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Abstract

Cerén Cortés, Andrés Esteban; Marinkovic, Bojan (Advisor).
Evaluation of the coefficients of thermal expansion and phase
transitions in AlxInxW3012 system. Rio de Janeiro, 2021. 79 p.
Dissertacdo de mestrado — Departamento de Engenharia Quimica e de
Materiais, Pontificia Universidade Catolica do Rio de Janeiro.

This work aims to study the extrinsic and intrinsic thermal expansion of Al,.
xINxW3O12, its phase transitions and hygroscopicity for the phases: x = 0.2; 0.4;
0.7 and 1. The powders were obtained by the co-precipitation method. This
technique allows the production of advanced ceramic materials through soft
chemical reactions at relatively low temperatures using aqueous solutions as

reagents.

The AlaxInxW3012 family is part of thermomiotic ceramics (from the Greek
“thermo” for heat and “mio” for contraction) and belongs to the A2M3O1. family
(A =trivalent cation, M = hexavalent cation), wich can show negative or near zero
thermal expansion. This fact makes this ceramic a potential candidate in
applications that require materials with high resistance to thermal shock. In the
literature, we found few systematic studies that report parameters of interest in
Al InyW301, system such as the coefficients of thermal expansion (CTE) and its
phase transitions. Therefore, the present work aims to determine the intrinsic
coefficients of expansion (determined by X-ray diffraction that is relative to
variations in the material's lattice parameters) and the extrinsic coefficient of
expansion (obtained by dilatometry which takes into account intrinsic and also
extrinsic variations in dimension, these later related to microstructural defects) of
AlxInyW3012, phase transition temperatures (monoclinic to orthorhombic) in the
range between x = 0.2 to x = 1. In addition, this study intends to report
hygroscopicity of this system (using thermogravimetry). The results showed that
Al InxW301, adopted an orthorhombic structure at room temperature (RT) for x
=0.2; 0.4; 0.7 compositions and monoclinic structure for x = 1 composition. In x
= 1 phase, a monoclinic to orthorhombic phase transition occurred close to 200
°C. Finally, the Al>.xInxW3012 system presented low hygroscopicity in all four
studied phases.
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Near-zero thermal expansion; negative thermal expansion; tungstate;
A>M3012; AlxInyW3012; phase transitions; coefficient of thermal expansion
(CTE); hygroscopicity.
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Resumo

Cerdn Cortés, Andres Esteban; Marinkovic, Bojan (Orientador). Avaliacéo
dos coeficientes de expansdo térmica e transicdes de fase no sistema Alz-
xINX\W3012. Rio de Janeiro, 2021. 79 p. Dissertacdo de mestrado — Departamento
de Engenharia Quimica e de Materiais, Pontificia Universidade Catdlica do Rio
de Janeiro.

Este trabalho tem como objetivo estudar a expansdo térmica extrinseca e
intrinseca do Al>xInxW3012, suas transi¢cdes de fase e higroscopicidade para as
fases: x =0,2; 0,4; 0,7 e 1. Os pds foram obtidos pelo método de co-precipitacao.
Esta técnica permite a producdo de materiais ceramicos avancados por meio de
reacOes quimicas suaves em temperaturas relativamente baixas usando em solugéo

aquosa.

A familia AloxIn\W301, faz parte do que se pode classificar como
ceramicas termomidticas (do grego "thermo" para calor e "mio" para contragdo) e
pertence a familia A2M3z012 (A = cétion trivalente, M = cation hexavalente), com
expansdo térmica negativa ou quase zero. Este fato torna esta cerdmica uma
candidata potencial em aplicacdes que requerem materiais com alta resisténcia ao
choque térmico. Na literatura, encontramos poucos estudos sistematicos que
relatam parametros de interesse no sistema Alz.xInx\W3012, como 0s coeficientes
de expansao térmica (CET) e suas transicdes de fase. Portanto, o presente trabalho
tem como objetivo determinar os coeficientes de expansdo intrinsecos
(determinados por difracdo de raios X que € relativa as variagdes nos parametros
de rede do material) e o coeficiente de expansdo extrinseco (obtido por
dilatometria que leva em consideracdo a variacdo intrinseca e também extrinseca,
dimens6es do material, estas ultimas relacionadas a defeitos microestruturais) do
sistema AlxxInxW3012, temperaturas de transicdo de fase (monoclinica e
ortorrdmbica) na faixa de x = 0,2 a x = 1. Além disso, este estudo pretende relatar
a higroscopicidade deste sistema (usando termogravimetria). Os resultados
mostraram que 0 AlxInyW301> adotou uma estrutura ortorrbmbica em
temperatura ambiente para as composicdes x = 0,2; 0,4; 0,7 e uma estrutura

monoclinica para a composi¢do x = 1. Na fase x = 1, uma transi¢do de fase
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monoclinica para ortorrdmbica ocorreu perto de 200 °C. Finalmente, o sistema

Al>xInxW3012 apresentou baixa higroscopicidade nas quatro fases estudadas.

Palavras-chave

Expansao térmica proxima a zero; expansao térmica negativa; tungstato;
A>oM3012; AlxInkW3012; transi¢bes de fase; coeficiente de expansdo térmica
(CET); higroscopicidade.
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1
Introduction

It is known that most of materials present variations in their dimensions when
subjected to changes in temperature. Normally, when heated their dimensions
increase and when cooled, a decrease in dimensions is observed. However, there is
a select group of advanced ceramic materials which has the ability to reduce their
dimensions with increase of temperature: thermomiotic ceramics (from the Greek
thermos for heat and mio for contraction). These ceramics are oxides and offer
possibility of adjusting of coefficient of thermal expansion (CTE) with partial or
complete substitution of A%* cation. This property is of interest due to scientific and
technological reasons.

Within thermomiotic ceramics there are series of families, among them,
A>M301, family, where A can be a rare earth cation from Ho to Lu, including Y and
Sc or some other trivalent cation such as AI**, Cr3*, Fe3*, In® or Ga®*, while M is a
hexavalent cation such as W®* or Mo®*. These ceramics have negative, low-positive
or near-zero (-11 x 10°°C? to -0.11 x 10° "C, where a denotes CTE). This
behavior occurs as an interplay of bond lengths dilation due to the asymmetry of
potential well and transverse vibrational modes which generate a reduction in the
volume.

In the A2M301> family, member A forms octahedra (AQOeg) that share their
vertices with member M, which forms tetrahedra (MOs). These framework
arrangement leads to the formation of orthorhombic structures in the space group
Pbcn (less dense and with a negative, near-zero or low-positive CTE) or monoclinic
with the space group P2i/a (a denser phase with a normal positive CTE). The
orthorhombic phase is favored at RT when A3* have a lower electronegativity
[1][2]. However, some thermomiotic ceramics show transitions from monoclinic to
orthorhombic structure during heating or cooling above RT.

Many studies of members of the A>2M3z01 family have been reported in which
parameters such as intrinsic and extrinsic CTEs, phase transitions temperatures,

hygroscopicity, among others have been characterized.
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This dissertation arises from the interest of investigating and characterizing
some of the properties of aluminum-indium tungstate (Al>-xInxW3012) as a material
that is part of the A2M3O1, family, still without a thorough study available in

literature, as the author is aware of.
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2
Literature review

2.1.
Fundamentals of thermal expansion

Most materials show changes in their dimensions when exposed to
temperature variations. The usual behavior indicates that a material when heated
expands and when cooled it contracts. The explanation of the thermal expansion
can be understood by means of the curve of potential energy as a function of the
interatomic distance. Properties such as thermal expansion of a material are result
of the interatomic forces of the material, generating changes in its dimensions as a
function of temperature.

Figure 1 shows two potential energy curves, one of them symmetrical and the
other asymmetrical. The first is an idealized symmetric potential energy curve
which can be considered close to those presented by strong chemical bonds (but not
exactly the same, since even the strongest chemical bonds present some asymmetry
in the well) which would lead to a low CTE. The second is a realistic asymmetric
energy curve, typical for vast majority of chemical bonds, and is the consequence
of two energetic terms, attractive and repulsion. When an increase in thermal energy
occurs in a system, the harmonicity of the system is altered, and the bonds start to
expand due to the intrinsic asymmetry of the curve. As a consequence of this o # 0
°ct [1][3].

A more rigid material presents stronger chemical bonds and the energetic
distance between the successive vibrational energy levels increases. This behavior
characterizes a low heat capacity. Otherwise, a less rigid material presents weaker
chemical bonds and the distance between energy levels is decreased. Therefore,

these materials present higher heat capacity. This behavior is presented in Figure 2.
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2.1.1.
Coefficient of thermal expansion CTE

The coefficient of thermal expansion (CTE) in a material at constant pressure
is defined by equation 1 if it is linear or by equation 2 if it is volumetric. If the
energy curve has a greater depth and is more symmetric, the coefficient of thermal

expansion will be lower due to the high binding energy.

Figure 1- Potential energy curves as a function of the interatomic distance (r).
Harmonic, not continuous line with white spheres. Anharmonic, continuous line
with black spheres [1]. As a material experiences changes in temperature, the
interatomic distances change, represented by the black spheres. In harmonic
potential, the distance is constant.

n=3

|
L /

n=1

n=0

Figure 2- Schematic representation of vibrational energy levels. (a) Stiffer material

and (b) less rigid material [4].
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Equation 1: Linear thermal expansion coefficient

l(dl)
“=7\ar),

Equation 2: VVolumetric thermal expansion coefficient

_1<dV>
% =y\ar/,

a; = coefficient of linear thermal expansion
a,,= volumetric coefficient of thermal expansion
| = initial length

V = initial volume

dl = variation in length

dV = variation in volume

dT = variation in temperature

The materials can present an isotropic or anisotropic CTE. In the isotropic
materials the thermal expansion occurs in the same proportion throughout all
crystallographic directions. Therefore, a relationship can be established between the
linear and volumetric coefficient of thermal expansion for materials with isotropic

behavior. This relationship is expressed in equation 3.

Equation 3: Relationship between and «,,

a, = 3q;

2.2.
Thermomiotic ceramic materials

The relationship that exists in a material between the volume and the change
in volume with respect to the change in temperature is expressed by equation 2.
Through Maxwell's relationships, the link between volume and entropy (S)
expressed in equation 4 can be understood, where Ky is the isothermal
compressibility. Compressibility is a property that takes positive values, therefore,
changes in volume in a material that is being heated will occur in the direction in
which an increase in entropy occurs [5] .

Figure 3 shows the behavior of the thermal expansion in a generic material.

At constant pressure, the volume at a certain temperature is determined when the
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expression F (V, T) + PoV is minimized (F=Helmholtz energy, V=volume,
T=temperature, Po=initial pressure). Thermal expansion in a material occurs in the

direction in which the entropy increases [5].

F(V.T;) + PV
F+PV

: (Vo + 8V, Ty) 6T
S(Vy, Ty) 8T S(Va+oV, Ty

F(V.Ty+ 0T + PoV

(a)

v, v, + oV V

F(V.T,)+ RV

F+PV

F(V.Ty+ 81+ PV

V, +8V v, Vv

Figure 3- Graphical representation of the thermodynamics of thermal expansion.
The figures show thermodynamic principles behind (a) positive thermal expansion
and (b) negative thermal expansion response with increase of temperature [5]. The
volumes indicated on the x-axis show the minima of the expression F + P,V versus
V isotherm. These are the equilibrium volumes at temperatures T and T + &T,

respectively.

Equation 4: Maxwell’s relationships for a,,
1 (av) 1 (65) _Kk (65)
“»=y\or), = “vier),” "T\av),

dS$ = entropy variation
S = entropy
P = pressure
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Equation 5: Relationship between K; and a,,

Ko — I(OV)
= yv\ar/;

There is a select class of materials with the ability to present negative thermal
expansion, i.e., thermomiotic ceramics. These materials are ceramic oxides that are
part of advanced ceramics and besides a negative thermal expansion (NTE) some
of them almost do not change their dimensions with increasing temperature,
showing near-zero thermal expansion (NZTE). When o takes negative values, the
entropy increases when the material is compressed in an isothermal way [4].
Materials with NTE present negative oy values in some temperature range. This
value can be between -11 x 10 °C* to -0.11 x 10 °C™ [6].

The NTE in a material is an anomalous event since, in general, the materials
tend to present positive thermal expansion (PTE). This behavior cannot be
explained solely from the potential energy well, since it involves other types of
interatomic movements and interactions such as transverse vibrations, non-

vibrational mechanisms or phase transitions [1] [3] [5].

2.2.1.
Dynamic and structural mechanisms of NTE

All materials are composed of the union of a series of atoms which are
connected by chemical bonds of different types. These bonds can present alterations
when a material is heated (or cooled) generating "chain movements"”. When the
temperature increases, an elongation process occurs between some of the bonds
which are related to the anharmonicity present in the interatomic potential energy
well and can be represented schematically as shown in Figure 4-A. On the other
hand, atomic motions can be also transverse to the direction in which the chain is
oriented. These movements tend to reduce the length of the bonds causing NTE [5]
[7].

In a crystalline material the lattice vibrations are quantized by phonons.
Phonons are classified into: optical (short wavelengths and high frequencies and
energy), acoustic (long wavelengths and low frequencies and energy), transverse

optical (wich can only be excited at high temperatures due to its high energies) and
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acoustic transverse (its excitation occurs at lower temperature levels) [1] [3] [5] [7].

These movements are described in a general way in Figure 4.

Figure 4- Schematic representation of lattice modes for a chain of atoms. (a)
Longitudinal optical, (b) high-energy transverse optical and (c) low-energy

transverse acoustic [7].

2.2.2.
Structural vibrations

Lattice vibrations are to a greater extent responsible for the thermal expansion
of a material, except for some materials at very low temperatures [5] [7]. These
vibrations are quantized through a phonon which can have different ranges of
wavelengths, amplitude and frequency [3]. If the lattice waves are along the
direction of propagation longitudinal phonons will emerge, when contrary
transverse phonons will be formed [1].

The thermomiotics materials have strong chemical bonds. Figure 5 show a
schematic representation for the longitudinal and transverse vibrations in M-O-M
type bonds. In it, it is possible to perceive how, in the event of an increase in
temperature, the bonds vibrate longitudinally and transversely, generating an
increase or reduction in interatomic distances[1] [2] [7].

The negative thermal expansion is favored when vibrational outweigh
longitudinal contribution. Additionally, the prevalence of open crystal structures
and low coordination numbers (maximum 3) are favorable for this behavior. The

open crystal structure facilitates the presence of transverse vibrations between the
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atoms with coordination number 2. These atoms link tetrahedra and octahedra in a

open framework, connected through the vertices [2] [7].

Longitudinal Transverse
At equilibrium

| mloﬂ Heat

. Shrink
Shrink

Expand

(a) (b) (c)

Figure 5- Schematic representations of (a) longitudinal vibrations (the average
distance between the atoms increases due to the anharmonicity of the potential
energy curve and changes in temperature), middle-system in equilibrium and (c)
transverse vibrations (reduction of the mean distance between atoms, as a

consequence negative thermal expansion can be is generated) [1].

Some thermomiotic ceramics that have NTEs are built from tetrahedral and
octahedral unitawith strong A-O and M-O type bonds, joined at corners by 2-
coordinated linkers (the most common linker is oxygen anion). These bonds are of
great importance for the existence of predominant transverse vibration and the
existence of NTE. The rigid unit mode model considers these facts; the tetrahedral
and octahedral structures are considered rigid in a many thermomiotic families.
However, they present rotation among themselves [1] [2] [8]. Figure 6 shows a
schematic bidimensional representation of a series of connected polyhedral sharing
their corners and changing their dimensions (contraction) due to increase of
temperature, leading to NTE.

A technique to show the apparent length bond contraction between the M-
O bond with respect to changes in temperature is High Temperature X-ray Power
Diffraction (HT-XRPD or In Situ XRPD). In Figure 1 the anharmonic potential
energy curve was presented and indicates that all bonds tend to expand when there
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is an increase in temperature, however, it occurs at different speeds, due to the
strength or weakness of the different bonds. Stronger bonds expand slower than
weak bonds. This effect is attributed to libration [3].

Libration is an acoustic transverse mode attributed to a particular vibration
where the movement of the 2-coordinated linker atom occurs in a specific direction
relative to the M-O bond. When a material with libration vibrations is analyzed
using HT-XRPD, the technique perceives the reduction of the perceived length in

the M-O bond [1] [3]. Figure 7 shows a schematic representation of libration.

B\ \ >
i AW
O Warming | X
(\L/r// ‘—"\.‘» L

Figure 6- Schematic representation of dimensional contraction caused by increase
in the temperature of a thermomiotic material and its mechanism of rotation
between polyhedra [9]. White spheres represent oxygens with coordination
number 2 and black spheres represents metallic cations with coordination number
4 or 6.

Finally, it is important to mention that the vibrational effects on thermal
expansion can be evaluated using the quasi-harmonic approach [5]. The
dependence between the volume and the vibrational frequencies of the network can
be studied from anharmonicity, a feature directly related to the thermal expansion
of a material. Anharmonicity can be quantified using the Griineisen parameter,
represented by Greek letter y and defined by equation 6, where V is volume, K is a
bulk modulus and Cy is specific heat capacity [1] [3] [5] [8]-
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Figure 7- Schematic representation of libration [1]. It is possible to distinguish the
true distance and the perceived distance when this phenomenon occurs in M-O
bonds. The libration cause a reduction of perceived length when the magnitude of
the vibration increases.

Equation 6: Griineisen parameter
o, VK
=

Y

The Grineisen parameter evaluated for crystalline solid indicates the stage of
anharmonic behavior of the phonons at certain temperature. Negative values of this
parameter will result in NTE, while near-zero values of Griineisen parameter would
be responsible for NZTE [3] [10].

2.2.3.
Families of thermomiotic materials

Thermomiotic ceramics have generated special interest because they have
the ability to adjust some of its properties such as the CTE. This is particularly
favorable when a material resistant to thermal shock is desired because the thermal
stresses are reduced and the possibility of rupture due to high variations in
temperature is minimized [11].

Within thermomiotic ceramics there are different types of families that
present NTE or NZTE. Among them: AM20s [12], AM.O7 [13] [14], A2M4O15
[15], AMOs [16], AOs [17] and A2M3012 [1].
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2.2.4.
A2M3012 familiy

In the A2M301, family the constituent A®* can be rare earth or transition cation
(AP, Cre*, In®, Fe®*, Sc3, Y3, Lu®', Ho®, Er¥*, Tm®, Ga®*, Yb®*") while the
constituent M®* can be hexavalent cation (W®* or Mo®"). These constituents offer a
wide range of compositions due to structural flexibility [1] [3] [6]. This is
particularly interesting since it opens the possibility of changing the cations and as
a consequence generate variations in the thermal behavior of the material. However,
in this family of metal oxides there is a limitation with respect to cation A** which
must have a preference for adopting an octahedral position [3]. Liu H. et al. [6]

affirm that half of the materials in the A2M3z0O1. family have NTE properties.

2.2.5.
A2M3z3012 structure

In A2M3012 family, the structure adopted is given by AOs octahedra and
MO tetrahedra. The AOg octahedra share the vertices with MO4 tetrahedra. Such a
corner sharing leads to A-O-M linkages. In the process of crystallization, the
materials of the A2M3O1. family can adopt monoclinic or orthorhombic structures.
The monoclinic structure is denser and presents PTE. In the orthorhombic structure
the density decreases, generating materials with NZTE or NTE. This condition is
of great importance when a material with high resistance to thermal shock is
required in specific applications in fields such as communications, microelectronics
and aerospace industry [1] [6] [18].

These structural arrangements contribute to the level of rigidity presented in
the material's structure. The rigidity is given by repulsion effects between anions,
in this case O-O, which are stronger as the polyhedra are smaller because the O-O
distance will be smaller. On the other hand, the rigidity is also related to the size of
the cation A®*, a bigger cation will increase the capacity to deform of the AOg
octahedra, and its rigidity will decrease favoring the presence of NTE and NZTE
behavior [1] [3]. This can be confirmed through studies such as the one carried out
by Woodcock, et al. [21]. In this investigation, the authors reported the influence
that the change in the size of cation A** had over coefficients of thermal expansion.

Larger A%* caused higher negative CTE.
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Liu H. et al. [6] reported that A2M3012 tungstates and molybdates with A%*
site occupied by trivalent cations such as: Y3*, Ho**, Tm**, Yb%, In®*, Fe**, Cr¥*,
Ga®* or AIPF*, present NTE and generate structures similar to that of Sc;W3012
(Figure 8).

Figure 8- Representation of Sc,W30;:. crystal structure. It is possible to observe
ScOg octahedral units (blue) connected through vertices with WO, tetrahedral

(green) [6].

2.2.6.
A2xBxM3012: a solid solutions in A2M3O12 familiy

In the A2M3012 family A®* can be occupied by different trivalent cations.
However, member A%* can be partially substituted by another trivalent cation. This
behavior favors the orthorhombic phase and therefore the NTE when the
substitution atoms present higher atomic radius and lower electronegativity.

The A;M3012 family has shown adaptability of member A®*, which may
have more than one trivalent cation, making possible the existence of an Ao.
«BxW3012 solid solutions where B%* is a new trivalent cation different from A3*.
These types of compounds have been reported in studies for materials such as
AlInW3012,  Al168SC0.02In0.3W3012,  ScInW3012, SCAIW3012,  ErinWs0g2,
HoScW3012, ScGaWs012, YAIW3012 [19], HIMgW3012 [20], MgZrWs01. [21],
Yb2xGaxW3012[22], Al2xScxW3012 [23], In2:xScxW3012 [24], In2-xScxMo3012 [25],
Y 2.xSMxW3012 [26], Fe2-xScxM03012 [27], Fe2-xYxM03012 [28], CraxFez-2xM03012,
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AlxFe2.2xM03012, AloxCra-2xM03012 [29], AloxMexW3012 (Me=Sc, In) [30], Ya-
xCexW3012 [31], CnixZnxWO4 [32], among others [6] [18].

2.2.7.
A2M3012 anisotropic, intrinsic and extrinsic thermal expansion

Thermomiotic ceramics of the A:Mz0Oi12 family exhibit anisotropic
behavior, therefore, thermal expansion process will be different along the
crystallographic axes.

When the intrinsic-thermal expansion (free of any microstructural effect) in
an anisotropic material is being characterized using techniques such as HT-XRPD,
the CTE values along the 3 crystallographic axes are different. For example, the
CTE can be positive along one of the axes and negative over the other two.

On the other hand, it is possible to characterize the extrinsic thermal
expansion of a material. In this case, the CTE is obtained by dilatometry. This
extrinsic thermal expansion accounts for two contributions: intrinsic and
microstructural defects.

However, the intrinsic CTE and the extrinsic CTE do not present the same
values. This type of behavior is evident in the study carried out by Evans et al. [18].
In it, the authors report the difference between the intrinsic CTE and extrinsic CTE
values (Tablel). This difference is mainly attributed to the presence of microcracks

in the microstructure of a bulk material.

Table 1- Coefficient of thermal expansion a; (intrinsic) and a, (extrinsic) in some

compounds within A2M3zO12 family [18].

Compound a, (x10%°C1) a; (x10%°C1)
ScaW3012 -11 -2.2
ScoMo03012 -5 -1.1
Al2W3012 -3 +2.2

Al16Ino.4W3012 +1.5 +1.6



DBD
PUC-Rio - Certificação Digital Nº 1921369/CA


PUC-Rio- CertificagaoDigital N° 1921369/CA

31

2.2.8.
Phase transitions in A2M3012 family

In section 2.2.5. it was mentioned that the A2M3012 family can adopt
monoclinic or orthorhombic structures. This characteristic is of great importance
because the thermal expansion of these materials is associated with the type of
structure they adopt. At lower temperatures the crystal is associated with
monoclinic phase with P21/a space group. As the temperature increase, the structure
tends to transform into the orthorhombic one with Pnca space group, however,
preserving connectivity in both structures with AOs octahedra sharing vertices with
MOy tetrahedra. This type of transition occurs at different temperatures depending
on the nature of the material, most precisely on electronegativity of A3* [1] [6] [33].

The phase transition from monoclinic to orthorhombic is associated with the
breaking of secondary O-O bonds. As a consequence, a larger voids are formed in
the orthorhombic phase. The orthorhombic phase, being less dense than the
monoclinic, makes the NTE possible [18] [34].

In the A,M3012 family, the electronegativity of cation A% is related to the
phenomenon of monoclinic and orthorhombic phase transitions. The higher
electronegativity of member A3*, the higher will be the phase transition
temperature. It should be noted that the negative effective charge of oxygen
decreases higher the electronegativity of cation A%*. This facilitates the formation
of secondary bonds and increases the phase transition temperature. Member M°®*
also generates changes in the phase transition temperature due to the
electronegativity that this member can possess (Mo%*-1.8 and W®*-1.7) [6] [18]. If
member A% is considered to be the same for molybdate and for tungstate, the phase
transition temperatures will be higher in the A2Mo03012 system than in the A2W3012
system [18]. The orthorhombic phases of some members of the A2M3012 family,
with member A3* occupied by some rare earth (lower electronegativity), are
thermodynamically stable at temperatures close to room temperature (RT) [2].

This behavior can be evidenced in Figure 9. This Figure shows some
molybdates and tungstates of the A2M3z012 family and the relationship that exists
between the electronegativity of the A3* member and the phase transition

temperature from monoclinic to orthorhombic structure.
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Figure 9- Phase transition temperature from monoclinic to orthorhombic structure

of some compounds of the A:M301, family. (a) tungstates and (b) molybdates [6].

2.2.9.

Effect of partial substitution of cation A3* on CTE in A2M3O12 family

Transverse vibrations outweighting longitudinal vibrations cause the NTE

phenomenon. These vibrations generate distortion in the polyhedra, mainly the

octahedra AQs. The greater the cationic radius of the A®* cation great distortion,

which favors the existence of NTE. The cationic radius size of the A%* and M®*

members are closely related to distortion in polyhedra. Larger cationic radii

generate greater distortion. This behavior is evidenced in Figure 10. It shows a

series of compounds that are part of the A2M3012 family and the influence that

cations A%* and M®* have on the polyhedral distortion AOs and the variation in the

CTE value.
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Figure 10- CTE as a function of A site polyhedral distortion [35].
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Some studies report the effect of partial substitution of the A* cation for the
A2xBxM301 solid solutions (A3*, B®* are trivalent cations and M®* can be W®* or
Mo®*) on CTE and others properties (some compounds mentioned in section 2.2.6).

For example, Liu H. et al. [31], reports the linear CTEs for Y2.xCexW3012
obtained by dilatometry. The ionic radius of Y** is equal to 0.93 A and that of Ce%*
is equal to 1.01 A, and the partial substitution of Y3* for Ce®" causes changes in the
linear CTEs in this solud solution. Table 2.

Table 2- Linear coefficients of thermal expansion in Y2.xCexW3012 [31].

Y2-xCexW3012 a; (x10°°C*)
x=0.00 -13.094
x=0.25 -11.399
x=0.50 -9.59.
x=1.00 -3.758
x=1.50 -1.787
x=1.75 -0.820
x=2.00 2.927

Another example of the influence of partial substitution of cation A3* on
CTE was reported by Dasgupta et al. [23]. In this study, a partial substitution of
aluminum (ionic radius 0.535 A) by scandium (ionic radius 0.745 A) was carried
out, and the authors reports the value of the coefficients of thermal expansion. The

results are shown in Table 3.

Table 3- Linear coefficients of thermal expansion in AlxxScyW3012[23].

Al2xScxW3012 a; (x10°°CH)
x=0.1 2.171
x=0.4 1.779
x=0.8 1.546
x=1.2 0.818
x=1.5 -0.15

x=1.7 -0.820
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2.2.10.
Hygroscopicity

Hygroscopicity is a physicochemical property of materials which measures
the level of interaction between a material and the water molecules present in the
surrounding atmosphere. This property describes the ability of materials to absorb
or adsorb moisture from the environment to which a material is subjected [36].
Hygroscopicity can appear in materials due to the presence of microchannels which
facilitate the entry of water molecules. The control of this property is of great
interest in the development of thermomiotic materials because they alter properties
such as thermal expansion.

The size of the ionic radius of the member A%* is one of the factors that most
affects the presence of hygroscopicity. For example, in compounds of the A2M3012
family where the A3* member is occupied by Ho®*, Y3, Yb®*" and Lu®* present high
NTE when they adopt orthorhombic structures, however the large size of the ionic
radius favors the formation of large microchannels and therefore, the existence of
water in these phases [6] [31] [37].

In order to reduce the level of hygroscopicity, trying to maintain NTE or
NZTE in thermomiotic ceramics, the A2.xBxM3sO12 solid solutions generate interest
due to the possibility of partially replacing the A%* member in the A2M3O12 family.

Machado et al. [22] studied the Yb2.xGaxW30O12 system. The partial
substitution of Yb®" for Ga®* showed favorable results in reducing the
hygroscopicity of this material, maintaining NTE. Liu H. et al. [31] studied the Y.
«CexW3012 system. When partially replacing the Y3 member with Ce* there was
a decrease in the level of hygroscopicity, however when the content of Ce®*
increased, the CTE went from negative values (NTE) to values closer to zero
(NZTE). Finally,Xiang et al. [26] studied the partial substitution of Y3* by Sm*".

The hygroscopicity level was reduced and the CTE value did not vary considerably.

2.3.
Al2xInxW3012 system

The AlxInxW3012 system is part of the A>xBxW3O12 solid solutions. In this
material the A®* member is occupied by AIP* and the B3* member is occupied by

In*. Some properties of Al,W3012 and In,W3012 are known, including CTE and


DBD
PUC-Rio - Certificação Digital Nº 1921369/CA


PUC-Rio- CertificagaoDigital N° 1921369/CA

35

the phase transition temperatures from monoclinic to orthorhombic structure [19]
[33] [38] [39] [40] [41].

Woodcock et al. [39] evaluated the thermal expansion in Al,W3012 using
HT-XRPD. The authors determined the lattice parameters at different temperatures
concluding that Al2W30O12 has a low positive linear thermal expansion calculated at
a;=1.50 x 10° 'C. The Al,W301, presents an orthorhombic structure at RT. A
transition from a monoclinic structure to orthorhombic at -6 “C is reported. The
authors Prisco et al. [42] and Imanaka et al. [40] synthesized Al,W3012 and
determined by dilatometry that the CTE value of the material is a; =1.75x 10°°C-
Land a; =1.17 x 10 "C*! respectively. It is important to mention that in the study
presented by Imanaka et al. [40] this value was obtained for a single crystal of
Al;W3012 and for Prisco et al. [42] it was obtained from polycrystalline bulk.

Baiz et al. [33] synthesized In2W3012 in powder form. The authors studied
the material using HT-XRPD between 50 ‘C and 600 "C. The results showed that a
phase transition from a monoclinic structure to orthorhombic structure occurs
between 200 °C and 250 ‘C. The linear CTE value was reported only for the
orthorhombic structure with a value of a;= 3.1 x 10 "C%. On the other hand, Liu
etal. [24] synthesized In,W3012 and by dilatometry determined that the monoclinic
CTE was as high as a;= 16.51 x 10 °C1. When InW3012 presents orthorhombic
structure the CTE has a value of a;=-3.01 x 10° °C1, as measured by dilatometry,
and that the transition temperature between these two phases occurs at 248 °C. This
value is in the range of temperatures (200 "C - 250 C) reported by Sivasubramanian
et al. [41]. Additionally, the CTE of monoclinic InaWs012 is a;= 20 x 10° "C*
determined between 100 'C and 200 ‘C. The orthorhombic phase of In,W301, has
an average value of a;=-1.85 x 10® 'C? determined between 250 “C and 427 'C
range. These CTE values were obtained using dilatometry [41].

Mary and Sleight [19] synthesized 19 compounds of A2M301, family and
evaluated the thermal expansion of these materials using dilatometry in the
temperature range between RT and 800 "C. Among the materials reported by the
authors were: AlW3012, In2W3012 and some compositions of the Alo.xInyW3012
system with values of x =0.2; 0.3; 0.4, 0.5 and 1. Two of the compositions attracted
special attention; x = 0.2 and x=1. Their measurements indicated NTE for x=0.2
between 100 °C and 600 °C range and NZTE for the composition x=1 between 25
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°C and 800 °C range. The compositions x=0.3; 0.4 and 0.5 show low positive
thermal expansion between 100 ‘C and 600 'C.

Koseva et al. [30] prepared AlInW3O1. highly dense ceramic for two
different particle sizes (20 nm and 90nm) and three different treatment times (1 h,
5 h and 10 h) but reported two in their paper. The results obtained are shown in
Table 4. Additionally, by using XRPD, the authors described that the material has
orthorhombic structure at RT. Pellets density was presented as a relative value to
the crystallographic one (5.079 g.cm™ for Al,W5012)

Table 4- AllnW301; relative density reported by Koseva et al [30].

Treatment time (h) Relative density (%) Relative density (%)

Particle size 20 (nm) Particle size 90 (nm)
5 715 72.3
10 76.9 78.1

Tzvetkov et al. [43] prepared solid solutions of Al>.xInxW3012 in the range 0
<x < 1.4, Based on the diffractograms obtained at RT, the authors affirmed that all
phases studied present orthorhombic structure.

Koseva et al. [44] synthesized AlxInxW3O1. for values of 0 < x < 2 using
the co-precipitation method. Using XRPD the author concluded that compositions
between 0 < x < 1.1 have orthorhombic structure at RT and for compositions
between 1.1 < x < 2 that they are monoclinic at RT. Additionally, they presented
phase transition temperatures for 3 of compositions, x = 1.3 (118 °C), x = 1.5 (181
°C) and x = 2 (254 °C).

However, Mary and Sleight [19], Tzvetkov et al. [43], Koseva et al. [44] and
Yordanova et al. [45] do not report in their studies the CTEs of the synthesized
materials or the level of hygroscopicity they possess, while only Mary and Sleight
[19] and Koseva et al. [44] presented phase transition temperatures, although they
were obtained through different techniques.

From the above, it was possible to show that there are no rigorous and
systematic studies of Al>.xInx\W30O12 system, especially those in which the material
is evaluated at different temperatures. There are also no reports on CTEs of different
compositions (x values) and on phase transition temperatures. Finally, none of the

reviewed studies show the level of hygroscopicity that Al>.xInx\W3O12 can have. The
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foregoing generated interest and arised the possibility of investigating this material,

seeking to fill some of the gaps found.

2.4,
CTE and thermal shock resistance

Thermal shock resistance is the ability of a solid material to withstand
abrupt changes in temperature. This temperature gradient provokes thermal stresses
which can lead to material failure, a condition that is undesirable in materials
applications. An example is showed in Figure 11.

Resistance to thermal shock has a direct relationship with thermal
expansion. Some modern technological devices are designed aiming that their
variations in dimensions are small when they are exposed to changes in temperature
[46].

NTE or NZTE can have a positive influence on resistance to thermal shock
because thermal stresses decrease. Mathematically the resistance to thermal shock
is defined by the equation 7. It is important to note that the lower CTE increases the

resistance to thermal shock.

Equation 5: Thermal shock resistance

R — ko
S lay,l E

R = thermal shock resistance

k= thermal conductivity

o= stress mechanical strength

E=Young modulus

a,= volumetric coefficient of thermal expansion
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Figure 11- Fracture in the dome of a ballistic missile as a consequence of the

thermal shock to which it was exposed as a result of a Mach 4.6 air flow [47].

2.5.
Synthesis of thermomiotic ceramics

Within the existing techniques for the synthesis of ceramic materials,
Marinkovic et al., [1] classifies them into two groups:

(1) High energy synthesis, such as solid state reactions (also known as
ceramic method) and flux synthesis.

(2) Soft chemistry techniques: sol-gel method, hydrothermal routes and
synthesis by co-precipitation. These techniques have aroused great interest due to
their processing simplicity, higher phase homogeneity and, lower processing times

and lower processing temperatures.

2.5.1.
Co-precipitation method

The co-precipitation is a technique that is simple in procedure and
equipment needed and can be performed with low costs reactants. This method is
used to obtain nanopowders by supersaturation of a solution. This process facilitates
the formation of nucleos through homogeneous nucleation. This precipitates are
generally amorphous, for this reason crystallization processes must be carried out
by exposing the precipitate to higher temperatures. It is a suitable technique to
obtain nanometric powders with particles between 15-50 nm. The material is
chemically homogeneous and forms single-phase powders [1] [48] [49].
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2.5.2.
Conformation

The conformation process consists of producing a green body using a press,
a mold using the powder of the desired material. Binders are sometimes used to
ensure a more uniform distribution when pressed. In this process, a solid is obtained
whose density is between 40% and 60% of the theoretical density (TD) of the
material. The green body is characterized by being highly porous and relatively
brittle.

Once the green body is obtained, it is subjected to a sintering process at high

temperatures in order to achieve densification of the material.

2.5.3.
Sintering

In the manufacture of ceramics, it is common to include a heat treatment in
which the material obtained in powder form is converted into a solid and dense
body. This process is known as sintering. In this process variables such as
temperature, particle size, applied pressure and atmosphere are important due to the
influence they have on the microstructure of the material [50]. For this process to
occur, mass transfer is necessary.

In crystalline materials, sintering can occur by several mechanisms which
are named in Figure 12. In this figure a schematic representation of the different

transport paths of matter between two particles are presented.

Mechanisms

1. Surface diffusion L .
2. Lattice diffusion Non-densifying mechanisms 1, 2,

(from the surface) and 3 produce microstructural
3. Vapor transport / change without causing shrinkage
4. Grain boundary diffusion 3

5. Lattice diffusion (from Densifying mgchanisms 4, 5._and 6
the grain boundary) remove mater|al fromrthe grain
6. Plastic flow boundary region leading to shrinkage

(by dislocation motion)

Figure 12- Schematic representation of sintering mechanisms for a two particles
[50].
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3
Objectives

3.1.
General objective

To study the extrinsic and intrinsic thermal expansion of Al,xInxW3O12
system, its phase transitions and hygroscopicity.

3.2.
Specific objectives

1) Synthesis by the co-precipitation method of AlxInxW3012 powders with
values of x =0.2; 0.4, 0.7 and 1.

2) Determination of the extrinsic and intrinsic coefficients of thermal
expansion of Al>.xInxW3012 for the synthesized compositions.

3) Study the existence of phase transitions within Al.xInxW3012 system.

4) Determination of the level of hygroscopicity inside AlxInxW3O1.

system.
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4
Materials and methods

4.1.
Co-precipitation method for the Al2xInxW3012

The synthesis of Al>.xInxW3012 powders was made through the modified reverse-
strike co-precipitation method. The reagents used were AI(NO3)3-xH-0,
In(NO3)3-xH20 (Alfa Aesar, purity > 99%) and Na;WO4-2H,0 (Sigma Aldrich, St.
Louis, MO, USA, purity > 99%).

Using this technique, AloxInxW3012 precursor powders were obtained with
nominal chemical compositions x=0.2, 0.4, 0.7 and 1. Simultaneous dropping of
0.1 M aqueous stoichiometric solutions of Al (NO3z)3-xH20 and In(NOz)3-xH20 into
0.1 aqueous solution of Na,WO4-2H.O under constant stirring at RT was
performed. The pH of the solution was not adjusted. Naturally tended to values
closeto 4 (pH =4.1forx=0.2, pH =4.0 forx =0.4, pH = 3.9 for x = 0.7 and pH
=3.7forx =1).

For each of the compositions, the precipitates formed instanteneously with
the addition of nitrates and were recovered immediately by centrifugation at 4000
rpm, during 5 min (NT 810, Novatecnica Piracicaba, Brazil). Subsequently, the
precipitates were washed three times with anhydrous ethanol (Vetec, 99.9%). The
obtained precipitates were dryed in a conventional microwave oven for 3 min.

The dried amorphous precipitates were heated at 600 "C for 1 h to evaluate
crystal formation. Subsequently, the calcination process was carried out
additionally for each composition at 950 "C for 10 h. This process was done in order
to obtain powders with larger crystallites, propicius for XRPD studies. The thermal
treatments were performed in a horizontal tube furnace (Maitec-INTI FET 1600 /

H, S&o Carlos, Brazil).
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4.2.
Characterization techniques

4.2.1.
Differencial scanning calorimetry (DSC)

Initially, all prepared compositions, in the amorphous state were analyzed
on a Perkin-Elmer Simultaneous Thermal Analyzer STA-6000 (Seer Green, U.K.)
equipment. The DSC technique allowed to establish an approximate temperature of
crystallization of the amorphous material. The conditions were: heating rate 10
K.min%, synthetic air flow 20 mL.min" and temperature range RT up to 950 'C.
(Appendix A. Al: TGA-DSC curves for Al>.xInxW3012 as amorphous powders).

In order to verify possible phase transitions in the studied systems, once the
calcination process had been carried out and the powders crystallized, the samples
were subjected to an additional thermal analysis in a TA Instruments Q200
equipment, equipped with a liquid N2 cooling head under He purge gas (25
mL.min""), with a heating rate of 20 K.min"! over the temperature ranges from —100
‘Cto 0 °Cand from 0 "C to 300 'C.

In both cases about 20 mg og each powder was used for analyses.

4.2.2.
Thermogravimetry (TGA)

In order to determine hygroscopicity of the four chemical compositions
from mass losses of water molecules, samples of 20 mg (approximately) were
analyzed in a Perkin-Elmer Simultaneous Thermal Analyzer STA-6000 (Seer
Green, U.K.) equipment, for each composition in powder form. The samples were
heated from RT to 950 "C with a heating rate of 10 K.min using synthetic air flow
of 20 mL.min%. The samples analyzed for the 4 compositions were stored under
ambient conditions (approximately 25 ° C and 78% relative humidity). However,
strict monitoring or control of the atmosphere to which the samples were exposed
was not carried out prior to the TGA test.


DBD
PUC-Rio - Certificação Digital Nº 1921369/CA


PUC-Rio- CertificagaoDigital N° 1921369/CA

43

4.2.3.
X-ray power diffraction (XRPD)

The calcined samples in powder form of A>xInxW30O1, were analyzed for
each composition using a Bruker D8 Advance diffractometer with Cua radiation (A
= 1.5418 A), with a 20 scanning step size of 0.01". The analysis was carried out at
RT in order to determine crystal system (monoclinic or orthorhombic) adopted by
a phase at RT.

The diffractograms were analyzed using TOPAS-Academic software
program and LeBail method.

4.2.4.
High temperature X-ray power diffraction (HT-XRPD)

This technique is also known as In-Situ XRPD. The equipment used was
Bruker D8 Advance diffractometer with Cuo radiation (A = 1.5418 A), with a 20
scanning step size of 0.01" and counting time of 2 s per step, with high-temperature
Anton-Paar XRK900 camera.

The powders from of four compositions calcinated at 950 “C were analyzed
at 25, 50, 100, 150, 200, 250, 300, 350 and 400 "C for approximately 24 hours. This
technique makes it possible to measure the variations in the unit cell parameters
with temperature. The as obtained diffractograms allow to identify possible phase
transitions through the location of peaks and make possible calculation of intrinsic
CTEs (linear) using unit cell parameters (with the standard uncertainties at the
fourth decimal place) determined by Le Bail refinement using TOPAS-Academic
software. The standard deviations for the intrinsic CTE were calculated from the

linear fit in the temperature range from RT to 400 "C.

4.2.5.
Dilatometry

Dilatometry is a technique that allows to follow the thermal expansion in
bulk material through variations in the length of a cylindric sample. The equipment
used was the DIL 402C NETZSCH dilatometer. The samples analyzed were solid
cylinders of each synthesized composition. The dimensions of the samples were 6.5

mm in diameter by 8 mm (0.1 mm) in length. The powders calcinated at 950 "C
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with the appropiate composition was mixed with 1% polyethyleneglycol and 1%
polyvinyl alcohol water. Subsequently, these mixtures were pressed at 250 MPa.
As a result, green bodies were obtained. These green bodies were sintered at 950 "C
for 10 h in air.

The equipment was calibrated using a standard Al,Oz sample provided by
the manufacturer (NETZSCH). Subsequently, Dilatometric measurements were
performed three times for each sample in order to determine the extrinsic CTE and
its standard deviations. The dilatometric curves were obtained from RT up to 500

°C with a heating rate of 5 K.min™ and a cooling rate of 3 K.min™.

4.2.6.
Density

To determine the density of each sintered composition, a density
measurement Kit was coupled to BEL Engineering M213Ai analytical balance and
measurements of absolute density of the samples was carried out by the
Archimedean method. Water temperature was measured to determine its density,
according to ASTM B962-15.

4.2.7.
Diffuse reflectance spectroscopy (DRS)

DRS technique was used to determine the band-gap energy of the four
compositions in the AloxInyW3012 system. Assumed direct and indirect transition
fundamental absorption. DRS was used to study the optical properties in all samples
on a Perkin-Elmer Lambda 650 UV-vis spectrophotometer, in a range from 800 nm
to 250 nm in 1 nm steps. The DRS spectra were plotted using the Kubelka-Munk

function to estimate the band-gap energy
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5
Results and Discussion

5.1.
Phase composition

XRPD was firstly performed in order to determine if the studied
compositions are monophasic. Subsequently, their diffractograms were adjusted by
the Le Bail method. The XRPD patterns of Al,xIn\W301, at RT for each
composition are shown in Figure 13.

The four compositions showed to be monophasic at RT. Le Bail's
adjustment allowed determining that the compositions x = 0.2, 0.4, 0.7 present
orthorhombic structures (space group 60, Pbcn). However, the XRPD pattern of
composition x = 1 presented small differences with respect to the previous three
compositions studied. Based on the previous literature reports [43] [44] [45],
diffractogram of the composition x = 1 was expected to be orthorhombic with Pbcn
space group, but some differences were found. The most intense peak located at
22.4° (20) did not divide into two separate diffraction lines and additionally
presented two weak diffraction lines located at 23.8" and 25.9° (20).
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(d)
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Figure 13- XRPD patterns of Al,InW301, obtained at RT. The Le Bail fit shows
that the compositions (a) x = 0.2, (b) x = 0.5 and (c) x = 0.7 coincide with the
orthorhombic space group Pbcn. For the composition (d) x = 1 the Le Bail fit shows
that the composition coincides with the monoclinic space group P2i/a.
Experimental profiles are represented by black lines, calculated profiles by red
lines and difference profiles by green lines. (d) The arrows show typical diffraction
lines for the monoclinic system in the A>2MsO1> family, which are absent in the

orthorhombic system.

The diffractograms obtained using XRPD allow us to determine the type of
structure that a material adopts at RT. When a crystal of the A2M3O12 family
assumes monoclinic structure, a higher intensity single peak arises close to 23" (20)
[51]. However, when it assumes an orthorhombic structure it divides into two peaks
[52].

The appearance or absence of characteristic peaks in the monoclinic or
orthorhombic structures for the A2M3z01> family was also reported by Miller et al.
[11]. In this study, the authors determined the phase transition of HfMgMo03012
from monoclinic structure to orthorhombic structure at -98 “C using diffractograms
obtained using the XRPD In Situ technique. The XRPD pattern for x = 1 was
adjusted to the monoclinic system, which described all experimental diffraction

lines very well.
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Another important characteristic determined from XRPD at RT was the

lattice parameters. The results are found in Table 5. It is possible to notice the

increase in the value of the lattice parameters of the x=1 composition in relation to

the x =0.2, 0.4 and 0.7 compositions. This shows that the composition x = 1 adopted

a different type of structure than the other three compositions.

Table 5- Lattice parameters at RT in Alo.In,W301, system

Lattice parameter

a b C Volume
x (In3* Content) * & * &)
0.2 (Pbcn) 12.6948 9.1107 9.2019 1064.2979
0.4 (Pbcn) 12.7840 9.1567 9.2588 1083.8123
0.7 (Pbcn) 12.9615 9.2866 9.3930 1130.6233
1 (P2:1/a)" 16.1260 9.4955 18.7623 2343.8511

The diffractograms obtained at RT suggested that the composition x = 1

adopts a monoclinic structure at RT and not orthorhombic. This contradicts what

was previously proposed by Tzvetkov et al. [43], Koseva et al. [44] and Yordanova

et al.[45].

5.2.

Phase transition temperature

5.2.1.

Phase transition temperature. HT-XRPD technique

In order to determine the phase transition between monoclinic and

orthorhombic structures, the HT-XRPD technique was used. The temperature range
for the HT-XRPD was 25 ‘C to 400 ‘C. The diffraction patterns for compositions

x= 0.2, 0.4, and 0.7, shown in Figure 14 (a-c), were determined to remain almost

identical as the temperature increased. Therefore, it could be concluded that these

compositions do not present a phase transition and they are orthorhombic along the

studied temperature interval up to 400 "C. However, for the composition x = 1
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(Figures 14 (d) and 15) small changes were found in the diffraction patterns. This

indicates a possible phase transition from a monoclinic structure to orthorhombic

structure.
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Figure 14- HT-XRPD patterns of Alx«xInW3O1,. For compositions (a) x=0.2, (b)
x=0.4 and (c) x=0.7 the structures are orthorhombic from RT to 400 ‘C. For
composition (d) x=1 phase transition from monoclinic to orthorhombic structure

occurs at ~250 °C.
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Note that the HT-XRPD pattern of the x = 1 phase changed to orthorhombic
at 150 'C, as evidenced by the disappearance of the two diffraction lines at 23.8"
and 25.9° (20), as well as the most intense peak, close to 22.4° (260), divided into two

adjacent diffraction lines.
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Figure 15- HT-XRPD patterns x=1 sample at three different temperatures. Arrows
mark characteristic peaks for monoclinic system of the A;M301, family at RT. As
the temperature increases, these disappear. Additionally, at high temperatures the
separation of the most intense peak in two diffraction lines indicates formation of

orthorhombic structure of the A2M3O1, family.

5.2.2.
Phase transition temperature. DSC technique

Many of A>M301, family materials reported by Liu et al.[6] exhibit phase
transitions at temperatures higher than RT. However, there are phases which adopt
orthorhombic structure at temperatures below 0 "C. This, for example, is the case
of the Al>xScxW3012 for the compositions x = 0.1, 0.2,0.4 [52].

Other materials reported from the A>M301> family that exhibit phase
transitions at low temperatures are: AloW3012 (Temperature of phase transition Ter)
Ter = -6 'C [39] and Ter = -20 C [53], Sc2Mo3O12 that conserved orthorhombic

structure at low temperatures Ter = -93 "C [54]. In order to evaluate possible phase
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transitions in AloxInx\W30O1,. DSC tests were carried over the temperature range
from -100 °C to 300 "C. The results are shown in Figure 16.
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Figure 16- DSC curves in the Al.In\W301, for que x=0.2, 0.4, 0.7 and 1
compositions. (a) cryogenic temperatures, (b) RT and above RT. For the x=1
composition, the onset temperature of the monoclinic to orthorhombic phase

transition and enthalpy of phase transition are presented.
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For the x=1 composition, DSC curve over the temperature range from 0 "C to
300 °C are showed in Figure 16 (b). This Figure exhibit an endothermic peak with
the onset close to 195 "C and phase transition enthalpy of 2.32 kJ.mol™. This peak
was attributed to the phase transition from monoclinic to orthorhombic, caused by
the breaking of secondary bonds between neighboring polyhedral [1]. The DSC
curves do not show indications of phase transitions for x=0.2, 0.4 and 0.7
compositions in the studied range of temperatures (-100 “C to 300 "C). However,
two small artefacts were recorded at approximately 130 “C for the samples x = 0.4
and 0.7. They were not corroborated or attributed to any change in the samples
using other techniques (XRPD, HT-XRPD or dilatometry).

5.2.3.
Phase transition temperature. Dilatometry technique

The dilatometric curves obtained for the four compositions are shown in
Figure 17. The curves acquired for the compositions x = 0.2, 0.4 and 0.7 do not
present phase transition features and, therefore, confirms the maintainance of
orthorhombic structure for these compositions in the temperature range from RT to
500 “C. However, the dilatometric curve obtained for the sample x = 1 clearly shows
the phase transition, characterized by an abrupt increase of volume, localized
between 150 °C and 220 °C (Figure 17 (d)).
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(d)
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Figure 17- Dilatometric curves of AlxInW301, system. (a) x=0.2, (b) x=0.4, (c)
x=0.7 and (d) x=1. For x=1 there is monoclinic to orthorhombic phase transition,

situated between 150 ‘C and 250 C.

5.2.4.
Vegard’s rule applied to Al2xInxW3012 system

Vegard's rule was applied to certify the incorporation of In®* inside the
orthorhombic structure for the four studied composition. This rule establishes that
the lattice parameters of the unit cells vary linearly when a partial and continuous
substitution of the ions that are part of a solid solution composition, is carried out.
Although the rule was established empirically, it allows to follow substitutional
behavior between ions within a crystalline phase [55]. In this case, AI** was
substituted by In®*.

Vegard's rule was verified fot the lattice parameters obtained at 250 “C in
Al>xInyW3012 system where all four compositions are orthorhombic. The results
are exhibited in Figure 18. These results strongly suggested that In®* substitutionally
incorporated the place of AI** within octahedra increasing, therefore, the lattice
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parameters of the unit cell and obeys Vegard's rule. Due to the difference between
the ionic radius of AI** (0.535 A) and In®* (0.80 A) [56].
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Figure 18- Vegard rule applied for Al,.xIn\W3012 system with x=0.2, 0.4, 0.7 and 1.

Orthorhombic lattice parameters at 250 °C as a function of In3 content are

presented.

5.2.5.
Phase transition temperature in Al2xInxW3012 system

The data obtained by XRPD, HT-XRPD, DSC and dilatometry support the
monoclinic structure, P2i/a space group, for the composition x=1 in the Al.
xINxW301, system at RT. This composition exhibits phase transition from a
monoclinic structure to orthorhombic structure at a temperature of approximately
150 “C. However, these findings do not agree with some previously reports [19]
[30] [43] [44].
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Mary and Sleight [19] concluded that the composition x=1 of the Al,.
«INxW301, system does not present phase transitions between 25 °C and 800 C.
Koseva et al. [30] concluded that AliInW3012 has an orthorhombic structure at RT.
Tzvetkov et al. [43] affirmed that all studied phases (x=0, 0.2, 0.6, 1 and 1.6) present
orthorhombic structure at RT. Koseva et al [44] reported the phase transition

temperatures showed in a Table 6.

Table 6- Phase transition temperature in Al,.«InW3012 system reported by Koseva
et al. [44].

x value 0 0.5 1.0 1.1 1.3 1.5 2.0
(In® Content)
Ter Not detected above 25 118 181 254
[C]

Ter: Transition phase temperature.

The inconsistencies found between previous studies can probably be
attributed to an error in the interpretation of the results. These types of
inconsistencies were reported by Truitt et al. [57] for the Fe15Y05M03012 System.
A study previous to that of Truitt et al. reported erroneously phase transition
temperature to the orthorhombic system at -170 “C, although it occurs ar much higer
temperatures [28].

On the other hand, for compositions x = 0.2, 0.4 and 0.7, no phase transition
from monoclinic to orthorhombic structure was detected in the temperature range
from -100 "C to 300 "C. This characteristic of the Al..xIn\W3012 system does not
follow the electronegativity rule presented by Sleight et al. [38]. In A2M3012 family,
the transition temperature from monoclinic to orthorhombic structure does not
depend on the size of the cation A%*. However, if the electronegativity of member
A%* increases, the effective (real) charge on the oxygen ions is reduced and as a
consequence there is less repulsion between them. Less repulsion leads to the
formation of the secondary bonds between the neighbouring oxygens increasing,
therefore, the phase transition temperature [18] [38] [58].

The electronegativity rule would suggest that the transition temperature for
the AloxInyW3012 system should be between the phase transition temperatures of
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the end members; Al,W3012 (Ter = - 22 'C) and InaW3012 (Ter = 250 °C). However,
this behavior was not observed in the Al2xInxW3012 system for the compositions
x=0.2, 0.4 and 0.7. Other interesting exceptions to the electronegativity rule have
been found in the A>M301, family. The Al>-xScxW3012 system [23] [59] and
AlScMo03012 [57] are such examples.

Regarding to this behavior, Truitt et al. [57] proposed that this is due to the
difference between the radii of the cations that occupy the octahedral site (A%* and
B**). In the system studied by Truitt et al. the relationship between radii Al / Sc =
0.72. For our system the relationship; Al / In = 0.67, showing a higher difference
between the radii of cations. This difference between the radii might explain the
non-existence of the phase transition from monoclinic to orthorhombic structure in
the compositions x = 0.2, 0.4 and 0.7 of the AloxInxW301, system. However, this
consideration does not apply to the composition x = 1. In this case, the transition
phase temperature (approximately 150 "C) meets to the electronegativity rule.

Regarding to this unusual behavior (phase transition suppression between
monoclinic and orthorhombic structures) the reported results do not have a
satisfactory explanation. The suppression of the phase transition does not align with
expectations based on the electronegativity. This type of findings in these materials,
added to others reported in the literature, indicates that the existence of other
mechanisms that influence the transition from monoclinic to orthorhombic phase in

addition to the electronegativity of the A®* cation.

5.3.
Coefficient of thermal expansion CTE

5.3.1.
Intrinsic CTE

The four compositions of the Al2.xInX\W3O12 system were studied using the
HT-XRPD technique, evaluating the lattice parameters changes of the system for
each composition as a function of temperature. The acquired data were plotted as
natural logarithms of unit-cell parameters (a, b and ¢) and unit-cell volumes as
function of temperature. The results are shown in Figures 19 to 23. The volume
shows a linear CTE but the lattice parameters present a slight deviation from

linearity. The linear CTEs obtained by HT-XRDP are summarized in Table 7.
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Table 7- Intrinsic CTEs along each crystallographic axis (aa, ab, ac), average linear
CTE (a) in AloxIn,W3012 system and standard deviations for x=0.2, 0.4, 0.7 and 1

compositions.

PUC-Rio- CertificagaoDigital N° 1921369/CA

X
(In3+ . Temperature
Content in aa[°C™] an[°C™] ac[°C™] a [°C™] o Ref.
. Range [°C]
Chemical
Formula)
0 5.94 x 10°® —0.994 x 10°® -1.31x10° 1.51x10°® RT-800 [39]
498 x 1076 9.47 x 1077 —2.93x 107 1.88 x 10°® -
0.2 +1.3x 1077 +1.3x1077 +1.5x 1077 +1.4x1077 RT-400
3.80x10°® 2.09 x 1076 8.77 x 1077 2.25x 1076 -
04 +2.2x 1077 2.4 x107 £2.7x107 2.4 x107 RT-400
07 5.52 x 107® 3.92x 107 2.22x 1078 3.88x 1078 RT-400 "
' +1.2x107 +3.2x107 +2.3x107 +2.2x107
1 1.83x107° 1.47 x 107° 2.63x 105 1.88 x 10°° RT-100 "
(P21/a)) +7.5x 1076 +4.5x 107 +8.1x 1078 +7.7%x10°
1 8.47 x 1077 -9.32x 1077 —2.27x107® —7.87x107 250-400 >
(Pbcn) +2.9 %1077 +4.0 x 1077 +4.7 x 1077 +3.9 x 1077
2 - . . . . 250-600
(Pben) 3.1x10 11 x 10 16x10 3.1x10 [33]
* Values obtained in our study
(a) (b)
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Figure 19 — Natural logarithmic variations of unit-cell parameters (a, b and c¢) and
unit-cell volume as function of temperature for x=0.2 composition in Alx«INyW3012

system.
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Figure 20— Natural logarithmic variations of unit-cell parameters (a, b and c) and

unit-cell volume as function of temperature for x=0.4 composition in Alx«INyW3012
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Figure 21— Natural logarithmic variations of unit-cell parameters (a, b and c) and
unit-cell volume as function of temperature for x=0.7 composition in Alx«INyW3012

system.
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Figure 22— Natural logarithmic variations of unit-cell parameters (a, b and c) and

unit-cell volume as function of temperature for x=1 monoclinic structure in Al

«NW3012 system.
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Figure 23— Natural logarithmic variations of unit-cell parameters (a, b and c) and

unit-cell volume as function of temperature for x=1 orthorhombic structure in Al

xNW3012 system.
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5.3.2.
Extrinsic CTE

Dilatometric curves was presented in the 5.2.3. section. The curves obtained
for x=0.2, 0.4 and 0.7 composition showed positive linear extrinsic CTEs. This
values are showed in the Table 8. The extrinsic CTEs were higher than those
obtained by HT-XRPD for intrinsic linear CTE. These differences can be attributed
to the fact that the extrinsic CTE accounts also for microstructural contributions.
The dilatometry curve for composition x=1 confirmed the existence of phase
transition. However, it is worth noting that when this composition adopts
orthorhombic structure, it exhibits NZTE (near-zero thermal expansion) above 250
C.

Table 8- Extrinsic linear CTE (a) in AlxInx\W301, system and their respective

standard deviations for x=0.2, 0.4, 0.7 and 1 compositions.

X
(In>" Temperature
Content in a [°C™1] R b °C
Chemical ange [°C]
Formula)
—6
0.2 ifg gy 18_7 RT-500
—6
0.4 ;2_8 gy 18_7 RT-500
0.7 6.00 x 10°° RT-500
' +7.0x 1077
1 3.18x10°  250-500

(Pbcn) +1.6 x 1077

5.3.3.
CTE in Al2xInxW3012 system

From the results obtained by HT-XRPD (Table 7), it is evident that linear
CTEs increased monotonically in the b and ¢ axes with the increase in In®" content
until the composition x=0.7. On the axis a, the variation (reduction of the unit-cell

vector length along a-axes) was not monotonical. This discrepancy can be verified
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by higher-resolution synchrotron radiation technique. The linear CTEs of the
compositions x = 0.2, 0.4 and 0.7 are positive and showed a tendency to increase as
the content of In®* increased in respect to the linear CTE of Al,W3012 [39].

The intrinsic linear CTE (in relation to the increase of In®* content) of the
compositions x=0.2, 0.4 and 0.7 adopted values closer to those reported by Baiz et
al. [33] than to those reported by Liu et al. [24] who studied the terminal member
In2W301, and obtained values of @ =3.1 x 10° 'C* and & = -3 x 10° "C?
respectively. The compositions x=0.2, 0.4 and 0.7 adopted values of intrinsic CTES
greater than those of the terminal member Al;W3012 (a1 =1.51 x 10 "C1[39]). This
behavior does not allow to obtain NZTE between RT and higher temperatures in
the AlxInxW3012 system.

On the other hand, the composition x=1 presented a high PTE in the
monoclinic form (a1 =1.88 x 107° °C1). This high value is close to those reported
in others studies of monoclinic forms of A2M301, [60] [61]. However, when the
AlInW301. system adopts an orthorhombic structure, its CTE is close to zero (ai =
-7.87x1077°C1).

In the composition x = 0.7, it was determined that the intrinsic linear CTE
(e =3.88 x 107% °C1) was higher than of the terminal member In,W301, reported
by Baiz et al. [33]. This anomalous behavior was observed in other systems of the
A2M3012 family [29] [62].

The behavior of the linear CTEs presented above can be better explained
with the octahedral volume distortion model [2] [35]. The linear CTE of In,W3012
does not fit with cationic radii rationalization and is yet to be assessed in terms of
the octahedra volume distortion model; however, it is confirmed by our results that
the compositions x=0.2, 0.4 and 0.7 in Al2xInX\W3012 system present low positive
thermal expansion, as was observed for In,W3012. On the other hand, when the
AlInW301, system adopts an orthorhombic structure, it presents NZTE. This
behavior contrasts with the behavior of the other three compositions studied.

The intrinsic and extrinsic CTEs of the orthorhombic compositions x = 0.2,
0.4 and 0.7 of the AlxxInxW301, system showed a tendency to increase with
increasing of In®* content. The notable difference between extrinsic and intrinsic
CTEs can be partially understood as a consequence of the anisotropy of the elastic
constants in the A2M3012 family [63].
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5.4.
Higroscopicity

In order to determine the level of hygroscopicity and possible
decomposition of the studied compositions, the thermogravimetry test was carried
out. This technique is of great importance and interest because the hygroscopicity
of a material can affect the behavior of thermal expansion [37] .

Thermogravimetry was evaluated between RT and 950 ‘C for the four
studied compositions of the Al2xInx\W3O12 system. The curves obtained show that
the four compositions have low mass loss, significantly lower than 1wt%. This
behavior classifies these compositions x=0.2, 0.4, 0.7 and 1 of the Al>.xInx\W3012
system as non-hygroscopic materials. The results are shown in Figure 24 and Table
9.

(a) (b)
x=0,2 x=0.4
100.00 ~ 100.00
—  99.75 — 9975+
ES ®
E b=
2 i)
O 9950+ 0 99.50
= =
99.25 | 99.25
99.00 -+ T T T T T T T T T T T T T T T 99.00 T T T T T T T T T
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C)
(c) (d)
x=0.7 x=1

99.75 4 99.75

Weight (%)
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Weight (%)

99.25 99.25

99.00 41— , Y 99.00 L ——————————
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 800

Temperature (°C)

Temperature (°C)
Figure 24- TGA curves of (a) x=0.2, (b) x=0.4, (c) x=0.7 and (d) x=1 compositions
in Alz..InyW3012 system. The curves show weight losses lower than 1 wt%, over the

temperature range from RT to 950 °C, for all four phases in Al,«InW3012 system.
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Table 9- Weight losses in AlxInyW3012 system for x=0.2, 0.4, 0.7 and 1

compositions.

X

(In>* DQQ?%Z]
Content)
0.2 0.5
0.4 0.63
0.7 0.75
1 0.25

Although the AlxInxW301> system presents low hygroscopicity for all
compositions studied, it is important to describe that the addition of In®* lead to
variations in the percentage of lost weight. This behavior is due to the difference
between the radii of the cations AI** and In®". However, the composition x = 1
exhibited the lowest level of hygroscopicity. This behavior is consequence of the
fact monoclinic structure is denser than the orthorhombic structure, making it
difficult for water molecules to enter it. Low levels of hygroscopicity and a NTE or

NZTE behavior increase the applicability of the materials [64].

5.5.
Density of Al2xInxW3012

The relative densities of the sintered pellets were determined for the four
compositions taking into account that the compositions x = 0.2, 0.4 and 0.7 present
4 chemical formulas (orthorhombic structure), and the composition x = 1 presented
8 chemical formulas (monoclinic structure). The relative density was calculated
from the theoretical density and the density of the sintered bodies samples
(described in the 4.2.6). The results are showed in Table 10 and indicated rather

high relative densities after conventional sintering.
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Table 10- Theoretical, real and relative densities of the sintered pellets within Als.

xNW3012 system.

X Thdeeo nr;ttl cal Densitg)/o(?jfi ginte red I?j(; Irials'fii;/e
(In**Content) (glcm_g) (g.cm ) (%) y
0.2 5.085 4.891 96.16
0.4 5.102 5.086 99.68
0.7 5.044 4.939 97.92
1 5.017 4.891 97.50

5.6.
Effect of the addition of In3* cation on the UV-Vis absorption in Alz-
xINxW3012 system

The constant industrial development has generated a series of problems in
the environment. With the aim of finding solutions, investigations of photocatalysis
and photodegradation from ceramic materials have been carried out. The study of
the band-gap energy (Eg) using UV-vis diffuse reflectance spectroscopy (DRS)
technique is one of the most used. However, the value of Eg presents variations
considering the type of transition studied, direct or indirect [65] [66]. Band-gap
studies have been reported for some members of the A2M301, family [67] [68] [69].

There are reports of the two end members of the Al,xInyW3012 system
(Al2W3012 [67] and InaW3012 [68]). Prisco et al. [67] reported that AloW3012
presented semiconductor behavior. The synthesized material presented a white
color and a band-gap energy Eg = 3.11 eV (indirect transition). Paiva et al. [68]
obtained white powder from In,W3012 with semiconductor behavior. The authors
reported different band-gap energy values for InoWsO12 (direct transition). This
behavior was attributed to the pH level at which the studied samples were
synthesized. The results obtained for In2W3012 are found in Table 11.

In order to study the partial substitution of AI** by In®*, the DRS test was
performed for the four compositions of the Al>.xInxW3012 system. DRS was used
to study the optical properties in all samples on a Perkin-Elmer Lambda 650 UV-
vis spectrophotometer, in a range from 800 nm to 250 nm in 1 nm steps. The DRS


DBD
PUC-Rio - Certificação Digital Nº 1921369/CA


PUC-Rio- CertificagaoDigital N° 1921369/CA

67

spectra were plotted using the Kubelka-Munk function to estimate the band-gap

energy (Appendix A.2.). The results obtained are reported in Table 11.

Table 11- Band-gap energy Eg in Al.«InW30 system for x=0, 0.2, 0.4, 0.7, 1 and

2 compositions.

Band gap energy Band gap energy

X Eg Eg
(In®*Content) [eV] [eV] PH Ref.
Indirect Direct
0 (Pbcn) 3.11 - 4.0 [67]
0.2 (Pbcn) 3.10 3.82 4.1 -
0.4 (Pbcn) 3.16 3.80 4.0 -
0.7 (Phcn) 2.80 3.79 3.9 -
1 (P21/a) 3.35 3.78 3.7 -
- 2.88 2
2 (P2i/2) - 2.92 25
- 2.95 3 [68]
- 2.90 3.5
- 3.73 4

From the Kubelka-Munk graphs it could be seen that there were changes in the
value of the band-gap energy (Appendix A.2). Regarding the indirect transition, the
compositions x=0.4 and 1 exhibited slight increase in the value of the Eg compared
to the value of the Eg of Al2W301.. However, the compositions x=0.2 and 0.7
presented a lower value of Eg in relation to the value of Eg of the Al2W3012.
Although the results indicate that the content of In®* generated changes in the value
of Eg, the results do not follow a pattern.

In the direct transition, the studied compositions of the Al>xInyW301.
system showed a tendency to approach the Eg value for In,W3012 with a pH = 4
reported by Paiva et al [68]. This pH level is close to the pH levels of the studied
samples of the Al>.xInxW30O12 system. This shows that the increase in the content of
In* in the system decreases the value of Eg. However, the pH level at which they

were synthesized must be considered.
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Conclusions and future works

The co-precipitation method provided an adequate synthesis route to
obtain single-phased Al.xIn\W3012 with the compositions x = 0.2,
0.4, 0.7 and 1. However, there are several processing factors that can
vary further affect the properties of the prepared powder, for example:
the reaction time and calcination times.

The results obtained in this study show that Al>xInxW3O12 is not
promising for the design of materials with NTE or NZTE. This was
determined from obtaining the intrinsic and extrinsic CTEs for the
four compositions studied. Compositions x= 0.2, 0.4 and 0.7 exhibited
PTE. The composition x=1 presented NTE in the orthorhombic phase.
However, this phase is found at temperatures higher than 200 “C. On
the other hand, the studied phases present low-positive linear CTE and
showed that their values can be adjusted through AIP* partial
substitution by In3*,

The compositions x= 0.2, 0.4 and 0.7 of the Al>-xInxW3012 system did
not show phase transitions in the range of temperatures in which they
were studied (-100 ‘C to 500 °C). These three compositions adopted
orthorhombic structure along this temperature interval.

It was determined that the AlINW3012 phase adopts monoclinic
structure at RT and transforms to orthorhombic at approximately 200
C.

The suppression of phase transitions for the compositions x = 0.2, 0.4
and 0.7, from monoclinic to orthorhombic structure is not in line with
the A®* electronegativity rule. Until now this unusual behavior (phase
transition suppression between monoclinic and orthorhombic
structures) do not have a satisfactory explanation yet. Therefore, it is
suggested a further study of this phenomenon in the AloxInxW3012

system.
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The four compositions studied of the Al>-xInxW3012 system presented
low hygroscopicity (mass losses <1 weight%). This allows Als.

xINxW3012 to be classified as a non-hygroscopic material.
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Appendix A: Supplementary material to support section 5.6

Al
TGA-DSC curves in amorphous Al>xInxW3012 powders with

x=0.2, 0.4, 0.7 and 1 compositions.
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Figure A.1 - TGA-DSC curves in amorphous Al..InyW3s01, powders with (a) x=0.2,
(b) x=0.4, (c) x= 0.7 and (d) x=1 compositions.
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Figure A.2 - Kubelka-Munj curves of Al.xIny\W3012 system. Direct (left) and indirect
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(right) transition for (a) x=0.2, (b) x=0.4, (c) x=0.7 and (d) x=1.
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Appendix B: Article published from the results from this
Dissertation

An article was recently published, based on the results reported and discussed
in this Dissertation. Materials (Qualis: A2) as: CERON CORTES, ANDRES
ESTEBAN; DOSEN, ANJA; BLAIR, VICTORIA L.; JHONSON, MICHEL B;
WHITE, MARY ANNE; Marinkovic, Bojan A. Phase Transition and Coefficients
of Thermal Expansion in Al2-xInxW3012 (0.2 < x < 1). Materialsscs, v. 14, p.
4021, 2021.
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