
from approximately normal to Weibull distributionswiglh 2. A Wei bul | di st

with 6= 1 is a normal distribution, while one wiglx 2 is a Rayleig distribution. This
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Figure9.8: Maxima and minima of the three principal stresses in each dithe
simulatedY 2Mo3O12 polycrystals The principal stresses are defined so tihat . > Us.

Fittedthreeparameter Weibull distributions are shown as dotted |#idapted from
Referenc&74with permission

change in distribution shows that the level of elaatisotropy in the material will affect
the failure behavior of the materi&P

As in Al2Mo3012, the distribution of the tensile stressebnsader than that of the
compressive stressds.Al2M03012, the difference was attributed to two of the
crystallographic axes being in tension and one in compression, on average, upon cooling;
however, in the case of;Mo3012 the opposite is tru&42 The broadness of the
maximum tensilg@rincipal stress distribution in2¥103012 must be due to another factor,

probably the elastic anisotropy. Possibly the high shear modulus in the plane between the

two NTE axes reduces the stress anisotropy in that plane.
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The maximum tensile and compressthermal stresses are defined as the
maximum and minimum, respectively, of the first principal invariant of stress in each
model. Both average about 3 GPa, with the maximum tensile stress being more broadly
distributed and reaching an ultimate value &fGPa Figure9.9).* These values are
very large due to the large amount of CTE anisotropy preseniMo0:.. Huge tensile
stresses of approximately 3 GPa wouldeheugh to cause significant microcracking in
the material, while compressive stresses above 2.4 GPa might be sufficient to cause
pressurenduced amorphizatiof!. The problem of microcracking caused by huge tensile
stresses could be mitigated and the strength of the material increased by appropriate

control of the particle size and the microstructure of polycrystalline b&ties.
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Figure9.9: The maximum (a) tensile and (b) compressive thermal stresses in each of the
400simulatedY 2M03012 polycrystals Fitted thregparameter Weibull distributions are
shown. Each set of data was fitted to a tipammeter Weibull distribution; in this case
towas determined as part of the fit.

v The Minitab software used for tlfigting uses a maximum likeliness estimation method, which is not
ideal when all three parameters of the Weibull distribution must be deterftiémwever, because the
fitted Weibull parameters are not used quantitatively, this introduces an acceptable uncertainty.
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The thermal stress analysis presented héxasnts origins in CTE anisotropy in
polycrystalline ¥Mo03z012; it is proportional to the change in temperature of the material,
but not the rate of change. If the temperature changes suddenly, additional stiess will
present due to thermal shodke trermal shock a material can withstand decreases with
its stiffness and CTE, and increases with its fractuemgth and thermal conductivity
(see Section.1.2. These properties are all connected to the thermomiotic nature of
Y2Mo3012.! Thehigh degree of CTE anisotropy can be expected to lead to microngack
in a polycrystalline body, which in turn would reduce its fracture strengio3O:2 is
relatively compliant for an oxide ceramic, which reduces the amount of thermal stress it
experiences but also reduces its strength. Many of these factors aceveitiaueher
thermomiotic materials and underscore the challenges involved in their applications.

The effects of elastic anisotropy and its potential connections to CTE anisotropy
in thermomiotic materials have not previously been examined closely. taskeof
Y 2Mo03012 the directional shear moduli and compressibilities are stramgotrojic;
however their effects to some degree cancel, resulting in a different trend in the
directional Youngd6s modul i t haressinthe compr e
plane between the two axes with large negative CTEs is somewhat surprising given the
usual connection between vibrational anharmonicity, thermal expansion, and compliance.
This trait can be seen as desirable in applications where a large e€gjaivis needed
as it could decrease the material 6s effect
anisotropy seen in 2103012 are shared with other anisotropic thermomiotic materials

remains to be seen.
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9.2. Thermal Stress Analysisvia Fast Fourier Transforms

The elastic and CTE tensatAl,Mo3012 (see SectioB.3.1) and Ya2Moz012™
were used br. Sean Donegant(the time, &h.D.student aCarnegieMellon
University under the supervision of Dr. Anthony Rolléttcreate models ohérmal
stress in polycrystaf®llowing cooling by 700 KThe datasets generated by these
models, including the stress and strain at each point, were then analysed by the author.
The method used to create the models adast Fourier transform approach to
iteratively solve the constituent equatiaighermoelasticity??? This resulted in
considerable computational time savings by comparison to FEM, allowing much larger
models to be studied@he polycrystalline models consisted of 1190 randeonignted
grains with a synthetic microstructure embedded in a compliant buffer layer. The buffer
layer was used to avoid constraining the material on its sides so that the effect of elastic
anisotropy a the volume thermal expansion could be determined.

The models showed significant thermal stress in beMo¥012 and AbMo3O12
following cooling. Thermal stress extrema in both materials reached hundreds of MPa,
levels expected to be sufficient to cause significant microcracking. An example cross
section of the thermal stress distribution i#M630:2 can be seen iRigure9.10. Stresses
from the finite element results were considerably higher, mdkima greater than 2
GPa. This differencean be attributed to the differences in the modeledastructures.

The finite element model was limited by computational constraints to cubic crystallites,
which led to larger stresses since as many as eight misaligned grains could meet at a
vertex. This effect is evidently greater than the stress dearaased by the small size

and unrestrained boundary conditions used in the finite element modgMog®12. The
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Figure9.10: Thermal stress (GPa) in tRalirection ina modelled ¥Mo3012 polycrystal
following coolingby 700 K The stress results can be compared to those obtained from
finite element modellingn Section9.1

current model uses a more realisticcrostructure which entails fewer grains meeting at
each grain edge and boundary, and subsequently less thermal expansion mismatch on
average per grain.

A primary way which the finite element analysgssented in Sectioh1were
validated was by comparison to the predicted average strain energy density obtained by
the method of Kreher (excluding the effect of elastic anisotrdp§3° In the
cases of AM03012 and Y2M03012 the average strain energy density was less than the
predicted value, which was attributed to the small size of the models (64 crystallites).
However, the average strain energy densities of the present models are similarly lower
than the predicted value859 kJ m?® vs 837 kJ md for Y2Mo3O12 and 222 kJ it vs
311 kJ M3 for Alz2MosO12). In this case, the number of grains in the microstructure
should be large enough that the surface effects on the average strain energy density are

minimal. The differenceannowb e at tr i buted t o Kmwedtlmar 6 s as s
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the average stress in the material is zero and the average strain is equal to the thermal
strain3'431> However, the second condition is not true when the coupling of elastic
anisotropy and thermal expansion isotropy is considered; the therpaaisean of the
stiffer axes wold be slightly more expressed than that of the more compliant axes. This
effect isseen in the models, a3Mo030:2 and AEM03012 show net nofzero strains
which can be expressed as deviati’€ds from
and 1 2'7K5! rdspedtitely.

The spatiallyresolved thermal stress data were analysdoviolg two separate
local coordinate transformations performed using MATLEBone to the principal
stressesty, Uz, andlis) and one to the unit cell axdsd, Cob, Cce, Ubc, Uac, andUab).
Statistical analysis of the resulting distributions using uraardistribution functions
was subsequently attempted usinég#RSeveral functions (normal, Cauchy, and logistic
distributions) were trialed. The normal and logistic distributions showed reasonable fits to
the data near the mean, Ipaiorly predicted the exemal stresses. This method of fitting
the data directly, while rigorous, was limited by two factors: the large size of the data set
( & 1 3dafa poin®), and that the distribution function used must be able to handle
negative and positive inputs (vehi excludes, for example, the Rayleigh, gamma; two
parameter Weibull, anvo-parametetfognormal distributions). To avoid these
limitations a different method was adopted.

Using MATLAB, the thermal stress data points were sorted intodriatas, with
500kPa bin sizesThis allowed more functions and combinations of functions to be
trialed because of the large reduction in the size of the data set to be analysed, at the

expense of some added granularity. The use of histograms shifts the problem from a
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univariate fitting ofstatistical distributions to a twdimensional problem of finding
functions that fit the histograms, thusly estimating the underlying distributions.-Curve
fitting was carried out using the program FifiyR32¢

The stress distributions affits in the unit cell axis basis are showrFigures
9.11and9.12. The distributions in AMo03012 and Y2M03012 were qualitatively very
similar, with the stresses iroMo03012 being somewhat larger in magnitude. The
increased thermal expansion anisotropy #V¥sO12relative to AbMo3O12, which leads
to increased thermal stress, is somewhat compensated for by its reduced stiffness.
Compressive and tensile thermal stresses reach levels up to 0.5 GPa in both materials,
which would be expected to cause microcracking in real polycrystatssasn
experimentally in AIM03O12.

No single function was found to fit the stress distributions in the eigenbasis or the
unit cell axis basis. Instead, multiple curves were required. In both materials, the uniaxial
stress distributions showed significant skewness while shoulders were uisibé shear
stress distributions (particularfyc andlias). The fourparameter lognormal distributiff
was determined to provide higjuality fits to the stress distributions in the eigenbasis
(shown in Appendix Eand the unit cell basigigures9.11 and9.12) using only two
curves, while the normal distribution required three to avoid underestimation of the
extremal stresses. The use of two curves is more justifiable than three since thermal stres
is caused by interactions afi@axis with the thermal expansion of the other two.

The uniaxial stresses were particularly well suited to the lognormal distribution in both
materials. These stresses were almost completely fit by one lognormal function, with only

a small second curve required 2Mbs01», for whichthermoelastic propertseare close to
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Figure9.11: Thermal stress distributions in the unit cell axis basssnmodeled
Y 2Mo03012 polycrystal following cooling by 700 KBlack points are datgyreencurves
are fits to the data, and red curves are lognormal functions.
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Figure9.12: Thermal stress distributions in the unit cell axis basssnmodeled
Al>Mo03012polycrystal following cooling by 700 KBlack points are datgreencurves
are fits to the data, and red curves are lognormal functions.

216



transverse isotropy in the plane, requirean especiallgmall contribution from the
second function, suggesting a possible relation between the regularity of the stress
distributions and the degree of anisotropy of the material. The shear stresges e
lognormal functions of significamhagnitudeto fit the data. The difference can perhaps
be explained by the greater anisotropy of the shear elastic constants relative to the
uniaxial elastic constants.

The utility of the lognormal distributiomifitting the datdikely is connected to
some underlying physical phenomenon. The lognormal distribution is known to arise as a
result of multiplication of a series of random variables, whereas the normal distribution
arises from summation of a seriegafidom variable®?® Therefore, the lognormal fit to
the stress distribution could imply some multiplicative character to their origin. In
anisotropic polycrystalline materials thermal expansion mismatches cause strains in the
material, and consequently réaa forces and stressds elastically isotropic materials
the interactions of reactiowites throughout the material asetropic. Thisisotropy
results in the stresses at any point being related to the strains caused by thermal
expansion anisotropytoughout the remainder of material additively, and the normal
thermal stress distribution is a logical result. However, in a material where the elastic
constants are anisotropic, the transfer of sagshrough the material is notsmple.
The elasti@nisotropy leads to the grains reacting differently to the applied strains based
on their orientations, with increased stress in stiffer directionviaedsersaTherefore,
elastic anisotropintroduces a multiplicative factor into the thermal stressidigions,
since the relationship between the stress at a point and the strain at another point is

modified by the variations in the stiffness tensor. While this additive and multiplicative
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combination of random variables would not be expected to resallignormal
distribution, similar distributions have been studied previously and appear similar to the

stress distributionseensee heré?®

9.3. Conclusions

The thermal stress distributions calculated in this chapter show that thermal
expansion anisotropy cairause large thermal stresse#\iivzO12 materials, enough to
cause significant microcracking upon heating and cooling. The distributions of the
thermal stresses are affected by the properties of the CTE and elastic tensors
Interestingly, the results shown in Sectb@indicatethat the stress distributions in the
two extremal members of theMos01. family are quite similar. Indith cases, maximum
tensile and compressive thermal stresses on the order of 0.5 GPa can be ekipected.
elastic tensors of AMo3O12 and Y2Mo3012 were found to couple with the thermal
expansion tensors to produce small deviations in the bulk THd&themal stress
distributions could be fit with lognormal distributions in both cases, indicating the
presence of some multiplicative effect due to elastic anisotropy. However, due to the
large number of variables in play, the current data set is insufficieéemtify
guantitativelyhow the thermoelastic properties oftiWoz012 and AbMo03O:» affect the
stress distributions. Therefoiig,the future calculations will be performed on803012

and ZrMgMaOx1, since their elastic tensors have been calculateddkaptes).

218



Chapter 10 Conclusion

Interactions between thermal expansion and mechanical properties have been
investigated in this thesis in order to obtain a more complete picture of the thermoelastic
behaviour of thermomiotic materialSomputationahnd experimental investigations
were performedh order to probe thermoelastic properties of composites containing
thermomiotic components and bulk polycrystalline thermomiotic materials.

Large thermal stresses in composite materials containing thermomioti
components had been previously predicted in the literature; initial investigations explored
potential methods to alleviate this probldPnessureénduced phase transitions and
inclusion of a phase of intermediate thermal expansion were identified asigdbte
effective means of thermal stress reduction. Additionally, thermal stress was found to be
considerably lower in compositésatincluded a compliant materiaich as polymer,
even when the CTE mismatch was much larger. These ideas were imptemehee
synthesis of a series of ceramic composite materials combining the thermomiotic
materials ZrWOg and AbW3012 with ATZ, a material with phasgansition enhanced
toughness, and the synthesis of lamellar ZK¥Wia freezecasting and its impregtian
with PMMA. Characterization of the prepared composites revealed large differences
between the CTEs predicted by the rule of mixtures and the measured CTEs, which were
related to the large differences in stiffnesses between the components. Thisfiinding
established the relevance of the elastic properties of thermomiotic materials to their
ability to counteract positive thermal expansion.

Due to their chemical flexibility, th@2M3012 andAMgM3O12 families offered an

opportunity to study the elastproperties of a range of structurally related thermomiotic

219



materials in conjunction with their thermal expansion. However, no structure of an
orthorhombicAMgM3012 material had been reporteahd thughe mechanism of thermal
expansion reduction in thfamily was unknown. Therefore, the structure of
ZrMgMo3s012, a material that was determined to have zero thermal expansion, was solved
using NMR crystallography. The structure was revealed to be similar to that of the
AoM3012 family, but with larger polyhedral distortions than expected based on its CTE.
Thethermal expansioof ZrMgMoz012 wasexplained andelated to that of thA>M3z01>
family through the strength of the ionic interaction between theafid Mg* cations
andtheir coordinate &'arions, indicating a common mechanism of CTE reduction
between the two families and furthering the connection betiinesigidity of
coordination polyhedra and thermal expansion in these materials.

Three series of solid solution®£ >«(HfMg)xM03012, S& 1 xAlxW3012, and
Cr2 1 x¢HfMg)xW3012) were synthesized and their bulk elastic moduli and CTEs
measured. Within each series, correlations between thermal expansion and sigfeess
shown in general stiffness decreased with an inargasiagnitude of the CTE. This
resultimplies that the materials studied with more negative thermal expansion would be
less useful than expected at counteracting PTE, espdoiaiynbination withstiff PTE
materials. Additionally, this investigation revealed an interesting property of
Cr2 1 x6HfM@)xW3012 solid solution materials: upon cooling through the orthorhombic
monoclinic phase transition temperature, the expected decrease in volume and change in
CTE was not observed. Instead, a very gradual contractioarredwhile the material
remained at room temperature. The measurements of velocities of sound used to

determine the elastic moduli were affected by microcracks in the polycrystalline samples
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due to hermal stress from their anisotropic thermal expansion. This presented another
avenue of researatoncerninghermoelasticity: how anisotropic thermal expansion and
elasticity couple to influence thermal stress in polycrystalline bodies.
Computationalmetnds wer e used to i nvest-pogtat e
phonon energies in AV103012, SeM03012, and ZrMgMaO12, and elasticity and the full
phonon dispersion relationship in Sck the case of SgFthe computational results
were paired with exgrimental measurement of lel@mperature heat capacity. All the
materials studied were determined to have significant elastic amgolroe elastic
tensors wereelated to the axial thermal expansion in the anisotropic materials by the
axial Grineisen pameters, showing how the large CTE anisotropy is driven in part by
coupling of the axial CTEs through the Poisson effect. Interestingly, the thermomiotic
axes were generally found to be stiffer than the axes with positive thermal expansion.
The calculatee@lastic tensors of AMo03012 and Y2M03012 were used to produce
models of thermal stress in polycrystals. These models showed significant thermal
stresses due to thermal expansion anisotropy, at levels sufficient to cause microcracking
when the material isooled to room temperature following sintering. Elastic anisotropy
was found to couple with CTE anisotropy, influencing the stress distributions in a way
that increased the extremal stresses.
The overall goals of the research presented herein wesafoine the
thermoelastic relationships between thermal expansion, elasticity, and thermal stress in
thermomiotic materials, and to find ways to ameliorate the mechanical shortcomings of
thermomioticmaterials and protect them from thermal strEsperimantal and

computational resultshowed significant correlations between thermal expansion and
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elastic stiffness in th&:Mz012 andAMgM3z012 material families; materials with more
negative thermal expansiovere found t@enerallybe more compliarthoth in terms of
their bulk and axial propertie$his findingcan berelated to the proposed mechanism for
NTE in these materials involving polyhedral distortion, as well as the general
thermodynamic relationship between the CTE, the elastic tensahe@@dineisen
parameterThe influence of coupled elastic and CTE anisotropy on thermal stress
distributions demonstratetat the intrinsic axial properties effect the thermoelastic
behaviour of the bulk material.

Microstructural control, use of neddookean materials, and use of compliant
materials were identified asgmisingapproaches to overcome the mechanical
shortcomings and propensity to thermal stress of thermomiotic matByalsing
experimental methods to characterize the elastic propertveslless the thermal
expansivity of thermomiotic materials was shown to bpossible tmbtainuseful
predictions of the thermoelastic behaviour of bulk composite materials.

Researcttoncerninghe full thermoelastic properties of thermomiotic materials
was shown to be important both to understand the origins of negative thermal expansion
and to predict the properties of bulk monophasic and composite materials. However,
since this topic has nbeen extensively studied previously for most thermomiotic
materials, considerable future work remains. Comprehensive characterization of the
elastic properties of thermomiotic materials would allow more general conclusions
concerninghe links between elds properties and thermal expansiés. no
experimental method is availatitedeterminghe elastic tensor from a polycrystalline

sample further computational research is required as well. Computations also offer the
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ability to estimate thermal stressasulk materials, whichvould be important in order
for thermomiotic materials to find applications.

While much is known about the vibrational origins of NTE in materials composed
of rigid coordination polyhedra with connectivities that are amenabl&iKRthe
mechanisms of NTE in materials with distortable polyhedra are less well understood.
Further studies of the phononic structures of these materials are necessary in order to
elucidate their connections to polyhedral distortion and to elastic pespert

There are many potential methods to compensate for mechanical deficiencies of
thermomiotic materials, only several of which were explored in this thesis. There are
many potential routes to microstructural conthatcould be used to reduce thermal
stress and tailor thermal expansivity. While the utility of +téookean materials at stress
management has been explored in other systems, the potenttdbokean behaviour of
many thermomiotic materials (through pressimduced phase transitions and
amaphization)under thermal stress could be investigafadimportant component of
compensation for thermoelastic deficiencies must be consideration ¢ifftinesses of

the materialsnvolved.
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Appendix B: Velocities of Sound

B1. Al2M03012

Table B1: Measureblbngitudinalandtransverseelocities of sounadf Al,Mo3012(see

Chapter 3)uncorrected for porosity.

Sample vi/imms?! vy/mmsg?
1 3.63(2)  2.43(7)
2 3.45(2)  2.2(1)
3 3.9(1) 2.5(1)

Density / %
theoretical
85.6

86.0

86.1

B2. ZrMgMo 3012

Table B2: Measured longitudinal and transverse velocities of sound of Zry@Msee

Chapter 5)uncorrected for porosity.

Sample viimms?! vy/mméd!?
1 3.56(7)  2.11(9)

2 3.6(1) 2.3(1)

3 3.5(2) 2.17(4)

Density / %
theoretical
85.6

85.2

79.8

B3.In2 i dHMQ) xM03012

Table B3: Measured longitudinal and transverse velocities of soungdd3d®12 (see

Chapter 6)uncorrected for porosity.

Sample viimms?! vv/mméd!?
1 2.1(1) 1.23(4)
2 2.21(9)  1.52(4)
3 2.0(3) 1.37(6)

Density / %
theoretical
73.2

77.8

73.7

Table B4: Measured longitudinal and transverse velocities of sound of
In1.5(HIMQ)0.2sM03012 (see Chapter 6uncorrected for porosity.

Sample vi/mm$?! vi/mmég?
1 2.7(1) 1.71(7)
2 2.7(1) 1.71(7)
3 2.99(3)  1.99(3)

Density / %
theoretical
72.5

71.8

75.6
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Table B5: Measured longitudinal and transverse velocities of sound of
In(HfM@)0.sM03012 (see Chapter 6uncorrected for porosity.

Density / %
Sample vi/mms?! vi/mms?! theoretical
2 2.8(1) 1.7(1) 68.1
3 2.9(1) 1.84(6) 67.8

Table B6: Measured longitudinal and transverse velocities of sound of
Ino.s(HfMQ)0.79M 03012 (see Chapter 6uncorrected for porosity.

Density / %
Sample vi/imms?® vv/mms?! theoretical
1 3.16(3)  2.106(6)  91.5
2 2.99(2)  2.00(4) 91.5
3 2.38(1)  1.72(6) 73.9

Table B7: Measured longitudinal and transverse velocities of sound of\Mifb@y > (see

Chapter 6)uncorrected for porosity.

Density / %
Sample viimms?! vwv/mméd?! theoretical
T 2594) 17 731
2 3.3() 2.16(9) 88.1
3 3.33(6)  2.1(1) 90.0

B4. Se i xAl xW3012

Table B8: Measured longitudinal and transverse velocities of soBa\WgO12(see
Chapter 6)uncorrected for porosity.
Density / %
Sample vi/mms ! vv/mms?! theoretical

1 3.8(1) 2.2(1) 78.7
2 3.8(3) 2.31(2) 77.7
3 3.9(1) 2.18(6) 79.4
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Table B): Measured longitudinal and transverse velocities of sousaigAl 0.sW3012
(see Chapter 6uncorrected for porosity.

Density / %
Sample vi/imms?® vv/mms?! theoretical
1 3.6(2) 2.34(7) 86.2
2 3.63(3)  2.3(1) 85.6
3 3.8(4) 2.4(1) 92.7

Table BLO: Measured longitudinal and transverse velocities of sousdAW:012(see
Chapter 6)uncorrected for porosity.

Density / %
Sample vi/imms?® vv/mms?! theoretical
1 3.75(7)  2.382(9)  93.4
2 356(6)  2.29(2) 90.7
3 352(6) 2.21(4) 89.6

Table BL1: Measured longitudinal and transverse velocities of souaahAl15M03012

(see Chapter 6uncorrectedor porosity.
Density / %
Sample vi/imms?® vv/mms?! theoretical

1 3.8(4) 2.57(2) 85.2
2 3.7(5) 2.74(3) 83.2
3 3.9(2) 2.6(1) 92.5

Table BL2: Measured longitudinal and transverse velocities of souad @012 (see
Chapter 6)uncorrectedor porosity.

Density / %

Sample viimms?! vv/mmé?! theoretical
1 4.05(3)  2.7(1) 90.4
2 3.98(5)  2.42(6) 94.3
3 4.15(2)  2.6(2) 93.2
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B5. Cr2 1 x4HfMg) x\W3012

Table B13: Measured longitudinal and transverse velocities of soundWwgQi (see

Chapter 6)uncorrected for porosity.

Sample vi/mms?! vi/mmsg?
1 3.2(3) 1.54(3)

2 3.19(5) 1.7(2)

3 3.0(2) 1.56(2)

Density / %
theoretical
89.0

88.8

87.7

Table B14: Measured longitudinal and transverse velocities of sound of
Cry5(HfM@)o.25W3012 (see Chapter 6uncorrected for porosity.

Sample vi/mms?! vy/mms?
1 3.18(7) 2.1(4)

2 2.82) 1.7(2)

3 2.794) 1.81(8)

Density / %
theoretical
96.4

86.4

86.9

Table B15: Measured longitudinal and transverse velocitieswid of
Cr(HfM@)o.sW3012(see Chapter 6uncorrected for porosity.

Sample viimms?! vy/mméd!?
1 3.09(1)  1.94(3)
2 3.205)  2.07(2)
3 3.33(4)  2.04(2)

Density / %
theoretical
92.0

93.8

95.8

Table BL6: Measured longitudinal and transverse velocities of sound of
Cro.s(HfMQ)0.7sW3012(see Chapter 6uncorrected for porosity.

Sample viimms?! vy/mméd!?
1 3.0(3) 1.8(1)

2 2.8(6) 1.82(8)

3 2.65(4)  1.71(2)

Density / %
theoretical
79.8

77.7

70.8
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Table BL7: Measured longitudinal and transverse velocities of sound of Wi@g» (see
Chapter 6)uncorrected for porosity.

Density / %
Sample vi/imms?® vv/mms?! theoretical
1 2.494) 1.7Q) 86.2
2 2.50(2 1.7(2 91.1
3 2.50() 1.61(3 89.7

B6. Y2M03012

Table BB: Measured longitudinal and transverse velocities of soundMbyO12 (see
Chapter8), uncorrected for porosity.

Density / %
Sample vi/mms ! vi/mms?! theoretical
T 299(8) Lr746) 870
2 2.9(3) 1.7(1) 84.6
3 2973) 1.7(0) 87.1
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Appendix C: #-point Phonon Frequencies

TableC1: Calculatedi-pointvibrationalfrequencies of ZrMgMgD12from CASTEP(see

Chapter 5)
3/cm?

21.11 85.72 12479 185.07 244.21 280.04 349.56 426.46 894.35 994.62
22,51 85.98 126.00 187.69 245.69 281.49 352.80 431.13 904.87 994.99
29.17 87.20 131.82 192.75 245.98 285.84 357.86 451.05 909.10 998.10
36.08 89.65 133.93 196.71 250.67 288.98 361.79 461.32 909.30 998.17
38.08 91.21 135.54 198.74 250.87 293.07 363.04 462.26 909.72 1009.41
42.77 91.78 136.71 201.31 252.54 293.59 367.22 462.44 928.91 1016.12
48.66 93.06 141.09 214.02 254.71 294.27 374.23 812.68 929.57 1023.06
50.04 96.62 142.12 218.01 254.87 294.80 390.93 813.83 935.61 1026.19
52.77 96.98 14543 218.38 256.20 301.93 391.17 816.34 951.45 1027.11
53.87 98.38 152.10 219.61 257.70 302.19 393.24 817.64 952.06 1031.22
55.17 98.46 152.87 222.43 259.11 308.46 393.45 823.75 952.47 1031.75
57.28 101.13 157.98 223.97 260.80 313.40 398.34 824.52 957.75 1033.45
63.20 104.38 161.67 225.03 262.06 319.62 400.21 841.86 963.95

63.63 106.09 163.87 227.36 265.03 321.25 402.92 845.09 966.59

67.81 109.44 164.41 227.81 266.65 323.86 403.75 847.13 978.80

72.42 113.19 166.88 230.26 267.62 324.36 419.38 871.47 988.59

76.20 113,51 178.92 230.73 270.74 327.31 419.49 873.03 989.59

78.10 115.88 179.36 235.77 271.60 335.10 420.41 882.56 991.17

78.48 117.41 182.47 239.18 274.03 335.24 420.69 884.06 992.47

81.14 119.01 182.74 240.82 278.31 337.62 424.69 889.14 993.05

85.71 120.17 184.46 241.16 279.50 348.75 425.71 891.22 994.54

243



TableC2: Calculatedi-pointvibrationalfrequencies oAl2Mo3012from ABINIT (see

Chapter 8)
a/cm !
25.96 110.11 170.52 234.35 287.27 331.63 373.06 441.15 843.82 946.97
55.52 114.64 171.16 235.35 287.89 334.86 381.19 443.73 846.83 948.57
61.39 115.71 174.70 248.59 290.30 338.57 383.41 44556 848.33 950.10
65.54 119.44 175.18 249.40 292.83 339.14 395.08 462.33 849.18 950.83
7213 125.94 180.97 252.03 298.91 339.30 398.72 475.26 850.55 965.11
7417 127.97 188.63 259.95 299.21 342.26 402.66 477.97 850.57 968.23
75.87 130.31 195.48 260.80 300.20 342.88 403.34 782.36 852.98 970.29
78.15 134.98 197.60 261.84 302.37 343.68 404.96 783.82 853.17 977.53
78.19 135.62 199.00 264.77 303.97 346.93 405.78 785.27 853.86 979.73
80.89 142.03 199.02 265.45 304.97 347.10 406.79 787.34 856.40 981.60
84.19 142.27 200.12 269.32 306.72 349.03 407.60 787.89 860.59 984.13
85.63 143.97 209.23 270.78 307.60 352.32 408.44 790.89 861.10 985.50
89.13 147.95 209.74 271.28 31255 360.82 408.58 793.92 862.96
89.35 148.08 214.27 273.26 315.43 361.12 408.58 796.97 863.96
91.98 148.54 218.39 273.57 319.35 361.58 412.42 799.76 922.02
95.87 151.00 218.98 277.29 319.78 366.21 420.82 801.17 922.91
100.36 153.81 219.88 278.09 321.99 366.93 425.19 810.93 929.65
103.50 154.25 223.85 283.50 322.66 367.84 426.27 832.54 932.28
106.12 160.49 225.74 286.30 326.71 368.06 434.33 836.55 934.50
106.32 163.32 225.92 286.45 328.14 368.26 434.41 840.12 943.18
106.69 170.50 233.39 286.70 328.46 372.98 437.26 842.50 944.95
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TableC3: Calculatedi-pointvibrationalfrequencies of ZrMgMgD1>from ABINIT (see
Chapter 8)

3/cm?

43.18
46.47
46.84
48.13
54.67
55.24
56.24
57.74
57.96
66.48
66.57
66.77
71.19
76.11
76.56
78.19
78.72
78.74
83.03
84.38
87.26

88.24

89.32

89.64

92.01

92.80

95.87

101.18
101.41
102.58
103.15
107.93
108.47
110.36
110.44
111.61
118.33
119.60
125.08
126.36
127.12
129.18

135.13
136.47
141.49
141.90
143.36
145.85
146.33
156.17
158.04
160.28
162.16
165.50
171.38
173.51
173.74
174.29
178.58
179.10
182.32
183.29
186.43

199.01
200.63
208.19
214.36
214.84
216.11
221.48
222.15
223.06
224.46
228.48
233.86
234.75
240.09
24472
245.97
249.63
251.51
261.60
262.08
262.35

262.55
266.27
268.75
271.65
273.90
274.83
275.85
279.45
279.88
280.43
283.80
284.79
286.94
288.73
289.87
291.10
292.03
294.20
294.36
295.07
297.28

298.59
300.50
301.44
303.95
309.75
311.18
312.28
312.65
313.37
313.74
316.37
317.01
318.90
319.41
320.30
320.54
321.13
324.03
324.23
326.37
326.47

327.30
330.50
333.12
334.47
336.21
338.08
338.68
340.60
340.90
340.91
346.26
346.50
346.55
351.37
352.39
352.68
356.54
356.90
363.55
363.93
364.59

371.65
371.67
372.41
378.56
380.25
386.19
717.69
719.29
719.50
722.45
723.96
724.20
733.11
734.30
735.08
788.97
792.89
793.88
798.10
803.49
814.97

815.60
821.76
824.53
825.06
832.72
871.21
871.85
873.79
899.93
901.28
901.89
903.15
904.77
905.41
939.41
941.50
948.20
949.22
949.41
953.92
955.07

955.54
955.61
956.05
957.03
960.60
966.06
968.55
969.09
970.50
980.58
980.80
983.22
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TableC4: Calculatedi-pointvibrationalfrequencies c8Mo03012 from ABINIT (see
Chapter 8)

3/cm?

21.11
22.51
29.17
36.08
38.08
42.77
48.66
50.04
52.77
53.87
55.17
57.28
63.20
63.63
67.81
72.42
76.20
78.10
78.48
81.14
85.71

85.72
85.98
87.20
89.65
91.21
91.78
93.06
96.62
96.98
98.38
98.46
101.13
104.38
106.09
109.44
113.19
11351
115.88
117.41
119.01
120.17

124.79
126.00
131.82
133.93
135.54
136.71
141.09
142.12
145.43
152.10
152.87
157.98
161.67
163.87
164.41
166.88
178.92
179.36
182.47
182.74
184.46

185.07
187.69
192.75
196.71
198.74
201.31
214.02
218.01
218.38
219.61
222.43
223.97
225.03
227.36
227.81
230.26
230.73
235.77
239.18
240.82
241.16

244 .21
245.69
245.98
250.67
250.87
252.54
254.71
254.87
256.20
257.70
259.11
260.80
262.06
265.03
266.65
267.62
270.74
271.60
274.03
278.31
279.50

280.04
281.49
285.84
288.98
293.07
293.59
294.27
294.80
301.93
302.19
308.46
313.40
319.62
321.25
323.86
324.36
327.31
335.10
335.24
337.62
348.75

349.56
352.80
357.86
361.79
363.04
367.22
374.23
390.93
391.17
393.24
393.45
398.34
400.21
402.92
403.75
419.38
419.49
420.41
420.69
424.69
425.71

426.46
431.13
451.05
461.32
462.26
462.44
812.68
813.83
816.34
817.64
823.75
824.52
841.86
845.09
847.13
871.47
873.03
882.56
884.06
889.14
891.22

894.35
904.87
909.10
909.30
909.72
928.91
929.57
935.61
951.45
952.06
952.47
957.75
963.95
966.59
978.80
988.59
989.59
991.17
992.47
993.05
994.54

994.62
994.99
998.10
998.17
1009.41
1016.12
1023.06
1026.19
1027.11
1031.22
1031.75
1033.45
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Appendix D: Heat CapacityData Tables

See Chapter 7 for further detaitkgardingthese results.

D1. Calculated Heat Capacity of Sck

Table OL: Heatcapacity of Sckcalculated by DFT using the phonon dispersion relation showigure

7.2.
T/K Cp/JK1? T/K Cp/JK1? T/K Cp/JK? T/K Cp/JK1?
mol'! mol'? mol'! mol'!

0.5 0.0000804 75 34.113 190 71.525 310 86.009
1.0 0.000439 80 36.645 195 72.447 315 86.368
15 0.000908 85 39.068 200 73.331 320 86.714
2.0 0.00152 90 41.386 205 74.179 325 87.047
2.5 0.00245 95 43.604 210 74.991 330 87.369
3.0 0.00355 100 45,726 215 75.771 335 87.680
3.5 0.00501 105 47.757 220 76.519 340 87.980
4.0 0.00710 110 49.701 225 77.237 345 88.269
45 0.0103 115 51.562 230 77.926 350 88.549
5.0 0.0151 120 53.342 235 78.588 355 88.819
10 0.276 125 55.045 240 79.224 360 89.081
15 1.143 130 56.675 245 79.836 365 89.333
20 2.697 135 58.233 250 80.423 370 89.577
25 4.862 140 59.725 255 80.989 375 89.814
30 7.481 145 61.152 260 81.533 380 90.042
35 10.396 150 62.517 265 82.056 385 90.263
40 13.479 155 63.823 270 82.560 390 90.477
45 16.627 160 65.072 280 83.514 395 90.685
50 19.765 165 66.268 285 83.965 400 90.886
55 22.843 170 67.413 290 84.399

60 25.829 175 68.509 295 84.819

65 28.706 180 69.558 300 85.223

70 31.468 185 70.563 305 85.636
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D2. Experimental Heat Capacity Data for Sck
N.B: Only data points that met the reliability criter@d ( 9 @herdtal coupling constant
between sample and platform a0d 4 @amptecontribution to the total heat capacity)
are included.

Table @: SckHeat Capacity Data: 15.46 mg sample; in order of data collection

T/K Cp/JK1 T/K Cp/JK1? T/K Cp/JK1? T/K Cpl/J
mol'! mol'! mol'* Kt
mol'!

303.35 82.806 69.70 28.524 15.58 1.401 3.47 0.024
302.98 82.421 69.69 28.506 15.57 1.393 3.47 0.024
303.01 82.417 69.69 28.494 15.57 1.394 3.47 0.024
282.68 80.628 62.61 24.941 14.01 1.066 3.12 0.017
282.84 80.853 62.60 24.908 13.99 1.063 3.11 0.017
282.84 80.804 62.60 24.899 13.99 1.060 3.11 0.017
262.59 78.323 56.26 21.481 12.58 0.811 2.80 0.012
262.70 78.490 56.25 21.448 12.57 0.806 2.80 0.012
262.70 78.512 56.25 21.445 12.57 0.808 2.80 0.012
242.43 75.863 50.54 18.150 11.30 0.616 2.52 0.008
242.52 76.080 50.53 18.119 11.30 0.613 2.51 0.008
242.51 75.941 50.53 18.111 11.29 0.614 2.51 0.008
222.29 73.158 45.41 15.237 10.15 0.469 2.26 0.006
222.37 73.276 45.40 15.210 10.15 0.467 2.26 0.006
222.36 73.235 45.40 15.194 10.15 0.466 2.26 0.006
202.13 69.510 40.81 12.563 9.11 0.354 2.03 0.004
202.18 69.563 40.80 12.535 9.11 0.353 2.03 0.004
202.18 69.506 40.80 12.534 9.11 0.354 2.03 0.004
181.94 65.727 36.67 10.269 8.19 0.270
181.98 65.753 36.66 10.247 8.19 0.269
181.98 65.660 36.66 10.244 8.19 0.269
161.75 61.112 32.95 8.282 7.35 0.202
161.76 61.098 32.93 8.262 7.35 0.202
161.76 61.205 32.94 8.259 7.35 0.201
141.55 55.828 29.61 6.577 6.62 0.155
141.55 55.868 29.59 6.569 6.61 0.154
141.55 55.869 29.59 6.574 6.61 0.155
121.36 49.661 26.60 5.168 5.94 0.113
121.35 49.699 26.59 5.183 5.94 0.113
121.35 49,735 26.59 5.180 5.95 0.113
101.18 42.518 23.91 4.082 5.33 0.085
101.17 42.577 23.89 4.036 5.33 0.084
101.16 42.454 23.89 4.025 5.33 0.084

96.13 40.190 21.47 3.129 4.79 0.063

96.12 40.191 21.47 3.106 4.79 0.063

96.12 40.187 21.46 3.119 4.79 0.062

86.29 36.246 19.30 2.395 4.30 0.046

86.28 36.288 19.28 2.389 4.30 0.045

86.28 36.264 19.28 2.393 4.30 0.046

77.57 32.478 17.34 1.836 3.86 0.034

77.56 32.517 17.32 1.825 3.86 0.032

77.56 32.481 17.32 1.825 3.86 0.033
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TableD3: ScksHeat Capacity Data: 6.41 mg sample; in order of data collection

T/K Cp/JK1 T/K Cp/JK1? T/K Cp/JKL T/K CelJ
mol'! mol'® mol't K1
mol'!
222.34 72.616 45.40 15.165 10.13 0.453 2.26 0.006
222.42 72.614 45.38 15.131 10.13 0.450 2.26 0.006
222.42 72.737 45.38 15.138 10.13 0.451 2.26 0.006
202.16 69.073 40.79 12.500 9.10 0.344 2.03 0.004
202.21 69.047 40.77 12.477 9.10 0.341 2.03 0.004
202.21 69.145 40.77 12.480 9.10 0.341 2.03 0.004
181.97 65.322 36.65 10.192 8.18 0.259
182.00 65.313 36.63 10.202 8.17 0.257
181.99 65.368 36.64 10.186 8.18 0.257
161.78 60.781 32.93 8.199 7.35 0.193
161.79 60.867 32.91 8.223 7.34 0.192
161.78 60.866 32.91 8.220 7.35 0.193
141.60 55.407 29.59 6.426 6.61 0.146
141.57 55.583 29.56 6.536 6.60 0.146
141.57 55.543 29.57 6.537 6.60 0.146
121.41 49.547 26.59 5.170 5.93 0.108
121.36 49,538 26.57 5.134 5.93 0.106
121.35 49,535 26.57 5.143 5.93 0.105
101.22 42.322 23.88 4.019 5.33 0.079
101.16 42.272 23.87 3.981 5.32 0.079
101.16 42.357 23.87 4.016 5.33 0.080
96.09 40.258 21.46 3.101 4.79 0.059
96.10 40.232 21.44 3.099 4.78 0.060
96.10 40.252 21.45 3.089 4.79 0.059
86.31 36.143 19.27 2.374 4.30 0.043
86.27 36.187 19.26 2.369 4.30 0.043
86.27 36.383 19.26 2.368 4.30 0.043
77.58 32.333 17.32 1.817 3.86 0.031
77.55 32.277 17.31 1.811 3.86 0.031
77.56 32.324 17.31 1.811 3.86 0.031
69.70 28.384 15.57 1.382 3.47 0.023
69.68 28.365 15.56 1.380 3.47 0.022
69.68 28.384 15.56 1.379 3.47 0.022
62.61 24.828 13.99 1.048 3.12 0.016
62.58 24.799 13.98 1.046 3.11 0.016
62.59 24.775 13.98 1.046 3.11 0.017
56.25 21.377 12.57 0.795 2.80 0.012
56.23 21.361 12.56 0.793 2.79 0.012
56.23 21.361 12.56 0.793 2.80 0.012
50.53 18.067 11.28 0.601 2.52 0.008
50.51 18.037 11.28 0.599 2.51 0.008
50.51 18.028 11.28 0.600 2.51 0.008
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TableD4: SckHeat Capacity Data: 10.30 mg sample; in order of data collection. Note that heat capacity
units here are mJ'Kmol' %, whereas J K mol'! are used in Tableg2 andC3.

T/K Ce/ mJ K1 T/K Ce/mJ T/K Ce/md T/K Cp/md
mo'il Kil mo'il KTl mo|Tl KTl
mol'!

10.09 455.91 3.31 19.82 1.09 0.50 0.38 0.09
10.07 453.95 3.31 19.79 1.09 0.50 0.38 0.09
10.07 454.43 3.31 19.67 1.09 0.50 0.38 0.09

9.26 363.59 3.04 15.02 1.00 0.40

9.25 363.04 3.04 14.92 1.00 0.40

9.24 363.49 3.04 14.86 1.00 0.40

8.50 292.81 2.79 11.22 0.92 0.33

8.49 291.46 2.79 11.18 0.92 0.32

8.49 292.65 2.79 11.19 0.92 0.33

7.79 234.36 2.56 8.27 0.85 0.26

7.78 234.06 2.56 8.17 0.85 0.27

7.79 234.38 2.56 8.20 0.85 0.27

7.14 187.07 2.35 6.25 0.78 0.23

7.14 186.66 2.35 6.18 0.78 0.23

7.14 186.92 2.35 6.26 0.78 0.22

6.57 148.49 2.14 4.61 0.72 0.19

6.56 148.03 2.15 4.62 0.72 0.19

6.56 147.87 2.15 4.64 0.71 0.19

6.03 118.06 1.97 3.36 0.66 0.17

6.02 117.94 1.97 3.39 0.66 0.17

6.02 118.05 1.97 3.41 0.66 0.17

5.53 92.94 1.81 2.53 0.60 0.15

5.53 92.74 1.81 2.52 0.60 0.14

5.53 93.03 1.81 2.50 0.60 0.15

5.08 73.16 1.67 1.92 0.56 0.14

5.07 72.78 1.67 1.90 0.56 0.14

5.07 72.66 1.67 191 0.56 0.13

4.66 56.83 1.53 1.44 0.51 0.12

4.66 56.57 1.53 1.43 0.51 0.11

4.66 56.65 1.53 1.42 0.51 0.12

4.28 44.05 1.41 1.09 0.47 0.11

4.28 43.84 141 1.07 0.47 0.11

4.27 43.92 141 1.08 0.47 0.11

3.93 34.10 1.29 0.83 0.44 0.10

3.93 34.00 1.29 0.83 0.44 0.09

3.93 33.94 1.29 0.82 0.44 0.10

3.60 25.81 1.19 0.64 0.41 0.08

3.60 25.70 1.19 0.64 0.41 0.09

3.60 25.73 1.19 0.64 0.41 0.09
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TableD5: SckHeat Capacity Data: 8.136 mg sample; in order of data collection. Note that heat capacity
units here are mJ'Kmol' %, whereas J K mol'! are used in Table52 andC3.

T/K Cpr/mIK1 T/K Cp/mJ T/K Cpr/mIK1?
mol'! K"t mol'* mol'*
302.20 82013.24 3.59 25.13 0.92 0.35
302.27 82053.52 3.59 25.11 0.92 0.34
302.30 81869.41 3.60 25.14 0.92 0.35
10.09 457.63 3.32 19.42 0.85 0.28
10.07 456.60 3.31 19.23 0.85 0.27
10.07 455.81 3.31 19.20 0.85 0.30
9.26 364.64 3.04 14.56 0.78 0.24
9.24 364.43 3.04 14.46 0.78 0.24
9.24 364.03 3.04 14.45 0.78 0.25
8.49 292.56 2.79 10.85 0.72 0.20
8.48 292.18 2.79 10.74 0.72 0.22
8.48 291.81 2.79 10.80 0.66 0.18
7.80 234.27 2.56 7.91 0.66 0.17
7.78 234.42 2.56 7.86 0.66 0.18
7.78 234.42 2.56 7.84 0.60 0.16
7.15 187.64 2.35 5.97 0.60 0.13
7.14 187.25 2.35 5.93 0.60 0.15
7.14 187.67 2.35 5.96 0.56 0.17
6.57 148.21 2.15 4.43 0.56 0.16
6.56 147.65 2.15 4.39 0.51 0.14
6.55 147.69 2.15 4.38 0.51 0.13
6.55 147.96 1.97 3.23 0.51 0.14
6.56 147.99 1.97 3.23 0.47 0.12
6.56 148.24 1.97 3.24 0.47 0.11
5.54 92.34 1.81 2.41 0.47 0.12
5.52 92.24 1.81 2.40 0.44 0.10
5.52 92.29 1.81 2.41 0.44 0.11
5.08 72.69 1.67 1.84 0.40 0.08
5.08 72.61 1.67 1.83 0.40 0.09
5.08 72.46 1.67 1.78 0.40 0.10
4.67 56.51 1.53 1.38 0.38 0.10
4.66 56.33 1.53 1.37 0.38 0.10
4.66 56.35 1.53 1.34 0.38 0.10
4.28 43.49 1.41 1.05
4.28 43.43 1.41 1.04
4.28 43.33 1.41 1.06
3.93 33.68 1.29 0.80
3.93 33.45 1.29 0.87
3.93 33.44 1.29 0.81

251



TableD6: SckHeat Capacitypata: 8.62 mg sample; in order of data collection

T/K Cp/J K1
mol'?
279.29 79.616
279.00 79.456
279.01 79.398
295.61 80.640
295.63 80.431
295.62 80.384
312.14 81.615
312.16 81.436
312.15 81.415
329.06 83.359
328.62 83.311
328.65 83.262
345.04 84.306
345.04 84.099

TableD7: SckHeat Capacity Data: 12.78 mg sample; in order of data collection

T/K Cp/JK1 T/K Cp/JK1?
mol'? mol'!
278.75 79.087 369.45 84.613
278.38 78.936 392.44 86.112
278.39 78.859 392.47 85.806
301.62 80.588 392.43 85.849
301.65 80.457
301.64 80.326
324.89 81.951
324.91 81.842
324.90 81.837
347.49 83.120
347.52 82.730
347.51 82.982
369.34 84.964
369.48 84.476
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D3. Experimental Heat Capacity Data for S@.95Y 0.09-3
N.B: Only data points that met the reliability criter@d ( 9 @herdtal coupling constant
between sample and platform add 4 @amfde contribution to the total heat capacity)
are included.

TableD8: Sk .0sY 0.0d-3Heat Capacity Data: 13.86 mg sample; in order of data collection

T/K Cp/JK1? T/K Cp/JK1 T/K Cpl/JK! T/K Cpl/JK1?
mol'! mol'! mol ! mol'!
303.32 82.437 166.03 62.752 77.60 33.194 17.34 1.701
302.87 82.314 166.06 62.822 77.57 33.237 17.33 1.696
302.88 82.399 166.07 62.742 77.57 33.227 17.33 1.695
287.00 81.564 164.23 62.333 69.74 29.159 15.58 1.247
287.14 81.647 164.26 62.385 69.71 29.139 15.57 1.243
287.14 81.620 164.25 62.397 69.71 29.140 15.57 1.242
271.30 79.389 162.43 61.977 62.64 25.482 14.00 0.904
271.41 79.453 162.46 61.976 62.61 25.454 13.99 0.900
271.42 79.427 162.45 62.019 62.61 25.462 13.99 0.901
255.57 77.936 160.63 61.487 56.30 21.857 12.58 0.649
255.67 78.049 160.65 61.535 56.26 21.879 12.58 0.647
255.67 77.949 160.65 61.564 56.26 21.886 12.58 0.646
239.82 75.915 158.82 61.160 50.59 18.503 11.30 0.460
239.92 75.973 158.85 61.100 50.55 18.515 11.30 0.458
239.91 75.902 158.85 61.120 50.55 18.518 11.30 0.458
224.11 73.919 157.02 60.775 45.45 15.500
224.19 74.064 157.05 60.771 45.42 15.489
224.19 74.014 157.04 60.812 45.42 15.499
208.38 70.984 155.21 60.365 40.84 12.797
208.44 71.038 155.24 60.375 40.81 12.774
208.44 71.117 155.24 60.300 40.81 12.781
192.62 68.426 153.42 59.835 36.69 10.457
192.67 68.483 153.44 59.869 36.67 10.441
192.66 68.555 153.44 59.909 36.67 10.437
176.85 65.084 151.61 59.372 32.96 8.408
176.89 65.186 151.64 59.452 32.95 8.386
176.89 65.168 151.64 59.416 32.94 8.387
176.98 65.216 151.69 59.394 29.62 6.675
176.89 65.156 151.63 59.476 29.61 6.653
176.88 65.219 151.64 59.429 29.61 6.649
175.05 64.733 126.39 52.131 26.62 5.214
175.08 64.848 126.40 52.189 26.60 5.208
175.09 64.856 126.40 52.145 26.61 5.206
173.25 64.398 101.18 43.317 23.90 4.024
173.29 64.367 101.17 43.253 23.90 4.000
173.28 64.409 101.16 43.308 23.90 4.004
171.45 64.013 96.13 41.000 21.48 3.086
171.48 63.982 96.13 41.027 21.46 3.056
171.48 64.034 96.13 41.080 21.48 3.055
169.64 63.524 86.33 37.006 19.30 2.299
169.68 63.546 86.31 36.962 19.29 2.292
169.67 63.608 86.31 36.972 19.28 2.285
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TableD9: St .05Y 0.0s-3HeatCapacity Data: 8.58 mg sample; in order of data collection

T/K Cp/mMJKImol? T/K Cp/mJK? T/K Cpr/mIK?
mol'! mol'!

301.82 82900.71 8.47 172.66 6.00 52.50

302.02 83182.42 7.78 129.76 6.00 52.49

302.02 83369.99 7.77 128.96 5.54 40.17

10.08 312.34 7.77 128.68 5.53 39.40

10.06 311.16 7.14 97.07 5.52 39.08
10.06 311.04 7.13 96.30
9.24 233.24 7.13 96.53
9.23 231.75 6.56 71.71
9.22 231.42 6.55 70.76
8.48 173.64 6.54 70.44
8.47 173.22 6.01 52.86
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D4. Experimental Heat Capacity Data for S@.9Y0.1F3
N.B: Only data points that met the reliability criter@d ( 9 @herdtal coupling constant
between sample and platform add 4 @amfde contribution to the total heat capacity)
are included.

TableD10: S oY 0.1FsHeat Capacity Data: 13.86 mg sample; in order of data collection

T/K Cp/JK1? T/K Cp/JK1? T/K Cp/JK1? T/K Cp/JK1
mol'! mol'! mol ! mol'!

303.23 81.350 148.71 58.788 69.68 29.068 15.55 1.216
302.90 81.410 148.73 58.823 69.69 29.001 15.55 1.212
302.91 81.421 148.73 58.836 69.69 29.002 15.55 1.210
283.06 80.583 146.55 58.154 62.58 25.448 13.97 0.869
282.74 79.854 146.57 58.233 62.59 25.393 13.97 0.868
282.74 79.706 146.56 58.184 62.59 25.400 13.97 0.866
262.51 77.692 144.38 57.652 56.24 21.875 12.55 0.616
262.60 77.850 144.41 57.551 56.24 21.842 12.55 0.613
262.60 77.851 144.40 57.597 56.23 21.849 12.55 0.613
242.37 75.674 142.22 56.845 50.53 18.535 11.28 0.431
242.43 75.714 142.24 56.867 50.53 18.511 11.28 0.429
242.43 75.604 142.24 56.895 50.53 18.501 11.28 0.429
222.26 73.051 140.05 56.170 45.40 15,534 10.14 0.297
222.29 73.262 140.08 56.206 45.40 15.495 10.13 0.295
222.29 73.172 140.07 56.196 45.39 15.494 10.14 0.294
202.11 69.658 137.89 55.549 40.78 12.845 9.10 0.204
202.10 69.800 137.91 55.638 40.79 12.795 9.10 0.203
202.10 69.741 137.91 55.564 40.78 12.796 9.10 0.203
181.94 66.264 135.78 54,987 36.64 10.486 8.18 0.139
181.91 66.410 135.75 54,912 36.65 10.462 8.18 0.139
181.91 66.639 135.76 54,944 36.65 10.453 8.18 0.139
161.75 61.848 133.57 54.256 32.92 8.427 303.24 81.739
161.71 61.897 133.59 54,337 32.92 8.404 171.88 64.182
161.71 61.845 133.58 54.349 32.92 8.404 171.82 64.226
161.75 61.988 131.40 53.772 29.58 6.694 171.82 64.134
161.70 61.915 131.42 53.730 29.58 6.667 169.79 63.758
161.70 61.884 131.41 53.681 29.58 6.666 169.81 63.760
159.52 61.294 126.41 52.191 26.57 5.236 169.81 63.732
159.54 61.424 126.36 52.360 26.57 5.224 167.77 63.119
159.53 61.477 126.37 52.208 26.58 5.219 167.79 63.240
157.36 60.931 106.14 45,128 23.85 4.014 167.78 63.109
157.38 60.894 106.17 45,116 23.87 3.996 165.75 62.810
157.38 60.792 106.16 45,126 23.87 4.012 165.76 62.792
155.19 60.373 95.90 41.762 21.43 3.009 165.76 62.767
155.22 60.495 96.08 41.086 21.44 3.047 163.72 62.302
155.22 60.500 96.09 40.982 21.45 3.051 163.74 62.332
153.04 59.964 86.25 36.979 19.27 2.276 163.74 62.301
153.05 59.939 86.28 36.871 19.27 2.230

153.05 59.943 86.27 36.954 19.25 2.269

150.87 59.387 77.52 33.165 17.31 1.678

150.89 59.419 77.54 33.083 17.31 1.672

150.89 59.427 77.54 33.134 17.31 1.670
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TableD11: S .oYo1FsHeat Capacityata: 15.05 mg sample; in order of data collection

T/K Cp/JK1 T/K Cp/JK? T/K Cp/JK?
mol'? mol'! mol'!
276.06 79.917 336.92 82.601 390.97 86.308
275.75 79.846 336.91 82.513
275.76 79.783 353.35 83.845
296.09 81.214 353.34 84.032
296.13 80.986 370.77 85.550
296.12 80.884 370.94 85.545
316.48 82.316 370.96 85.500
316.52 82.052 390.85 86.711
316.51 82.294 390.99 86.166
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D5. Experimental Heat Capacity Data for S@.8Y 0.oF3
N.B. Only datapoints that met the reliability criteri®( 9 @herstal coupling constant
between sample and platform add 4 @amfde contribution to the total heat capacity)
are included.

TableD12: Sg.gYo.o-FzHeat Capacity Data: 7.72 mg sample; in order of ddtaation.

T/K Cp/JK1? T/K Cp/JK1? T/K Cp/JK1? T/K CelJd
mol'* mol'! mol'* Kt
mol'!

234.06 74.240 211.68 70.207 61.97 25.427 12.77 0.722
233.98 74.087 211.70 70.299 61.97 25.423 12.77 0.723
233.97 74.188 211.69 70.310 55.37 21.803 11.42 0.495
232.36 74.079 210.08 70.199 55.36 21.772 11.41 0.494
232.39 73.914 210.11 70.182 55.36 21.764 11.41 0.494
232.39 73.796 210.10 70.199 49.46 18.298 10.17 0.324
230.77 73.656 208.49 70.026 49.45 18.265 10.18 0.326
230.80 73.754 208.51 70.072 49.45 18.262 10.18 0.327
230.79 73.805 208.51 70.175 44,18 15.311 9.10 0.220
229.18 73.642 206.90 69.939 44,18 15.274 9.09 0.218
229.21 73.582 206.92 70.093 44,18 15.264 9.09 0.219
229.20 73.437 206.92 69.975 39.47 12.705

227.58 73.403 205.31 69.770 39.46 12.670

227.62 73.309 205.33 69.961 39.46 12.674

227.61 73.188 205.33 69.937 35.24 10.274

225.99 72.975 203.72 69.781 35.24 10.264

226.02 73.189 203.74 69.735 35.25 10.260

226.02 73.004 203.73 69.818 31.48 8.183

224.40 72.811 184.00 66.492 31.48 8.177

224.43 72.626 183.90 66.621 31.49 8.174

224.42 72.715 183.90 66.530 28.13 6.422

222.81 72.286 156.75 60.869 28.13 6.418

222.84 72.279 156.77 60.884 28.13 6.409

222.83 72.393 156.76 60.853 25.13 4,954

221.21 71.919 129.62 53.381 25.13 4,943

221.24 71.845 129.62 53.410 25.13 4.950

221.24 71.982 129.62 53.455 22.46 3.779

219.63 71.377 102.52 43.959 22.45 3.792

219.65 71.592 102.48 43.909 22.46 3.769

219.65 71.378 97.38 41.782 20.05 2.769

218.04 71.058 97.40 41.781 20.05 2.807

218.06 70.979 97.40 41.780 20.06 2.807

218.06 71.115 86.95 37.358 17.91 2.053

216.45 70.782 86.92 37.364 17.91 2.049

216.48 70.673 86.92 37.350 17.92 2.051

216.47 70.676 77.71 33.317 16.00 1.479

214.86 70.507 77.68 33.366 16.00 1.475

214.88 70.561 77.68 33.377 16.01 1.475

214.88 70.466 69.42 29.154 14.31 1.046

213.26 70.497 69.40 29.151 14.30 1.041

213.29 70.410 69.40 29.141 14.30 1.043

213.29 70.395 61.99 25.439 12.78 0.724
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D6. Experimental Heat Capacity Data for S@.75Y 0.283

N.B: Only data points that met the reliability criter@d ( 9 @herdtal coupling constant
between sample and platform add 4 @amfpte contribution to the &itheat capacity)
are included.

TableD13: S .75Y 0.293Heat Capacity Data: 5.40 mg sample; in order of data collection

T/K Cp/JK1? T/K Cp/JK1? T/K Cp/JKI T/K CelJd
mol'! mol'! mol'* Kt
mol'!
234.06 74.240 211.68 70.207 61.97 25.427 12.77 0.722
233.98 74.087 211.70 70.299 61.97 25.423 12.77 0.723
233.97 74.188 211.69 70.310 55.37 21.803 11.42 0.495
232.36 74.079 210.08 70.199 55.36 21.772 11.41 0.494
232.39 73.914 210.11 70.182 55.36 21.764 11.41 0.494
232.39 73.796 210.10 70.199 49.46 18.298 10.17 0.324
230.77 73.656 208.49 70.026 49.45 18.265 10.18 0.326
230.80 73.754 208.51 70.072 49.45 18.262 10.18 0.327
230.79 73.805 208.51 70.175 44.18 15.311 9.10 0.220
229.18 73.642 206.90 69.939 44.18 15.274 9.09 0.218
229.21 73.582 206.92 70.093 44.18 15.264 9.09 0.219
229.20 73.437 206.92 69.975 39.47 12.705
227.58 73.403 205.31 69.770 39.46 12.670
227.62 73.309 205.33 69.961 39.46 12.674
227.61 73.188 205.33 69.937 35.24 10.274
225.99 72.975 203.72 69.781 35.24 10.264
226.02 73.189 203.74 69.735 35.25 10.260
226.02 73.004 203.73 69.818 31.48 8.183
224.40 72.811 184.00 66.492 31.48 8.177
224.43 72.626 183.90 66.621 31.49 8.174
224.42 72.715 183.90 66.530 28.13 6.422
222.81 72.286 156.75 60.869 28.13 6.418
222.84 72.279 156.77 60.884 28.13 6.409
222.83 72.393 156.76 60.853 25.13 4,954
221.21 71.919 129.62 53.381 25.13 4,943
221.24 71.845 129.62 53.410 25.13 4,950
221.24 71.982 129.62 53.455 22.46 3.779
219.63 71.377 102.52 43.959 22.45 3.792
219.65 71.592 102.48 43.909 22.46 3.769
219.65 71.378 97.38 41.782 20.05 2.769
218.04 71.058 97.40 41.781 20.05 2.807
218.06 70.979 97.40 41.780 20.06 2.807
218.06 71.115 86.95 37.358 17.91 2.053
216.45 70.782 86.92 37.364 17.91 2.049
216.48 70.673 86.92 37.350 17.92 2.051
216.47 70.676 77.71 33.317 16.00 1.479
214.86 70.507 77.68 33.366 16.00 1.475
214.88 70.561 77.68 33.377 16.01 1.475
214.88 70.466 69.42 29.154 14.31 1.046
213.26 70.497 69.40 29.151 14.30 1.041
213.29 70.410 69.40 29.141 14.30 1.043
213.29 70.395 61.99 25.439 12.78 0.724
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TableD14: S .75Y 0.293Heat Capacity Data: 10.60 mg sample; in order of data collection

T/K

303.62
303.25
303.26
282.91
283.08
283.07
262.76
262.91
262.89
242.59
242.72
242.71
222.45
222.55
222.54
222.69
222.54
222.54
221.05
221.10
221.09
219.60
219.66
219.66
218.16
218.22
218.21
216.73
216.77
216.77
215.28
215.34
215.33
213.84
213.90
213.88
212.40
212.45
212.44
210.96
211.01
211.00
209.51
209.57
209.56
208.07
208.12
208.12
206.64
206.68

Cpl/J
KT 1

mol'!

81.879
81.557
81.658
80.514
80.631
80.531
78.746
78.768
78.783
76.776
76.865
76.801
74.552
74.531
74.622
74.563
74.523
74.508
74.270
74.270
74.199
73.910
74.037
73.924
73.655
73.675
73.665
73.386
73.403
73.359
73.154
73.130
73.167
73.038
72.876
72.986
72.780
72.712
72.762
72.510
72.515
72.544
72.349
72.344
72.359
72.229
72.315
72.225
71.942
72.013

T/K

206.67
205.19
205.23
205.23
203.75
203.79
203.79
202.30
202.34
202.35
182.25
182.14
182.14
161.89
161.93
161.92
141.72
141.73
141.73
121.53
121.52
121.52
101.36
101.34
101.33
96.29
96.30
96.29
86.46
86.46
86.45
77.72
77.70
77.70
69.86
69.83
69.83
62.76
62.72
62.73
56.40
56.37
56.37
50.69
50.65
50.65
45.55
45.50
45.51
40.93

Cpl/J
Kil
mol'1

71.879
71.743
71.691
71.713
71.571
71.660
71.609
71.373
71.346
71.357
68.131
68.089
68.071
63.645
63.631
63.703
58.440
58.476
58.443
52.091
52.039
52.074
44.607
44.505
44.534
42.220
42.138
42.152
38.029
37.879
37.912
34.209
34.147
34.121
30.016
29.996
30.002
26.329
26.312
26.309
22.756
22.732
22.732
19.338
19.352
19.342
16.259
16.285
16.291
13.512

T/K

40.89
40.89
36.77
36.75
36.75
33.04
33.02
33.02
29.69
29.67
29.67
26.68
26.66
26.67
23.97
23.95
23.96
21.53
21.52
21.52
19.34
19.34
19.34
17.37
17.37
17.38
15.61
15.60
15.61
14.04
14.03
14.03
12.62
12.61
12.61
11.33
11.33
11.33
10.18
10.17
10.18

9.14

9.13

9.14

8.21

8.21

8.21

7.38

7.37

7.37

Cpl/J
KTl
mol' !
13.513
13.515
11.128
11.111
11.114
9.016
8.997
8.997
7.201
7.184
7.180
5.672
5.662
5.660
4,376
4,371
4.374
3.363
3.340
3.348
2.527
2.516
2.512
1.867
1.859
1.847
1.359
1.353
1.354
0.976
0.971
0.971
0.691
0.688
0.688
0.481
0.478
0.479
0.330
0.329
0.329
0.227
0.225
0.226
0.155
0.153
0.154
0.105
0.104
0.104

T/K

6.65
6.63
6.63
5.96
5.95
5.95
5.35
5.35
5.35
4.80
4.80
4.80
4.31
4.31
4.31
3.87
3.87
3.87
3.48
3.48
3.48
3.13
3.12
3.12
2.81
2.81
2.81
2.52
2.52
2.52
2.27
2.26
2.26
2.03
2.03
2.03
203.53
203.35
203.35
204.73
204.81
204.81
206.17
206.25
206.25
207.61
207.69
207.69
209.02
209.10

Cel/J
KT 1
mol' !
0.073
0.073
0.073
0.049
0.049
0.049
0.034
0.034
0.034
0.024
0.024
0.024
0.017
0.017
0.017
0.012
0.012
0.012
0.008
0.008
0.008
0.006
0.006
0.006
0.004
0.004
0.004
0.003
0.003
0.003
0.002
0.002
0.002
0.002
0.002
0.002
68.002
68.167
68.221
68.476
68.350
68.327
68.605
68.474
68.435
68.698
68.629
68.573
69.043
68.981

T/K

209.11
210.44
210.49
210.50
211.86
211.95
211.94
213.39
213.47
213.46
214.83
21491
214.90
216.30
216.33
216.35
217.77
217.75
217.80
219.24
219.18
219.23
220.60
220.55
220.60
222.04
222.00
222.04
223.48
223.44
223.48
209.11
210.44
210.49
210.50
211.86
211.95
211.94
213.39
213.47
213.46
214.83
21491
214.90
216.30
216.33
216.35
217.77
217.75
217.80

Cpl/J
Ki 1
mol't
68.624
68.917
68.861
68.829
69.123
68.983
68.982
69.236
69.093
69.072
69.348
69.184
69.209
69.294
69.385
69.368
69.313
69.650
69.581
69.362
69.858
69.812
69.689
70.059
70.003
69.961
70.305
70.226
70.196
70.481
70.465
68.624
68.917
68.861
68.829
69.123
68.983
68.982
69.236
69.093
69.072
69.348
69.184
69.209
69.294
69.385
69.368
69.313
69.650
69.581
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TableD15: S .75Y 0.293Heat Capacity Data: 9.37 mg sample; in order of data collection

T/K Cp/JK1? T/K Cp/JK1? T/K Ce/JKY T/K Cpl/JK?
mol'? mol' ! mol'! mol'!
304.68 85.048 215.94 74.342 43.77 15.666 8.96 0.217
304.30 85.073 215.97 74.303 43.77 15.621 8.95 0.216
304.32 84.885 215.96 74.309 43.76 15.628 8.96 0.217
283.86 83.064 214.27 74.136 39.09 12.822 8.00 0.143
284.04 83.269 214.30 74.180 39.09 12.786 8.00 0.142
284.04 83.152 214.29 74.272 39.08 12.788 8.00 0.143
263.68 81.240 212.60 73.905 34.91 10.368 7.17 0.097
263.83 81.236 212.62 74.023 34.90 10.327 7.16 0.096
263.82 81.336 212.62 73.967 34.90 10.327 7.16 0.095
243.45 79.106 182.96 69.868 31.16 8.251 6.39 0.066
243.57 79.064 182.82 69.666 31.17 8.210 6.38 0.066
243.56 79.058 182.82 69.655 31.17 8.204 6.39 0.064
232.79 77.909 155.77 63.587 27.85 6.433
232.68 77.899 155.79 63.600 27.84 6.419
232.68 77.878 155.78 63.576 27.84 6.400
230.98 77.707 128.78 55.578 24.87 4.859
231.01 77.691 128.76 55.614 24.85 4916
231.01 77.482 128.76 55.598 24.86 4916
229.32 77.550 101.79 45,645 22.20 3.699
229.35 77.532 101.76 45.698 22.19 3.731
229.34 77.426 101.76 45,705 22.20 3.731
227.64 77.105 96.69 43.291 19.82 2.793
227.67 77.188 96.71 43.242 19.81 2.771
227.67 77.164 96.70 43.309 19.82 2.772
225.98 76.860 86.30 38.637 17.70 2.028
226.00 77.138 86.29 38.662 17.69 2.017
226.00 76.838 86.29 38.740 17.70 2.019
224.30 76.477 77.08 34.680 15.80 1.452
224.33 76.677 77.08 34.616 15.80 1.447
224.33 76.673 77.08 34,571 15.80 1.445
222.63 76.162 68.83 30.148 14.11 1.022
222.66 76.077 68.84 30.116 14.11 1.017
222.65 76.056 68.84 30.106 14.11 1.018
220.96 75.464 61.46 26.260 12.60 0.708
220.98 75.694 61.45 26.251 12.60 0.707
220.98 75.720 61.45 26.251 12.60 0.705
219.29 75.168 54.89 22.443 11.25 0.484
219.31 75.189 54.88 22.396 11.25 0.480
219.30 75.156 54.88 22.400 11.25 0.481
217.62 74.727 49.01 18.855 10.04 0.321
217.64 74.688 49.02 18.808 10.03 0.320
217.63 74.719 49.01 18.801 10.04 0.320
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TableD16: S .75Y 0.29-3Heat Capacity Data: 8.98 mg sample; in order of dali@ction

T/K

274.06
273.77
273.77

Cp/JK1
mol'!

79.969
79.827
79.872

TableD17: S .75Y 0.2d3Heat Capacity Data: 9.84 mg sample; in order of data collection

T/K Cp/JK1? T/K Cr/JIK1? T/K Cp/JK1?
mol'? mol'! mol'!

280.88 82.540 324.49 84.696 362.57 86.964
280.55 82.426 324.49 84.526 362.67 86.842
280.56 82.387 324.48 84.674 362.65 86.911
295.17 83.105 339.14 85.070 376.95 88.064
295.18 83.118 339.15 84.988 377.07 87.704
295.18 82.875 339.15 85.002 377.07 87.918
309.82 84.079 351.22 85.786 391.37 89.069
309.83 84.152 351.22 85.970 391.43 88.888
309.83 84.221 351.23 85.987

TableD18: S .75Y 0.29-3Heat Capacity Data: 11.05 mg sample; in order of data collection

T/K

280.05
279.67
279.67
294.27
294.26
294.26
308.88
308.86
308.86

Cp/JK1?
mol'1

80.991
80.727
80.813
81.446
81.517
81.469
82.492
82.449
82.436

T/K

323.49
323.47
323.48
338.14
338.11
338.11
350.70
350.69
350.69

Cpr/JK1?
mol'!

83.258
83.258
83.279
83.382
83.360
83.367
84.133
84.193
84.216

T/K

363.28
363.28

Cp/JK1?
mol'!

84.858
84.778

TableD19: S .75Y 0.29-3Heat Capacity Data: 6.28 mg sample; in order of data collection

T/K Cp/JK? T/K Cp/JK?
mol'* mol' !
10.09 0.319 7.87 0.130
10.07 0.317 7.85 0.130
10.07 0.317 7.85 0.130
9.29 0.236 7.23 0.097
9.27 0.236 7.22 0.097
9.27 0.236 7.22 0.096
8.55 0.176
8.53 0.175
8.53 0.175
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TableD20: S .75Y 0.293Heat Capacity Data: 4.44 mg samplepider of data collectian

T/K Cp/JK1? T/K Cp/JK1?
mol'! mol'!

10.11 0.316 9.30 0.235

10.10 0.315 9.29 0.235

10.09 0.315 9.28 0.235
9.31 0.233 8.56 0.175
9.29 0.234 8.55 0.175
9.29 0.233 8.54 0.175

10.11 0.317

10.09 0.318

10.09 0.317
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Appendix E: Thermal Stress Distributions in ¥Mo03012
and AbMo030O1,

02 0 02 04
U. / GPa
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02 0.4

lja /| GPa

Figure E1.Thermal stress distributions in te@erbasis ina modeledy 2M03012
polycrystal following cooling by 700 Ksee Chapter 9Black points are datgreen
curves are fits to the data, and red curves are lognormal functions.
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Figure E2:Thermal stress distributions in te@erbasis ina modeledAl2M03012
polycrystal following cooling by 700 Ksee Chapter 9Black points are datgreen
curves are fits to the data, and red curves are lognormal functions.
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