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ABSTRACT 

 

ȕ-eucryptite (LiAlSiO4) has received widespread attention from both industry and 

academia due to its negative coefficient of thermal expansion (CTE) and one-dimensional Li 

ionic conductivity. Additionally, -eucryptite undergoes a pressure-induced phase transformation 

at relatively low pressures. These various behaviors arise because the crystal structure is open 

and highly anisotropic. The present study uses several experimental methods to better understand 

the relation between the structure and the electrical and mechanical behavior of ȕ-eucryptite. 

Synthesis and processing methods were developed to make pure -eucryptite and -

eucryptite doped with Mg of varying particle sizes. In-situ diamond anvil cell - x-ray diffraction 

was performed to study the pressure induced phase transformation from -eucryptite to the high 

pressure phase -eucrypite. With the assistance of Rietveld refinement and atomistic modeling, 

the crystal structure of the -eucrypite was determined to be an orthorhombic with space group 

Pna21. This is the first time that both space group and atomic positions of the high pressure phase 

have been reported. It is also observed that Mg-doped -eucryptite undergoes the pressure 

induced transformation at slightly higher pressures than pure -eucryptite (2.47 GPa compared 

with 1.8 GPa hydrostatic stress), implying that Mg stabilizes -eucryptite. Furthermore, the 

presence of Mg leads to a state in which two high pressure phases coexist. It was observed that 

the critical pressure for transformation to the high pressure phase decreases with increasing -

eucryptite grain size, up to a critical grain size beyond which grain size does not play a role. The 

experimental results were described by a nucleation and growth model for transformation. 

The effect of structural changes in ȕ-eucryptite from low to high temperature was 

examined by measuring the Li ionic conductivity with electrochemical impedance spectroscopy 
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(EIS). The conductivity is strongly influenced by the Li order-disorder transition at ~500 C 

where the activation energy dramatically increases. It is shown that the conductivity depends on 

whether or not the Li ions motion is correlated or uncorrelated, leading to three activation 

energies: at low temperatures it is correlated, at ~500 C it is uncorrelated and at high 

temperatures it is correlated again.  

The present study focuses on measuring the material properties under pressure and at 

high temperature, separately. These measurements provide the first step towards elucidating the 

relation between mechanical and electrical properties. The order-disorder transition is caused by 

the rearrangement of Li ions at evaluated temperature, an event which is expected to influence 

the pressure-induced phase transformation. Specifically, a change in the size of the Li channels 

resulting from Li redistribution, is expected to modify the phase transformation pressure. 
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CHAPTER 1  
 

GENERAL INTRODUCTION 

 

The interest of science and technology of ceramics has been spurred by the 

multifunctionality of their properties, not only in high temperature or inexpensive applications, 

but also varied contributions in optical, electronic, magnetic, thermal, chemical and structural 

components. This document focuses on the mechanical and electrical behavior of ceramics and 

in particular, pressure-induced phase transformation and ionic conductivity of ȕ-eucryptite, a 

lithium aluminosilicate with unique thermo-mechanical-electrical properties. 

The family of lithium aluminum silicates (LAS) is generally with the chemical 

composition of Li1-xAl1-xSi1+xO4 (0≤x≤1) [1], [2]. The widespread interest in LAS has been 

raised firstly due to their unique thermal behavior; they exhibit low, near zero and negative 

coefficient of thermal expansion (CTE) over wide temperature range and, in turn, are suitable for 

thermal shock resistant applications, such as heat exchangers and stove cook tops [1], [3]. The 

most important crystalline phase in the LAS system is ȕ-eucryptite with a chemical composition 

of LiAlSiO4 and a hexagonal crystal structure. It not only exhibits a highly anisotropic CTE, but 

also well known for its one-dimensional superionic conductivity of Li ions along the 

crystallographic c-direction [4]–[8], structural phase transitions under pressure [9]–[16]. This 

makes -eucryptite a good candidate for applications in lithium ion batteries and transformation-

toughening ceramics. 

From a fundamental point of view, a study of a material with such unusual properties 

offers an opportunity to better understand structure-property relationships and design novel 

composites with tailored properties. In this study, the crystal structure of high pressure -
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eucryptite has been solved through a combination of x-ray diffraction and density functional 

theory, which has been questioned for many years. We also develop the effect of grain size on 

pressure-induced phase transformation. Li order-disorder transition in polycrystalline -

eucryptite including the grain boundary effect is studied by electrochemical impedance 

spectroscopy. 

1.1 Motivation  

The present study was motivated by the desire to understand the structure-property 

relationships in ȕ-eucryptite, a member in lithium-aluminum-silicate family that shows 

interesting properties due to its unique structure. ȕ-eucryptite has been observed to have different 

structural changes under pressure and/or temperature. The details of the structure-property 

relations remain largely unexplored. In addition, ȕ-eucryptite can be considered as a typical 

structure of those materials formed by corner sharing tetrahedra with open space. Thus, study the 

structural and property relationship of ȕ-eucryptite is very useful for understanding other 

materials with similar structure or properties. 

The first desire of the present study is to understand the detail about the phase 

transformation in ȕ-eucryptite, specifically, the reverse transformation between ȕ-eucryptite and 

İ-eucryptite. Transformation toughening is recognized as one the most important ceramic 

toughening mechanisms, and has been well developed in ZrO2 and ZrO2 based composites [17]. 

İ-eucryptite has been confirmed to have smaller volume than ȕ-eucryptite, thus, the volume 

expansion associated with İ to ȕ-eucryptite transformation makes it has a great potential to 

perform as a transformation toughener. Though the concept of using İ-eucryptite as 

transformation toughener has been proposed in earlier studies [17], [18], the details of İ structure 

still remain largely unexplored. The aim of this study is first to have a deeper understand the İ-
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eucryptite from a crystallography point of view. Though the pressure-induced phase 

transformations in ȕ-eucryptite have been observed by several groups, no metastability of the 

high pressure phase to ambient conditions was observed [12]–[14], [19]. Thus, it is very 

important to find out how to stabilize the İ-eucryptite to make it more applicable as a 

transformation toughening material. In many ceramics, metastability is achieved via the addition 

of stabilizing dopants or by the modification of grain size [20]–[23]. The present project studies 

the relation between phase transformation pressures as a function of grain sizes.    

ȕ-eucryptite not only exhibits structural transformation at high pressure, it also undergoes 

an order-disorder transition under high temperature. The order-disorder transition is believed to 

be caused by Li ions positional change in the channel of c axis. However, the Li motion in 

ordered and disordered structures has not been confirmed, and the mechanism by which the 

order-disorder transition occurs has not been developed. The present study aims to understand 

how the crystal structure of ȕ-eucryptite, and in particular, the positional transitions of Li, 

influence the ionic conductivity at various temperatures.  

1.2 Thesis organization 

This thesis is organized in the following chapters: 

1. CHAPTER 1 presents the general information about the material and the motivation 

to study this material. 

2. CHAPTER 2 provides an overview of existing literature that studied ȕ-eucryptite 

through different techniques. Interesting properties that ȕ-eucryptite exhibit are talked 

in details, individually.  
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3. CHAPTER 3 introduces all experimental procedures in the present study, including 

synthesis ȕ-eucryptite powders and pellets, diamond anvil cell setup and calibrations, 

high energy x-ray diffraction, Raman spectroscopy and electrochemical impedance 

spectroscopy. 

4. CHAPTER 4 presents a paper published in Scripta Materialia, titled “Pressure-

induced phase transformation in ȕ-eucryptite: An X-ray diffraction and density 

functional theory study”.  

Author list: Yachao Chen1, Sukriti Manna2, Badri Narayanan2, Zhongwu Wang3, Ivar 

E. Reimanis1,*, Cristian V. Ciobanu2,* 

1 Department of Metallurgical and Materials Engineering, Colorado School of Mines, 

Golden, CO 80401, USA. Y. Chen performed the fabrication and high pressure 

experiments of -eucryptite samples. S. Manna performed the DFT modeling and 

Rietveld Refinement analysis.  B. Narayanan provided the entropy analysis on 

different phases. 

2 Department of Mechanical Engineering, Colorado School of Mines, Golden, CO 

80401, USA 

3 Cornell High Energy Synchrotron Source, Cornell University, Ithaca, NY 14853, 

USA. Z. Wang provided supervisory guide on experimental setup at CHESS. 

* C. Ciobanu and I. Reimanis are authors for correspondence. 

 

In this chapter, we answer a long-standing question about the crystal structure of 

pressure stabilized İ-eucryptite by combining x-ray diffraction experiments with 

density functional theory (DFT). 
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5. CHAPTER 5 presents the paper titled “In-situ diamond anvil cell-X-ray diffraction 

study on grain size effects of phase transformation from ȕ-İ eucryptite”, submitted to 

Journal of American Ceramic Society.  

Author list: Yachao Chen1, Sukriti Manna2, Cristian V. Ciobanu2 and Ivar E. 

Reimanis1 

1 Department of Metallurgical and Materials Engineering, Colorado School of Mines, 

Golden, CO 80401, USA. Y. Chen worked on sample fabrication, EIS experiments 

and EIS analysis. 

2 Department of Mechanical Engineering, Colorado School of Mines, Golden, CO 

80401, USA. S. Manna and C. Ciobanu provided the calculations on activation 

barriers of different Li motions. 

We observed a decrease transformation pressure with increase of grain size, which 

indicates that the high pressure İ-eucryptite can be stabilized by increasing the grain 

size. The transformation pressure we measured for grain size around 1 ȝm is about 

0.5 GPa, which makes it more applicable to be used as transformation toughener. 

6. CHAPTER 6 presents the paper titled “Thermal regimes of δi-ion conductivity in ȕ-

eucryptite”. Here we bring out a method to solve for grain bulk conductivity separate 

from the influence of grain boundary conductivity in polycrystalline materials by 

applying a brick layer model and assuming the grain boundary characters. We also 

interpret the order-disorder transition with Li correlated motion and uncorrelated 

motion. 

7. CHAPTER 7 provides a general discussion to tie together the body of work presented 

in this thesis and points out the contributions to the field. 
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8. CHAPTER 8 presents conclusions that obtained from this study. 

9. CHAPTER 9 gives suggestions for future work. 
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CHAPTER 2  
 

LITERATURE REVIEW 

 

ȕ-eucryptite has been studied since the late 1940s. Many interesting behaviors of ȕ-

eucryptite have been investigated. This chapter provides a detailed literature review, including 

the materials background, thermal properties, mechanical properties and electrical properties, 

respectively.    

2.1 Materials Overview 

The structure of ȕ-eucryptite, which has been investigated by Winkler [24], Buerger [25], 

Hornyak [26], Tscherry et al. [27], [28], and Pillars and Peacor [9], is described as a stuffed 

derivative of ȕ-quartz with space group P6422 or P6222. At room temperature, ȕ-eucryptite 

contains 84 atoms in a unit cell [25], [27]–[30]. The crystal structure viewed from different 

directions is shown in Figure 2.1 The radii of Al3+ and Si4+ in four-coordination are 0.39 and 0.26 

Å, respectively [31], [32]. [SiO4]4- and [AlO4]5- tetrahedra are arranged in a spiral along the 64 

(or 62) screw axis parallel to the c-axis, leading to open channels along the c-axis where Li+ 

resides to balance the charge [9], [24], [25], [30], [33]. In fully ordered ȕ-eucryptite, AlO4 and 

SiO4 are segregated into alternating tetrahedral sheets parallel to the c axis. AlO4 tetrahedra tend 

to connect via corner sharing with SiO4 tetrahedra as the nearest neighbours, rather than other 

AlO4 tetrahedra. In other words, the “Al-avoidance” principle is applicable in ordered -

eucryptite, that Al-O-Si linkages are energetically favored over either Al-O-Al or Si-O-Si [34], 

[35]. This principle dictates that only Al-O-Si linkages occur in -eucryptite structure, since 

Si/Al=1. As a result, the lattice parameter of c axis of -eucryptite is doubled (a=b=10.497 Å, 

c=11.20 Å at room temperature) relative to that of prototype -quartz (SiO2) [9], [30], [36], [37].  

There are two types of channels (primary and secondary) for Li, with six available tetrahedral 
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sites in each channel [38]. There is one primary channel (A) and three secondary channels (S), 

and Li atoms only occupy three of the available sites in an alternating sequence with vacancy 

sites in these channels. Since Al is larger than Si, the Al-tetrahedral sheets are larger than the Si-

tetrahedral sheets. Thus, stuffing Li ions into the channels within the Si tetrahedra layers enlarges 

the Si tetrahedra sheets and reduces the dimensional mismatch of Si tetrahedra sheets with Al 

tetrahedra sheets [32]. Therefore, in ordered ȕ-eucryptite, 25% of the Li ions are coplanar with 

Al tetrahedral sheets, while the other 75% of the Li ions are coplanar with Si tetrahedral sheets 

[32], [39].  

 

 

Figure 2.1       Crystal structure of ȕ-eucryptite viewing from different directions. The blue and 
green tetrahedra represent SiO4 and AlO4, respectively. Purple balls represent Li ions. 
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2.2  Negative coefficient of thermal expansion 

The crystal structure of -eucryptite is highly anisotropic, manifesting itself as high 

thermal expansion anisotropy, high anisotropic compressibility, and one-dimensional Li ion 

conductivity [4], [15], [24], [29], [32], [40]. The highly anisotropic structure also results in an 

overall negative coefficient of thermal expansion (CTE). Gillery and Bush were the first that 

measured the intrinsic CTE (α) that is αa=αb=8.21×10-6 /°C perpendicular to the c axis, αc=-

17.6×10-6 /°C parallel to the c axis between room temperature and 800 °C, resulting in an 

average CTE of -0.39 ×10-6 /°C in a bulk specimen [41], [42]. This anomalous behavior occurs 

due to a rigid rotational tilting of the framework tetrahedral, which leads to an expansion in the 

(001) plane and a contraction along the c-axis with increasing temperature [32]. One of the most 

obvious uses of negative thermal expansion is in composite materials where the overall CTE can 

be tailored to a specific value (slightly positive, negative or even near zero) [43]. Controlled 

expansion composites are likely to be involved where the CTE of certain material needs to be 

modified to zero or near-zero such as in fiber optic systems, thermal shock resistant applications 

and also electronic or biomedical applications [29], [32], [40], [44]–[48]. The anisotropic thermal 

expansion of ȕ-eucryptite leads to large thermal residual stresses in polycrystals which cause 

spontaneous microcracking [42]. Pelletant et al. [49] have studied grain size dependence on the 

CTE of pure ȕ-eucryptite and found that larger grain sizes promote microcracking, leading to a 

significant decrease of average CTE of polycrystalline ȕ-eucryptite. Thus, microcracking 

dominates the negative CTE for large grain size ȕ-eucryptite pellets. The critical grain size above 

which spontaneous microcracking occurs is β.8 ȝm. Ramalingam et al. [42] observed that when 

ȕ-eucryptite is doped with small amounts of Zn (as low as 0.1 mol%), the CTE increases 

significantly (Figure 2.2). The hysteresis in these plots is indicative of cyclic microcracking.  
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Hysteresis decreases dramatically in Zn+ doped ȕ-eucryptite, indicating the tendency of 

microcracking decreases greatly compared with pure ȕ-eucryptite (Figure 2.2) [42]. Mg doped ȕ-

eucryptite has been shown to have a similar results in the present study (Figure 2.3) [50]. Thus, it 

is proposed that certain small cations (such as Zn2+ and Mg2+) may lead to dramatic changes in 

thermophysical properties of ȕ-eucryptite. 

 

 

Figure 2.2       The thermal expansion behavior of pure and Zn doped ȕ-eucryptite from room 
temperature and 1000 °C. Zn concentrations are from 0.5 mol% to 3 mol%. 
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Figure 2.3       The thermal expansion behavior of pure and Zn doped ȕ-eucryptite from room 
temperature and 1000 °C. Zn concentrations are from 0.5 mol% to 3 mol% [50]. 

 

Mg occupancy in aluminosilicates have been investigated using synchrotron X-ray 

diffraction (XRD), transmission electron microscopy (TEM), and 29Si nuclear magnetic 

resonance (NMR) spectroscopy to study Mg0.5AlSiO4 that was grown from a glass [34]. The 

difference electron Fourier (DELF) and Rietveld refinement showed that, instead of occupying 

the tetrahedral channel as Li in ȕ-eucryptite, Mg ions end up with an octahedral coordination and 

are disordered over all the available sites along the channels [34], [51], [52].  Octahedral channel 

Mg2+ results in a higher degree of deformation of neighboring [Si/AlO4] framework than 

tetrahedral Li+. This distortion transforms the structure from ȕ- to α-quartz-like in Mg0.5AlSiO4 

and results in a positive thermal expansion in Mg0.5-0.5xAl1-xSi1+xO4 [53]–[55]. The coordination 

environments of Li+ in the ȕ-quartz framework of LiAlSiO4 and Mg2+ in the α-quartz framework 

of Mg0.5AlSiO4 are shown in Figure 2.4. This also explains the fact that small amounts of cation 
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dopants lead to a dramatic change in thermophysical properties of LiAlSiO4 from a 

crystallography point of view. 

 

 

Figure 2.4       Coordination environments of (a) channel Li+ in the ȕ-quartz framework of 
LiAlSiO4 and (b) Mg2+ in the α-quartz framework of Mg0.5AlSiO4. Tetrahedra represent [Si/AlO4] 

units, and spheres represent Li+ or Mg2+ [34].  

 

2.3  Pressure-induced phase transformation 

δike other open crystal structures with low or negative CTE’s, the ȕ-eucryptite structure 

also collapses under sufficiently high hydrostatic pressures, resulting in phase transformation 

and/or amorphization in the material [9]–[11]. Literature has shown various phase 

transformations under pressure and temperature (Figure 2.5). A reversible phase transformation 

to -ucryptite occurs at 1 GPa.  Pressure greater than 1 GPa at 600°C results in an irreversible 

transformation from ȕ to α-eucryptite, a thermodynamically stable phase of eucryptite [10], [12], 

[13], [15], [32]. At pressures greater than 5 GPa, İ-eucryptite begins to amorphize and over 17 

GPa, it is completely amorphous. When the pressure is released before it reaches 17 GPa, ȕ-

eucryptite recrystallizes, indicating the presence of structural memory in the material [13]. 
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Above 17 GPa, it remains amorphous upon decompression. Zhang, et al. [12], [13] reported the 

crystal structure of İ-eucryptite as orthorhombic and provided the lattice parameters using  in-

situ high energy x-ray diffraction. From their study, it is found that the İ-eucryptite has a lattice 

volume 7.7% lower than that of ȕ-eucryptite [56], [57]. The increase in volume associated with 

reverse İ to ȕ-eucryptite transformation at moderate pressure (~1 GPa) is believed to have a 

potential application in synthesizing transformation toughened composites based on ȕ-eucryptite 

[17]. In addition to this technological significance, the reversible phase transition between ȕ and 

İ provides a plausible explanation for a very interesting phenomenon observed by Reimanis and 

co-worders [56]μ spontaneous ejection upon indenting composites of ȕ-eucryptite and lithium 

aluminate (LiAl5O8) with particle sizes ranging from sub-micrometer to tens of micrometer. 

However, the detail including space group and atomic structure of the İ-eucryptite remains 

unknown.  

 

 

Figure 2.5       Schematic showing the various phase transformation in ȕ-eucryptite 

 

Ramalingam, et al. [16] applied the nanoindentation technique on both polycrystalline 

and single crystal ȕ-eucryptite. Through examining the rate dependence of the strengths using 
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maximum shear stress analysis [58], [59] and analyzing the cumulative statistics of the Hertzian 

deviation loads [60]–[63], the activation volume of phase transformation from ȕ to İ-eucryptite 

was determined to be roughly around 0.1 nm3. A single unit cell of ȕ-eucryptite contains 84 

atoms [64] and is arranged in about 12 tetrahedra with a volume of 1.07 nm3 [12], [13]. Thus, the 

process that is responsible for the phase transformation is on the order of the size of the [SiO4] 

and [AlO4] tetrahedra. The presence of structural memory in the material has been discussed in 

terms of non-deformable units within the structure that act as templates upon which the original 

structure can be recovered. The [SiO4] tetrahedra are more rigid than the [AlO4] tetrahdera [13] 

in both ȕ and İ-eucryptite; therefore, the [AlO4] tetrahedra become gradually distorted under 

compression while the [SiO4] tetrahedra rotate but remain intact. Upon decompression, the 

nondeformable [SiO4] units act as templates to direct the transformed structure back to the 

original state [13]. The presence of Li ions along the c channels also likely to play a role in 

relaxation, since it is energetically favorable to expand the structure. However, when the pressure 

exceeds the threshold (17 GPa), [SiO4] tetrahedra start to deform as well, resulting in the 

disappearance of the structural memory [13]. Although Zhang et al. [12] looked at both İ-

eucryptite and α-eucryptite under high pressure and temperature through x-ray diffraction and 

indicated that İ-eucryptite adopts an orthorhombic crystal structure, there are some 

inconsistencies with their determination of the space group and atomic positions of İ-eucryptite. 

Figure 2.6 shows the hierarchy of seven crystal systems, and phase transformation generally 

proceeds from high symmetry to low symmetry [65]. 
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Figure 2.6       Hierarchy of seven crystal systems 

 

2.4 Grain size effect on pressure-induced phase transformation 

2.4.1  Diffusional vs. diffusionless phase transformation 

The majority of phase transformations that occur in the solid state take place by thermally 

activated atomic movements, which require diffusion of atoms in order to form new phase(s). 

The overall transformation kinetics follows the TTT diagrams. On the other hand, a diffusionless 

transformation occurs without the long-range diffusion of atoms. This is typically referred to as a 

martensitic transformation. Martensitic phase transformations are widely used for hardening steel 

by quenching rapidly enough from the austenitic field. Because of the insufficient time for 

eutectoidal diffusion-controlled decomposition processes to occur and the presence of carbon 

interstitially in the faced center cubic (fcc) austenitic structure, austenite transforms to martensite. 
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Martensitic transformation is a term used in physical metallurgy to describe any diffusionless 

transformation in which individual atomic movements are less than one interatomic spacing from 

start to completion of the transformation. Martensitic transformations can occur in many types of 

metallic and nonmetallic crystals, minerals, and compounds [66].  

2.4.2  Nucleation model 

The nucleation event plays an important role in both diffusional and diffusionless phase 

transformations. In high pressure studies, the barrier to transition is usually explained in terms of 

nucleation dynamics. The general nucleation model is expressed as [66]–[68]: 

 23 4
3

4
rGrAGVG VV                                          (2.1) 

where ΔG is the total free energy change associated with the transformation; ΔGV is free 

energy per unit volume released upon creating the new phase particles; Ȗ is the interfacial free 

energy per unit area upon creating new interfaces associated with the transformation; V is the 

volume of the nucleus; A is the interfacial area; r is the nucleus radius. Thus, a schematic 

showing ΔG as a function of r is shown in Figure 2.7. 

In order for a phase transformation to occur, ΔGV in (2.1) must be negative, and the 

interfacial energy term is always positive, since energy is increased in making an interface.[67] It 

is seen that because of the positive term, ΔG possesses a maximum before it becomes negative. 

For successful nucleation, small clusters must form and then grow to larger size by decreasing 

the free energy. In other words, the critical nuclei form when the free energy is at a maximum. 

Thus, critical nucleus size (r*) represents the minimum viable nucleus size. If nuclei are formed 

with r<r*, it is energetically favorable to spontaneously decompose back to the parent phase. 

However, if nuclei are formed with r>r*, it is energetically favorable for the nuclei to keep 
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growing. The free energy at maximum is referred to as the “critical free energy”. The values of 

critical nucleus size (r*) and critical free energy (ΔG*) can be found from the condition: 

0


r

G
                                                          (2.2) 

Thus, for the case where Ȗ is isotropic,  r* and ΔG* are given by: 
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Figure 2.7       Variation of ΔG with r for a homogeneous nucleus. ΔG* represents the activation 
energy barrier. 
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Misfit stresses may also contribute to ΔGV. They generally arise in association with a 

shape change. Eshelby [76] showed that there is an elegant solution to this problem and 

approached it by visualizing a series of cutting, straining and welding operations illustrated in 

Figure 2.8.  The processes to determine the misfit stresses may be described with the following 

steps. 

• A region (inclusion) is first cut from the unstressed elastically homogeneous 

material, and is then imagined to undergo a shape change, resulting in a 

transformation strain İT free from the constraining matrix.  

• The inclusion has changed shape and thus cannot be replaced directly back into 

the cavity in the matrix from whence it came. In order to put the inclusion back to 

its original place, surface tractions are applied on the inclusion to return it to its 

original shape. At this point, zero stress is in the matrix, but there is stress on 

inclusion because of the applied surface tractions.  

• Apply equal and opposite force at the interface between the matrix and the 

inclusion to remove the surface tractions. Equilibrium is then reached between the 

matrix and the inclusion at a constrained strain (C) of the inclusion. 

• The stresses in the matrix only result from the constrained strain (C), whereas, 

the stresses in the inclusion result from both transformation and constrained 

strains (C-T). 
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Figure 2.8       Schematic showing that the strain and stress on matrix and particles after 
transformation. 

 

2.4.3  Transformation toughening 

 Among different toughening mechanisms (e.g. crack deflecting, fiber bridging 

toughening, pull out toughening, et.al), transformation toughening is recognized as one of the 

most potent. For example, in ZrO2 system, toughness contributions from microcrack and 

deflection mechanisms are 2-6 and 2-4 MPa·m1/2, respectively [77], [78]. These are considerably 

smaller compare with that of transformation toughening, which may be as high as 15 MPa·m1/2 

[79]. Particles which undergo a stress-induced martensitic transformation are known to toughen 

certain brittle materials [80]–[86]. ZrO2 and ZrO2 reinforced composites are the most widely 

studied in transformation toughening [20], [87]–[94]. The mechanism of transformation 

toughening is illustrated in Figure 2.9, taking ZrO2 (tetragonal to monoclinic phase 

transformation) as an example. The enhanced toughness can be considered to generate from the 
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volume expanse that is associated with the transformation from a metastable phase to a stable 

phase due to the crack-tip stress field, thereby limiting the crack opening [20], [92], [95], [96]. 

Transformation toughening of ZrO2 was first reported by Garvie et al. in Nature [80]. A 

martensitic phase transformation of ZrO2 from tetragonal (t-) to monoclinic (m-) can be triggered 

by the crack tip stress field and a volumetric expansion is associated with the transformation, 

which gives the principle contribution to toughening in these ceramics. It is widely accepted that 

for the transformation toughener, the reinforcing phase must (a) exhibit a martensitic phase 

transformation (diffusionless) that can be induced by stress field, (b) exist in a metastable state, 

and (c) have a dilatational strain associated with the transformation.  

Retention of the tetragonal ZrO2 during cooling from high to ambient temperature is the 

most important factor for the utilization of transformation toughening. For zirconia, the 

transformation barrier may be overcome by either thermal activation or stress (strain). Heuer et 

al. studied the stability of t-ZrO2 in both Al2O3 and cubic ZrO2 matrices by considering how the 

thermodynamics of the t-m transformation is effected by surface and strain energy effects, 

nucleation considerations, etc [21]. The transformation state of t-m transformation can be 

visualized with the free energy diagram as shown in Figure 2.10. The total free energy released 

on transformation is ΔGV, where GV is the free energy per unit volume of a crystal. ΔG* 

represents the nucleation barrier that must be overcome for transformation to occur.  It is the 

activation energy. 
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Figure 2.9       Schematic describes transformation toughening mechanism using ZrO2 as an 
example. In a tetragonal zirconia dispersed ceramic matrix, the stress field advancing ahead of a 
propagating crack transforms the small tetragonal particles to larger monoclinic particles. The 

larger transformed monoclinic particles apply a crack-closing force in the process zone, 
effectively resisting the crack propagation. 

 

 

Figure 2.10       Reaction coordinate diagram showing energetics of t-m transformation. The 
reaction coordinate is any variable defining the reaction path such as pressure. 
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Figure 2.11       Schematic representation of the various free energy forms associated with the 
tetragonal to monoclinic transformation with different initial particle sizes: S, small; C, critical; 

L, large, and uncon, unconstrained [77]. 

 

In the case of particles constrained in a solid matrix, the ease with which the tetragonal to 

monoclinic transformation can occur in zirconia will depend upon a number of physical and 

chemical factors, especially the particle size [82], [85], [97] and the matrix in which the particles 

are being constrained. The various energetic states of the tetragonal and monoclinic phases are 

shown in Figure 2.11. It is aim to use fabrication treatment to produce t-ZrO2 with the 

transformation temperature at or near room temperature, so that the transformation toughening 

works at room temperature. When the particle is a critical size, the transformation temperature is 

just below room temperature. In this situation, ΔG* becomes very small and can be overcome as 

a result of an applied stress. When the particle is smaller than the critical size, it requires 

sufficient undercooling. In addition, in this situation, the free energy of the constrained particle is 
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higher than that of the tetragonal phase, which leads no net driving force for the transformation. 

The activation barrier for nucleation is also quite large and virtually insurmountable. On the 

other hand, for a large particle, whose transformation temperature is above room temperature, 

will transform upon cooling naturally. Linear temperature dependence of reciprocal radius for 

the tetragonal-monoclinic transformation in Ca-PSZ, Al2O3, and Mullite-ZrO2 has been shown 

by Garvie and Swain by considering surface and strain energy terms [22], [98], [99]. The 

stability of the tetragonal phase can also be enhanced by the addition of high-solubility dopants, 

such as Y2O3 or CeO2, or by the addition of low solubility divalent stabilizing oxides, such as 

MgO and CaO by taking the surface energy and matrix constraint into consideration [20]–[23], 

[77], [100]. Thus, it is the aim of processing and fabrication to provide an optimized 

microstructure comprising metastable tetragonal particles that cooperate in the transformation-

toughening process. Although ZrO2 has been successfully employed as transformation toughener, 

there are many other ceramics that exhibit martensitic phase transformation but are largely 

unexplored [101]–[103].  

ȕ-eucryptite has been recognized as a transformation toughening material due to its 

reversible phase transformation to the denser İ-eucryptite at moderate pressure (~1 GPa). Clearly, 

control over the metastablity of -eucyptite in order to design a transformation toughened 

composite. Doping -eucryptite with Mg or Zn tends to stabilize -eucryptite according to 

Raman spectroscopy and x-ray diffraction studies [19], [104]. In other words, the pressure 

required to transform ȕ-eucryptite to İ-eucryptite increases. Thus, doping ȕ-eucryptite with small 

ions does not work on the right direction to stabilize the İ-eucryptite. It was hypothesized that 

residual thermal stresses arising due to the mismatch in CTE between the matrix and the 

particulate may be utilized to induce the stresses necessary to stabilize the high pressure phase 
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[17]. The stresses caused by thermal mismatch on -eucryptite particle from matrix such as MgO, 

10YSZ, Al2O3, etc., have been calculated from the steps described above [17]. 10YSZ has been 

shown to act as the best candidate to provide enough stress to stabilize -eucryptite particles. 

Though no evidence of the high pressure -eucryptite was found, the toughness of 10YSZ 

changes with volume fraction of -eucryptite, indicating a transformation toughening model 

should be considered in conjunction with the toughening decrement predicted due to matrix 

tensile stresses which arise due to the thermal expansion mismatch. Thus, grain size effects are 

worthwhile to be investigated. 

2.5 Li ionic conductivity-order-disorder transition  

Generally, ionic conductors can be classified into three categories based on the ion 

conductors’ mobile dimensions (1D, βD or γD). For instance, δi3N is reported to be a three 

dimensional (3D) conductor [105]; Na-ȕ-Al2O3 is a good example for 2D conducting as the Na-

ions moving in planes (2D) [106]. Several materials such as Li2Ti3O7 [107] and LiFePO4 are 

known to exhibit a pronounced one dimensional conductance (1D) along structural channels. The 

dimensionality and topology of the compounds is found to play an important role in the diffusion 

of Li ions [108], [109]. Similarly, ȕ-eucryptite exhibits one-dimensional super-ionic conductivity 

as well as the anisotropic thermal expansion behavior that was described in 2.2. Li ionic 

conductivity along the c axis is nearly three decades of that within the a-b plane in the 

temperature range from 200 °C to 600 °C [4], [29], [110]. Renker et al. [7] showed a Li+ 

diffusion along the hexagonal c-direction and the Li+ jump distance of c/3, where c is the lattice 

constant of c-axis of -eucryptite (c=11.19 Å), through quasi-elastic neutron scattering studies. 

The δi ionic conductivity of ȕ-eucryptite compared with other crystalline lithium-ion conductors 

is shown in Figure 2.12. The high mobility of Li finds it applicable as a battery material [4], [44], 
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[110]. One can tell that due to this high activation energy, the conductivity of ȕ-eucryptite drops 

fast and becomes lower than the other oxides at low temperatures, but it is comparable with other 

Li ion conductors at a high temperature range. 

 

 

Figure 2.12       Li ionic conductivity of ȕ-eucryptite compared with other crystalline lithium-ion 
conductors [105], [111]–[115]. 
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The crystal structure of ȕ-eucryptite as a function of temperature has been investigated, 

and two types of disordering at high temperature were proposed: (1) Li positional disordering, 

and (2) tetrahedral disordering [9], [32]. Al/Si tetrahedral disordering is kinetically unfavorable, 

and it requires a long time annealing at a temperature near the melting point from ordered ȕ-

eucryptite [32]. The Li order-disorder transition, on the other hand, occurs much more readily. It 

has been confirmed that δi disordering leads ȕ-eucryptite to undergo a structural phase transition 

into an incommensurate structure at around 460 °C [5], [9], [27], [36], [116]–[119]. A high-

resolution powder neutron diffraction study shows that the Li+ ions hop between ideal Wyckoff 

positions and another vacant site in ordered -eucryptite [120]. Above the transition temperature, 

Li ions do not statically occupy only one of the two sets of tetrahedral positions that alternate 

along the c axis, but they are dynamically distributed over all possible sites within the channels 

[10], [27], [28], [32]. Moreover, an intermediate phase is suggested to exist between 442-507 C 

[38]. However, the details of this intermediate phase are still not clear. Generally, people use x-

ray diffraction or synchrotron radiation to perform crystallographic studies. Since Li is a light 

element, it is very hard to study the occupancy of Li ions through those measurements. For the 

materials that have Li conduction, one could learn about the structure changes by measuring Li 

mobility. Thus, studying the conductivity provides promising information on -eucryptite 

structure. Table 2.1 lists several studies on δi ionic conductivity of ȕ-eucryptite through various 

methods. Despite a large body of work on Li-ion conduction in ȕ-eucryptite, the effects of the 

grain boundaries on conductivity still remain unknown. 
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Table 2.1       Li ionic conductivity of ȕ-eucryptite studied by various methods. 

Author (s) Ea (eV) Temp range 
(°C) 

Sample preparation Experimental 
methods 

Sartbaeva [8] 0.89 503-540 Solid state sintering Dielectric 
spectroscopy 

Lichtenstein [121] 0.8 -273  DFT calculation 
Nagel and Bohm 
[6] 

0.79 30-500 Single crystal AC-impedance 
spectroscopy 

Bohm [122] 0.62 (L) 
0.83 (H) 

RT-400 Single crystal Dielectric 
measurements 

Johnson [40] 0.68(glass) 
1.05(glass-
ceramic) 

RT-600 Glass to glass-
ceramic 

2 terminal a.c. 
4 terminal d.c. 
2 terminal d.c. 
Pulsed method 

Shin-ichi [123] 1.02  
(500K-700K) 
0.84  
(700K-1000K) 

227-727 Solid state sintering 
and PLD thin film 
bulk 

AC-impedance 
spectroscopy 

Munro [124] 0.75 (a/b-axis) 
0.60 (c-axis) 

25-350 glass to ceramics DC-impedance 
spectroscopy 
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CHAPTER 3  
 

EXPERIMENTS 

 

This Chapter first introduces the details on synthesis and processing of ȕ-eucryptite from 

different routes. Later in this Chapter, principles and details of characterization methods are 

described, including diamond anvil cell, Raman spectroscopy, high energy x-ray diffraction, 

impedance spectroscopy and Rietveld analysis. 

3.1 Synthesis and processing 

Generally, ceramic powders can be synthesized through mechanical synthesis (top down) 

or chemical synthesis (bottom up). Traditional ceramics that consist of mixtures of naturally 

occurring materials (e.g., clay, minerals, etc.) can be made through mechanical methods such as 

crushing, grinding or milling. But the characteristics of the powders are not well-controlled. On 

the other hand, advanced ceramics, such as -eucryptite, do not occur naturally with high purity. 

In addition, advanced ceramics usually require high purity with well-controlled grain size and 

morphology to meet engineering requirements. Thus, one needs to consider using advanced 

chemical synthesis to “build” the material. The various methods used for producing -eucryptite 

powders in the present study are discussed here.  

3.1.1  Solid state synthesis 

The most popular and simplest method to prepare -eucryptite uses mixed oxides and/or 

carbonates. The solid state synthesis is selected for synthesizing -eucryptite because it was 

well-documented in the literature [8], [49]. Alumina (Al2O3-Sigma Aldrich, St. Louis, MO USA), 

silica (SiO2-Sigma Aldrich, St. Louis, MO USA) and lithium carbonate (Li2CO3-Alfa Aesar, 

Ward Hill, MA USA) were mixed in the appropriate proportions with a molar ratio of 1:2:1 to 
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produce stoichiometric ȕ-eucryptite. The mixture was ball milled with yttria-stabilized zirconia 

(YSZ) balls as grinding media. Calcination was performed at 1100 °C for ~15 hours in a box 

furnace (Deltech Inc.) in air condition. The resulting material was then ground and resintered at 

1300 °C for ~24 hours in the same box furnace and air condition [14], [125]. The simple 

procedures make solid state synthesis a good choice for synthesizing ȕ-eucryptite. However, the 

long time and high temperature calcination process requires more energy and results in fairly 

large particle sizes.  

3.1.2  Chemical solution technique 

The production of ȕ-eucryptite powders through the chemical solution method has been 

widely developed [42], [126]–[129]. In this process, it can be viewed as a sol-gel process plus a 

precipitation process. SiO2 was formed from a sol-gel route involving hydrolysis and 

condensation reactions. Hydrolysis occurs when tetraethylorthosilicate (TEOS) and water are 

mixed in a mutual solvent, generally ethanol [130]. Silica hydrolysis exhibits a minimum rate at 

pH=7 and a higher rate at both lower and higher pH [131]. At acidic conditions (low pH level), 

the hydrolysis reaction occurs slowly and the silica tends to form linear molecules that are 

occasionally cross-linked. Gelation takes place through molecular chains entangling and forming 

additional branches, resulting in fine pore networks and dense structure. Thus, an equal volume 

of TEOS (Sigma Aldrich, St. Louis, MO USA) and ethanol (95%) were first mixed in a clean 

beaker with half the volume of distilled water to achieve an R-factor (water moles/TEOS moles) 

of about 7 [126], [127]. A lot of studies have focused on the effects of catalysts on hydrolysis, 

condensation, gelation and properties of silica gels [132]–[139]. HNO3 (approximately 70 wt%) 

was added to help obtain a clear solution with a pH about 0.5-1 after a few minutes of stirring at 

room temperature. Under these conditions, TEOS is firstly partially hydrolysed to silanol 
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monometers. The metal ions of ȕ-eucryptite were provided by lithium nitrate (LiNO3-Sigma 

Aldrich, St. Louis, MO USA) and aluminum nitrate ((Al(NO3)3·9H2O)-Sigma Aldrich, St. Louis, 

MO USA). An aqueous nitrate solution was then obtained by mixing these precursors and an 

equal weight of water together with the stoichiometric quantity of the TEOS solution. After 

about 30 minutes of mixing on a hot plate with a magnetic stirrer at about 50 °C, a homogeneous 

solution was obtained. Condensation and crosslinking of the silanols and gelation of the solution 

occurred together with aluminium hydroxide precipitates in the form of an amorphous gel by 

treating the solution with excess aqueous ammonium hydroxide (~10-15%). Amorphous 

powders were obtained after drying at about 80 °C, and then followed by calcination at 1100 °C 

for 15 hours to form pure ȕ-eucryptite (ICDD PDF Card # 01-070-1574). Figure 3.1 describes 

the main steps of the chemical solution technique Synthesizing doped ȕ-eucryptite can adopt this 

method by adjusting the molar ratio of Li ions and dopants. The chemical solution synthesis 

method uses nitrates as ion sources and mixes everything in a solution, which provides a very 

homogeneous mixture. In addition, it is very easy to operate. However, this technique also 

produces highly agglomerates powders that are not easily dispersed, which requires long time 

ball milling. In addition, the resulting large grain size easily introduces microcracks during 

sintering. Particle size analysis (PSA) was used to measure the particle sizes of the powders. As 

shown in Figure 3.2, the particle size of as calcined powders is as large as about 100 ȝm, and 

after about 100 hours ball milling it decreases down to around 1 ȝm.  
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Figure 3.1       A flow chart that describes the major steps for preparing -eucryptite using 
chemical solution technique. 
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Figure 3.2       Particle size analysis on as calcined powders and powders after ball milling. 

 

3.1.3  Wet chemistry synthesis (EDTA-citrate method) 

It has been noticed that the long calcination time that required for forming pure -

eucryptite from precipitates in chemical precursor synthesis can easily cause grain growth.  In 

order to decrease the particle size, long time ball milling is necessary for this process, where 

contamination from the containers may get involved. To get fine -eucryptite grain size (~β ȝm) 

after calcination is very critical. The idea of wet-chemistry synthesis is to allow the metal ions to 

become fully mixed and chelated in solution and form a uniform network that contains 

nanoclusters from carbonization, thus getting a fine grain size from the beginning [140].  

The EDTA-citrate complexing synthesis method was first introduced by Anderson et al. 

[141] for synthesizing perovskites using ethylenediaminetetraacetic (EDTA) acid and citric acid 

chelating agents. EDTA acid can hold up to six atoms coordinated to the central metal ion, due to 
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its hexadentate ligand structure. Citric acid cross-links the complexes to other ligands present in 

the solution. The EDTA-citrate method using nitrate precursors to synthesize -eucryptite is 

discussed below.  

The major steps for preparing -eucryptite using the EDTA-citrate method are shown in 

Figure 3.3 (Figure 3.3). Aluminum nitrate (Al(NO3)3·9H2O – Sigma-Aldrich, St. Louis, MO, 

USA) and lithium nitrate (LiNO3 – Sigma-Aldrich, St. Louis, MO, USA) were used as resources 

of Al3+ and Li+ ions. SiO2 colloid (200 nm particle size) was used as a Si4+ resource instead of 

TEOS, which was used in the synthesis method described previously since TEOS evaporates 

easily. Appropriate amounts of citric acid and EDTA were introduced such that the molar ratio of 

EDTA acid: citric acid: total metal ions was around 1.5:1.5:1. The precursors, EDTA acid and 

citric acid, were dissolved in NH3·H2O (8 mol/L) under continuous heating (around 200°C) and 

stirring. The compound ions were chelated with EDTA acid and citric acid to form a stable 

aqueous solution [140] (Figure 3.4). Precipitation may occur due to the pH value and then nitric 

acid or ammonium hydroxide was added to adjust the pH value to keep the transparency of the 

solution. After the excess water evaporated, the chelated solution was thickened to form a 

viscous translucent gel. Carbonization of the viscous gel took place in a drying oven at 160 °C, 

resulting in a fluffy black mass. The charcoal was calcined at 1100 °C for 5 hours and finally 

formed single phase ȕ-eucryptite powders. The x-ray diffraction analysis revealed the same 

pattern as reported in ICDD PDF Card # 01-070-1574 (Figure 3.5). Figure 3.6 clearly shows the 

fine particles of -eucryptite powders made through the wet-chemistry method after calcination.   
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Figure 3.3       A flow chart that describes the major steps for preparing -eucryptite using 
EDTA-citrate method 
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Figure 3.4       Image showing the transparent solution that has -eucryptite compositions. 

 

 

Figure 3.5       Single phase confirmation from XRD on different synthesis routes 
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Figure 3.6       SEM image of -eucryptite powders synthesized from wet-chemistry method after 
calcination. 

 

3.1.4  Hot pressing 

Certain experiments that used in this study require solid pellet samples. The sintering 

process took place under hot pressing. The synthesized powders were grounded in a ball mill 

using yttria stabilized zirconia (YSZ) balls as grinding media in alcohol medium to achieve a 

final particle size of about 1 ȝm. The fine powders were then sintered in a vacuum hot press 

(Model: 610 G-25T, Thermal Technology Inc., Concord, NH USA) at 1200 °C for two hours 

under an applied load of 35 MPa using a graphite die. The graphite papers placed between the 

powders and the die were coated with boron nitride (BN) to prevent the diffusion of carbon from 

graphite paper to samples. Cooling rate needs to be very slow (1 °C/min), since cracks typically 

occur with high cooling rate in ȕ-eucryptite due to its anisotropic thermal expansion coefficient. 

The fracture surface microstructure of -eucryptite in this sintering condition is shown in Figure 



37 
 
 

3.7. The density of sintered pellets was measured using Archimedes technique, and all the final 

densities achieved 98% and above. 

 

 

Figure 3.7       SEM image showing the microstructure of the cross section of -eucryptite pellet 
processed from hot press sintering.  

 

3.2 Diamond anvil cell introduction and calibration 

The Diamond anvil cell (DAC) was first developed to study materials under high 

pressure as Alvin Van Valkenburg and his colleagues realized that they could look through the 

diamond anvils while the sample was at high pressures [142]. The basic idea of DAC is to apply 

pressure on a small amount of samples by pushing two diamond culets with flat surfaces towards 

each other. A schematic of a general DAC is displayed in Figure 3.8 [143]–[149]. A stainless 

steel gasket with a hole in the middle needs to be placed in between the upper and lower 
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diamonds to serve as a sample chamber (shown in Figure 3.9).  The reasons that make diamond 

an ideal material for containing high-pressure samples are (1) diamond is the hardest material 

with a high compressive strength, and (2) diamond is transparent to X-ray, visible light and 

infrared. Thus diamonds could provide a clear window for those radiations, which makes 

diamond a perfect choice for studying various properties of material in-situ under high pressures.  

DAC was later developed to be used at high temperatures up to 4000 K, rather than under 

pressure only. The DAC technique has provided an impressive amount of information about 

materials at high pressures and high temperatures. In the present study, Raman spectroscopy and 

X-rays were used to study the pressure induced phase transformation of ȕ-eucryptite.  

 

 

Figure 3.8       Schematic description of using diamond culets to create pressure on samples. 

 

3.2.1  Classes of DAC 

Diamond anvil cells can be divided into two main groups: screw-type (screw/bolt driven 

DAC) and gas-membrane type (pneumatic driven DAC). In general, screw-driven DACs have 

three or four screws connecting the two diamond holders together, and force is loaded by 

tightening the screws directly onto diamond anvils or through a system of levers, arms, or 
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wedges [139], [143], whereas in a gas-membrane DAC, pressure is created by the expansion of a 

membrane, which is filled with gas and pushes the two parts of the cell towards each other. In 

both types, the pressure is given by the two diamond culets as described above. The strong and 

weak sides of the two types are listed in Table 3.1. 

 

 

Figure 3.9       Schematic of a stainless steel gasket which placed between the two diamond 
culets. 

 

3.2.2  Gasket technology 

In the early days of diamond anvil cell work, the sample was simply placed on the face of 

the lower diamond anvil. The upper anvil was then lowered onto it, and the sample was squeezed 

between the upper and lower anvil faces. As force was applied, the sample extruded from 

between the anvils until it was so thin that it ceased to flow.  This usually results in the forming 

of a very smooth pressure gradient from highest pressure in the center to low pressure at the 

edges [142]. Therefore, it is important to introduce a gasket in a high pressure cell to provide a 
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chamber for the sample confinement, pressure marker, and pressure medium. Generally, the 

gasket is prepared by pre-indenting a metal foil (250 ȝm-300 ȝm thick) to 1/3 of original 

thickness between the upper and lower diamonds and drilling a small hole through the center of 

the indentation created by the culets.  The most commonly used gasket materials are stainless 

steel, tungsten, Inconel (Ni-Cr-Fe) alloy, or rhenium [17]. 

 

Table 3.1       Comparison of two types of diamond anvil cells 

 Screw-driven type Gas-membrane type 

Example   

Advantages • Simpler construction 

• Ease of checking the diamond 

alignment 

• Ease of movement from place 

to place with pressure 

maintained inside, even for a 

long time 

• No need for a gas controller 

• More accurate control over pressure in 

the sample chamber 

• Remote pressure adjustment allowed 

without touching and moving a DAC 

• Ease of controlling for high temperature 

tests 

• The piston fits tightly so that alignment 

will be maintained under pressure 

Disadvantages • Difficultly controlling the 

increasing step due to the 

manual rotation of the screws 

• Difficulty aligning the diamonds and 

loading the samples due to the existence 

of the piston and the gasket stage 

• Complex construction needs to be 

connected to a gas controller and a gas 

cylinder, needs more space to run the 

tests 
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3.2.3 Pressure markers at room temperature 

Determining the pressure value in a diamond anvil cell is of critical importance for high 

pressure tests. In early days, people who used diamond anvil cells for XRD studies were able to 

measure the lattice parameters of the calibrator, which were mixed with sample powders. NaCl, 

for example, was found to be a good pressure reference, due to the linear compression of NaCl 

below 15 GPa [150]–[153]. This method works well for those who are using XRD, but makes it 

hard for others who are using other techniques to study high pressure behaviors [142]. Making an 

XRD pattern just for determining pressure seems inconvenient. 

The ruby fluorescence method was developed to determine the pressure in 1971 [142]. 

Unlike NaCl, the wavelength of the ruby fluorescence changes with pressure and could be easily 

calibrated. The calibration of Ruby R lines under pressure has been performed up to 150 GPa 

[154]. Ruby is corundum doped with chromium (α-Al2O3), with Cr3+ ions substituting for the 

aluminum, which results in the system Al2O3-Cr2O3 forming a complete solid solution between 

the two oxide phases [155]. Doping of corundum by Cr results in a small expansion of the host 

lattice and an off-center displacement from the central octahedral positions, due to the Cr3+ ion 

(0.064 nm) having a slightly larger ionic radius than Al3+ (0.057 nm) [155]. Under laser 

excitation, the transition from the two lowest energy excited states to the ground state are 

denoted as R1 and R2 peaks [17], which are spin-forbidden no-phonon emissions [155], [156]. 

They are observed near 14404 cm-1 (694.25 nm) and 14433 cm-1 (692.86 nm) at room 

temperature [154], [155], [157], [158]. Under hydrostatic conditions and room temperature, the 

R1 and R2 lines nearly shift by the same amount (~7.6 cm-1/GPa), and the R1-R2 separation 

remains the same (shown in Figure 3.10). The depth of the trough between the two peaks is very 

sensitive to peak broadening, which is very sensitive to non-hydrostaticity [142], [159], [160]. 
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The shift of the R2 is little affected by non-hydrostatic strain, while R1 line shift is more 

sensitive to inhomogeneous strain.[161] In other words, ruby not only can be used as a pressure 

calibrator, but it also provides a quick way to check whether the pressure media is continuing to 

act like a liquid. Ruby therfore became a widely used pressure marker in diamond anvil cell high 

pressure study by mixing a small chip of ruby crystal in the sample [155], [159], [160], [162]–

[165]. For the tests lower than 5 GPa with the presence of a pressure medium, there is only a 

negligible difference observed between the pressures calculated through R1 and R2 line shifts. 

 

 

Figure 3.10       Ruby fluorescence spectra under pressure 
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3.2.4  Pressure markers at high temperature 

It is hard to use ruby as the pressure marker at very high temperatures because the ruby 

signal starts to fade when the temperature is over 400 °C [166]. Sm: YAG and SrB4O7: Sm2+ 

were proposed as alternative substances for a temperature range up to 500-600 °C [167]–[170]. 

However, those materials are not inert to samples and easily dissolve into supercritical H2O fluid 

[166]. Many investigators prefer to use a chemically inert pressure marker, which is suitable to 

be used at high temperature with a standard optical spectrometer in a synchrotron facility, due to 

the beamtime limitation. 13C diamond is a good candidate, since it has a Raman peak at a lower 

frequency than a usual 12C diamond below 13 GPa. Yet, when pressure is higher than 13 GPa, 

this peak overlaps with a Raman peak from an anvil composed of 12C diamond [166], [171]. 

Besides, 13C chips are not commercially available. Gold is another good candidate, since it is 

chemically inert and it is an efficient scatterer of X-rays [142], [172]. However, for the 

measurements other than X-rays, it becomes hard to use gold (similar with NaCl as a pressure 

marker at room temperature). Kawamoto et al. [166] discussed the possibility of cubic boron 

nitride (cBN) being a new pressure marker at high temperature by comparing high pressure and 

temperature experiments using ruby and gold pressure markers. The advantages of cBN are that 

the Raman TO band (1054 cm-1 at ambient) is intense and well separated from that of diamond 

anvils (1333 cm-1 at ambient). Moreover, cBN is thermally and mechanically stable over a large 

P-T range and is chemically resistant to corrosive media [173]. This pressure scale should be 

useful up to 100 GPa and temperatures in excess of 1000K [173]. The comparisons of commonly 

used optical sensors mentioned above are listed in Table 3.2. 
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Table 3.2       Summery of useful optical pressure sensors for high temperature high pressure 
studies 

Sensor λ0 or υ0  

(at 295K) 

Pressure coefficient 

(/GPa) 

Temperature 

coefficient (cm-1/K) 

Useful P-T 

range 

Ruby (R1 line) 
[144], [174]–[178] 

694.28 nm 7.6 cm-1 0.115  0-250 GPa, 
0-700 K 

SrB4O7:Sm2+  

[159], [179] 
684.41 nm 0.255 nm ~0 0-250 GPa, 

0-900 K 
c-BN (TO band) 
[180], [181] 

1054 cm-1 3.27 cm-1 -0.021  0-100 GPa, 
300-2500 K 

12C (LTO band) 
[157], [182], [183] 

1332.5 cm-1 2.83 cm-1 -0.016  15-150 GPa, 
300-2500 K 

13C (LTO band) 
[157], [182], [183] 

1284.05 cm-1 2.83 cm-1 -0.016  0-13 GPa, 
0-2500 K 

 

Although it is not possible to use ruby over 400 °C, the experiments in the present study 

were carried out under 200 °C. Wunder and Schoen [176] pointed out that in the temperature 

interval 25-300 °C and pressure interval 0-4 GPa, the temperature and pressure coefficients of 

the frequency shift of ruby fluorescence are independent of each other. That is 

d Pd Td                                                             (3.1) 

where ϑ is the frequency shift of ruby fluorescence; α and ȕ are the temperature coefficient and 

pressure coefficient of ruby frequency shift, respectively. The relation of α, ȕ and ϑ can be 

expressed by: 

0,,
2


























PTPT TP

                                            (3.2) 
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Calibration of ruby R lines shifts with temperature at ambient pressure was carried out 

from 25-250 °C, and is shown in Figure 3.11. Plotting the R1 and R2 peak positions as a function 

of temperature yields a temperature coefficient ~ 0.115 cm-1/°C (Figure 3.12). 

3.2.5 Synthesis of SrB4O7: Sm2+ 

The sample of SrB4O7: Sm2+ was synthesized through the wet-chemistry method [140]. 

Sr(NO3)2, Sm2O3, H3BO3 were calculated in amounts corresponding to Sr0.95Sm0.05B4O7 

stoichiometry taking into account Sm3+ to Sm2+ reduction [184]. Sm2O3 was first dissolved in 

nitric acid and mixed with Sr(NO3)2 and H3BO3. Then appropriate amounts of citric acid and 

EDTA acid were introduced such that the molar ratio of EDTA acid: citric acid: total metal ions 

was around 1.5:1.5:1. The precursors, EDTA acid and citric acid, were dissolved in NH3·H2O (8 

mol/L) under continuous heating (around 200 °C) and stirring. The compound ions were chelated 

with EDTA acid and citric acid to form a stable aqueous solution. Precipitation sometimes 

occured due to the pH value, and then nitric acid or ammonium hydroxide were added to adjust 

the pH value to let the solution become transparent. After evaporating the excess water, the 

chelated solution was thickened to form a viscous translucent gel. Carbonization of the viscous 

gel took place in a drying oven at 160 °C, resulting in a fluffy black mass. The charcoal was 

calcined at 850 °C for 40 hrs, and finally formed light pink color powders. The x-ray diffraction 

analysis revealed the same pattern as reported [184], [185]. The fluorescence spectrum measured 

is shown in Figure 3.13, which is comparable to literature [169], [184]. 
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Figure 3.11       Ruby R lines shifts under temperature. The arrow points the direction of 
increasing temperature and the highest temperature in this calibration is 250 C. 

 

 

Figure 3.12       The relations of Ruby R peak positions and temperature from 25 C to 250 C. 
The equations represent the fitting of R positions as a function of temperature, which can be used 

to calculate the temperature coefficient of Ruby. 
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The calibration of SrB4O7: Sm2+ under pressure was carried out in a diamond anvil cell 

(Diacell HeliosDAC A59000, Easylab Technologies Ltd., Berkshire, UK). SrB4O7: Sm2+ crystals 

and ruby crystals were both introduced into the sample chamber, and a 16:3:1 mixture of 

methanol: ethanol: water was introduced as pressure medium. Both ruby and SrB4O7: Sm2+ 

spectra were scanned at the same pressure. Using ruby as a pressure reference to calculate the 

pressure value yielded the SrB4O7:Sm2+ peak shifts as a function of pressure (Figure 3.14), 

resulting in a slope of 5.34 cm-1/GPa (0.25 nm/GPa), which is in the range of 0.245 nm/GPa and 

0.255 nm/GPa as reported [169], [186]. SrB4O7: Sm2+ peaks shift with temperature was also 

calibrated using the same way as ruby under temperature calibration described above. A linear fit 

of the temperature shift of the SrB4O7: Sm2+ led to dȜ/dT=-0.0032 cm-1/GPa, which can be 

ignored as expected. 

 

 

Figure 3.13       The fluorescence spectrum of SrB4O7: Sm2+ excited by a 532 nm laser. 
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cBN has also been considered as potential pressure markers in this study. However, cBN 

has comparably lower intensity and requires longer integration time than ruby and SrB4O7: Sm2+. 

Using cBN as a pressure marker seems harder than the other two candidates. SrB4O7: Sm2+, on 

the other hand, has a fairly high intensity even at high temperatures and pressures. In addition, 

SrB4O7: Sm2+ barely shifts with temperature, which makes it an even better pressure marker than 

ruby at high temperatures.   

 

Figure 3.14       SrB4O7: Sm2+ peak position as a function of pressure 

 

3.2.6  Pressure medium 

Materials may behave differently under non-hydrostatic conditions and may promote or 

suppress phase transitions. The non-hydrostatic conditions also cause difficulties in quantifying 

the pressure by the ruby fluorescence technique or internal diffraction standards. Thus, the 

pressure media play an important role in high pressure studies by providing a hydrostatic 

pressure on the samples and reducing the pressure gradient in the gasket [148], [187]. First, the 
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pressure medium should not react with the sample during tests. In addition, the medium should 

not overlap significantly with peaks from the sample, for example in XRD or Raman 

spectroscopy [17]. Generally, rare gasses and organic solvents are widely used as pressure media 

in high pressure studies. 

Rare gases become fluid at a pressure of a few hundred MPa at room temperature and are 

stable over a wide pressure range, offering purely hydrostatic pressure environments. Rare gas 

fluids other than helium solidify in a pressure range of 0.4-12 GPa. After solidification, rare gas 

solids gradually lose the ability to provide hydrostatic conditions in the same way as other solid 

pressure media do [188]. Helium, on the other hand, has been observed with no evidence of non-

hydrostaticity until at least 50 GPa [188], [189]. Two ways have been developed to load the rare 

gases to a DAC: one is using the cryogenic technique to liquefy the gases, and the other is using 

a gas compressor to densify the gases at room temperature [188]. Gases have different boiling 

temperatures, which makes it impossible for the cryogenic technique to load gas mixtures. 

Besson and Pinceaux [190], who loaded helium to a DAC, were the first to use the high-

pressure-gas-loading method. They proved helium to be remarkably inert and to be the best 

pressure-transmitting medium for solid-state studies [190]. However, helium does have its own 

shortcoming. Helium atoms are so small and can easily diffuse into the crystal lattice of the 

samples [191], [192]. 

Organic solvents are also widely used as pressure mediums as they are easy to work with. 

A mixture of 4:1 methanol-ethanol was developed and confirmed to provide a quasi-hydrostatic 

environment to about 9.8 GPa [187]. A small addition of water in the proportion 16:3:1 H2O to 

methanol-ethanol extends the hydrostatic range to 14.5 GPa [145]. Table 3.3 shows the 

comparison of some pressure media that are commonly used and their useful pressure ranges. 
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Table 3.3       Commonly used pressure mediums and their conditions 

Medium Pressure range of nearly 

hydrostatic behavior (GPa) 

Loading technique 

Helium ~50  Cryogenic or high-pressure filling 

Methanol:ethanol=4:1 ~9.8 Easy filling 

Mechanol:ethanol:water=16:3:1 ~14.5 Easy filling 

 

 

3.2.7  High temperature in a diamond anvil cells 

(a) External resistance heating 

Temperature was first applied to a diamond anvil cell because researchers were trying to 

observe the effect of temperature on crystals as they grew from liquids [142]. Samples could be 

heated with a cylindrical heater placed around the anvils. Later, researchers found that 

temperature could be routinely brought up to 1000 °C by wrapping resistance wires around the 

diamond based on the fact that diamond is a good thermal conductor [142]. 

(b) Laser heating 

Higher temperature may also be required for the high-temperature-high-pressure studies. 

Heating samples with a focused laser beam was first proposed in 1966 [142]. First laser heating 

was applied through a pulsed ruby laser, although this laser was hard to control. These 

experiments worked best when dark-colored particles of the sample were surrounded with a 

transparent, insulating medium such as NaCl [142]. Eventually, investigators switched to a 

YAG laser with a 1.06 ȝm emission and 60W maximum power. This technique could bring the 

temperature up to 2000 °C depending on the focusing [169] and allow a rapid quenching 

(around 2×106 °C/s) due to the local character and the very high thermal conductivity of 
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diamond anvils [193]. Laser heating, while capable of very high temperatures, has the 

disadvantages of creating non-uniform temperatures and very steep thermal gradients [142]. 

Nowadays, the uniformity of the temperature across a heated spot has been improved by using a 

laser mode with a larger diameter. Moreover, using a more powerful laser helps to minimize 

temperature fluctuation during continuous laser heating [142].  

(c) Internal resistance heating 

For those who study a sample that is electrically conducting, the sample itself can be 

made to serve as the heater. The first case was in 1974, when people were trying to collect data 

on pure iron at simultaneous high pressure and temperature. They ran a very fine iron wire 

between two large electric leads, surrounded it with Al2O3 and MgO between the diamond anvils, 

and applied 60 Hertz AC to heat the sample [142]. However, there are still a lot of researchers 

not working on electrically conducting materials who also would like to have access to very high 

temperature and pressure in a diamond anvil cell. Chang-Sheng Zha had an idea of using a thin 

metal strip with a hole in it to receive a solid sample. Bassett later helped him by laser machining 

a fine rhenium strip with a hole only microns across to receive the sample [142]. Cornell High 

Energy Synchrotron Source (CHESS) by then was able to provide an extremely small, intense X-

ray beam, which was able to pass through the very small sample and obtain X-ray data on it. This 

is a very difficult experimental procedure but has great potential.  

3.2.8  Experimental set-up 

(a) Alignment check 

Checking alignment before each test and/or pre-indentation is very important because 

altered diamonds may lead to an uneven pressure in the cell and may even break. For the gas-
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membrane type DAC (Diacell HeliosDAC A59000, Easylab Technologies Ltd., Berkshire, UK), 

the aligning should be based on the following procedures: 

1. Clean the anvils’ surfaces with a cotton bud or a small stick wrapped in tissue 

moistened with acetone or alcohol. 

2. Insert the two extraction screws into the cell from the bottom of the cylinder and 

screw them in far enough to prevent the piston anvil from touching the lower anvil. 

3. Carefully insert the piston into the cell body until it touches the extraction screws. 

4. Let the cell stand on its side and view down the microscope through the lateral holes 

at about ×40 magnification. Lower the piston by unscrewing the extraction screws. As 

the piston is further inserted, you will be able to see the anvils approaching each other 

through the lateral holes. In this way, gently bring the anvils almost but not quite into 

contact.  

5. Diamond culets could be misaligned in two ways: translation-wise (Figure 3.15 (a)) 

or tilt (Figure 3.15 (b)). Check through each set of lateral holes to ensure that the 

anvil culets match translation-wise. Then, check through the top of the cell. If the cell 

is correctly aligned, when the anvils are in contact there should be a clear, probably 

colored, field of view, or perhaps part of a colored fringe may be seen. If the culets 

are translation-wise misaligned, the reflection of the surfaces of the two culets will 

not be on top of each other; in other words, two dislocated bright circles shall be seen 

(Figure 3.15 (a)).  In this case, use the four lateral screws to move the lower plate 

until the two anvil culets are coincident. If the culets are far from parallel, the fringes 

will be seen as a closely-spaced set of lines at one side of the field of view (Figure 

3.15 (b)). The fringes can be removed by altering the three tilt adjustment screws on 
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the piston. It will require some practice as the movements needed are generally quite 

small. Finally, tighten all screws. 

 

Figure 3.15       Misaligned diamonds culets and how they look like from the top of the cell 

 

(b) Gasket pre-indentation procedure 

(c) Each gasket blank needs to be pre-indented to a desired thickness before it gets drilled. 

The procedure of pre-indenting varies with different types of diamond anvil cells. The 

detailed procedure of the gas-membrane type is as follows: 

1. Align the diamond anvils. 

2. Measure the thickness of the gasket blank. 

3. Make a clear orientation mark between the gasket and the cell (gasket needs to be in 

the exact same position when it needs to be re-loaded) 

4. Place the gasket on the bottom anvils of the cell, just as one performs the experiments. 

5. Close the cell without dislodging the gasket. 
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6. Use the clamping screws to apply pressure to the gasket by tightening these screws. 

Do this in small steps and increments. Use a cross-tightening pattern so that the piston 

remains parallel to the cylinder. 

7. Release the screws and open the cell. 

8. Check and measure the thickness of the indentation in the gasket. One is looking for a 

pre-indentation thickness of about 1/3 of the original thickness of the gasket blank. 

9. Quickly check that if the diamond anvils are still aligned. 

10. If the thickness has not reached the desired level, re-load the gasket back in the same 

orientation as before and repeat the above steps until the thickness reaches the desired 

value.   

(d) Pressure tests only 

Setting up a diamond anvil cell for pressure tests of both screw-driven type and gas-

membrane type is straightforward. There are several tips that could help with the setting up: 

1. One could mix the medium with samples first and then pick up a small amount of the 

mixture and put it into the chamber. In this way, it is easier to operate sample loading 

and also prevent samples from floating away by the medium droplets.  

2. After placing the pressure plate on the piston, one needs to tighten the gas membrane 

on the cell. The gas membrane needs to be screwed as tight as one can. Otherwise, 

there will be space between the membrane and the pressure plate. When the gas flows 

in, it will cause the membrane to deform first to reach the plate surface instead of 

applying pressure on the sample. This will make the membrane exceed its 

deformation limitation and it won’t be usable anymore.   
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(e) Pressure and temperature tests 

The gas-membrane type diamond anvil cell also allows one to apply temperature on the 

samples together with the pressure. To avoid the tarnishing of the interior of the cell and the 

exposed faces of the diamond anvils, a mildly reducing gas, such as an argon-2% hydrogen 

mixture, needs to be flushed through the system. The assembling of the diamond anvil cell needs 

to be changed as shown in Figure 3.16. Lower and upper mica disks need to be located for high 

temperature tests. A thermocouple probe can be inserted through the probe holder until the tip of 

the probe reaches the foot of the lower diamond anvil and the thermocouple probe measures the 

temperature at the level of the lower diamond anvil. A thermocouple reader for thermocouple 

type-K is needed in order to read the temperature. 

 

 

Figure 3.16       Assembling the diamond anvil cell for high temperature tests. 

 

3.3 In-situ DAC-X-ray diffraction 

Synchrotron radiation is generally emitted by charged particles (electrons and ions) that 

are accelerated in a curved path or obit. The schematic diagram illustrating the output of 

synchrotron radiation is shown in Figure 3.17. The storage ring consists of several magnets, 

which constrain an electron or positron beam to move in a circular path. The electrons change 
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direction at each bending magnet which has its field perpendicular to the plane of the ring, being 

subjected to an inward radial acceleration [194]. Synchrotron radiation provides five orders of 

magnitude more x-radiation than conventional sources such as x-ray tubes [195]. This produces 

electromagnetic radiation (synchrotron radiation), which is emitted at a tangent to the orbit. The 

loss of energy in this way is replenished by supplying an appropriate electromagnetic radiation 

input in one or more of the straight sections between bending magnets [196]. Synchrotron 

radiation offers various benefits, such as high intensity, broad spectral range, high polarization, 

high-vacuum environment, small-source-spot size and stability. These properties make 

synchrotron radiation an important experimental tool [195].  

High pressure coupled with synchrotron x-ray diffraction is recognized as a powerful 

technique for discovering novel physics and chemistry with a wide spectrum of applications. In 

the present study, DAC is used in conjunction with synchrotron radiation to study pressure-

induced phase transformation of ȕ-eucryptite at Cornell High Energy Synchrotron Source 

(CHESS) B1 station. Research capabilities at CHESS B1 station include a three-dimensional 

rotating stage for side x-ray diffraction, laser-excited Raman spectroscopy, Mar345 detector 

control system etc. The beam is stopped down to about 3 mm before entering the station and 

further reduced to the final beam size of 5 to 1000 microns by a set of apertures.  A schematic of 

the diffraction stage and optical system in the B1 hutch is shown in Figure 3.18. Ruby pressures 

are measured by a miniature solid state laser (532 nm). Due to the experimental set-up at CHESS 

B1 station, DAC needs to be removed from the hutch to be placed under laser exposure, so 

screw-type DAC is being used for convenience. 
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Figure 3.17       Schematic diagram showing the output of synchrotron radiation from bending 
magnets. 

 

After sample exposing under synchrotron radiation for 20 mins, a typical frame with 

Debye-Scherrer rings is collected on the 2D detector (Figure 3.19). One needs to visualize the 

data by using Fit2D program [197]. The 2D frame can be converted to 1D pattern by “caking” 

and integrating the data through the Fit2D package [198]. In order to perform the conversion, 

sample-to-detector distance, rotation, and angle need to be calibrated through a standard material, 

such as CeO2. 
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Figure 3.18       Schematic of the diffraction and optical system. 
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Figure 3.19       A sample of Debye-Scherrer ring that collected from CHESS B1 station. 

 

3.4 In-situ DAC-Raman spectroscopy 

Raman spectroscopy is a widely used technique for studying structures of materials and 

solid surfaces as it is sensitive to vibrational modes which are either not observed via IR or give 

rise to only week IR absorption bands. This technique is applicable to small areas of a sample 

surface since it uses laser as the excitation source. A schematic diagram of a typical Raman 

experiment is given in Figure 3.20. Unlike CHESS B1 station, where synchrotron radiation 

comes horizontally, the specific beam path allows the laser to come vertically. Thus, it allows the 

DAC to stand in a regular way, which makes it easy to operate gas-membrane type DAC for both 

high pressure and high temperature measurements. In addition, the size of the hole in the 

stainless steel gasket in DAC changes under pressure, due to how densely the powder samples 

are loaded. If the samples are not densely packed, the hole may shrink a lot at high pressure. The 

beam size of Raman spectroscopy is about several microns. Thus, even the hole size shrinks 
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under pressure, Raman spectroscopy is still able to measure the pure sample instead of detecting 

the gasket as well.  

The in-situ DAC-Raman spectroscopy measurement in the present study used a gas-

membrane type DAC (Diacell HeliosDAC A59000, Easylab Technologies Ltd., Berkshire, UK) 

combined with an Alpha 300R Confocal Raman microscope (WiTec Instruments Corp., 

Knoxville, TN, USA) with a doubled Nd: YAG green laser operating at 532 nm. The objective 

used for all experiments was an Olympus SLMPLN 20X (Olympus, Center Valeey, PA, USA) 

with a 25 mm working distance. Experimental setups for high temperature and pressure tests are 

much more complicated than for high pressure only. The detail of experimental design for 

measurement at high temperature and pressure is described in Figure 3.21. N2 was used to apply 

pressure on the gas-membrane, and 2% H2 provided reducing atmosphere that prevent the 

interior of the cell from vanishing. A K-type thermocouple is inserted into the cell and placed 

right next to the sample.  These setups currently work well at temperatures below 200 °C.  The 

cell itself is not able to hold the temperature very stable for temperatures above 200 °C. In 

addition, the heat brings very high background to Raman signals. 

3.5 Rietveld refinement 

Rietveld refinement has been shown to be a powerful tool to model x-ray diffraction data 

and gather sufficient structural information [199], [200]. The general procedure is to apply 

known equations to the diffraction profile, and then refine individual parameters until the best fit 

is achieved. Rietveld refinement is applicable to suitable radiation, e.g., conventional X-ray, 

synchrotron X-ray or neutron. It is essential that the powder diffraction data be collected 

appropriately in order to get reliable refinement results. An appropriate data-collection strategy 

will depend on how well the sample scatters, how quickly the pattern degrades, peak-broadening 
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effects and the degree of peak overlap. At least five steps across the top of each peak should be 

included, and the time per step should approximately compensate for the gradual decline in 

intensity with 2θ [201], [202]. 2θ range should be chosen as to give the maximum useful data. 

The background in a synchrotron experiment tends to be more sensitive to structural disorder and 

fluctuations than that in a laboratory X-ray experiment, due to the excellent signal-to-noise 

discrimination that is routinely obtained with synchrotron radiation. The high resolution allows 

the background intensities between peaks to be estimated more reliably. Thus, background 

interpolation and subtraction usually yield good starts for the following procedures. 

 

 

Figure 3.20       Schematic showing the beam path for Confocal Microscopy in reflection mode. 
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Figure 3.21       A schematic showing the experimental set up for in situ DAC-Raman 
spectroscopy tests at high pressure and temperature. 

 

An accurate description of the shapes of the peaks in a powder pattern is critical to the 

success of a Rietveld refinement. The peak shapes are a function of both the sample (e.g. domain 

size, stress/strain, defects) and the instrument (e.g. radiation source, geometry, slit sizes). The 

analytical peak-shape functions that have been investigated are mainly Lorentzian function, 

Gaussian function and pseudo-Voigt function. The normalized functions are expressed as: 

Normalized Gaussian: 
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Pseudo-Voigt:  

        10;1   GLP                                         (3.5) 

where HG is the Caglioti formula [203] to describe the Gaussian peak width and HL is the 

Lorentzian peak width solved by Thompson [204]: 

WVUHG   tantan 222                                            (3.6) 
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The pseudo-Voigt function is probably the most widely accepted, since it is the weight sum of a 

Gaussian and Lorentzian function with a mixing factor (), where =0 is Gaussian and =1 is 

Lorentzian. Several other terms need to be considered for powder refinement: 

SHFT-Sample displacement 

TRNS-Sample transparency 

ZERO-correction to 2 (refine for neutron and synchrotron, not for flat-plate Bragg-Brentano) 

Rietveld refinement allows one to refine multiple parameters to optimize the fitting 

between the experimental data and calculated values to model the crystalline nature of a material. 

However, in many cases, too many parameters are varied initially, which leads the refinement of 

various parameters to be physically unrealistic values, though they provide good fits. To avoid 

this, a guideline has been developed to apply on all the refinements, which progress to 

parameters of least influence [205]–[207]. In this study, General Structure Analysis System 

(GSAS) [208], [209] is used for determining lattice parameters of -eucryptite in different 
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pressure and temperature conditions. The CIF file can be found in Crystallography Open 

Database [210]. The atomic positions of pure -eucryptite are listed in Table 3.4. The 

refinements of -eucryptite follow the same sequence: background and scale factor terms for 

each histogram had converged first; specimen displacement and lattice parameters were added 

and optimized. Peak profiles were fitted by pseudo-Voigt functions with a peak asymmetry 

correction. Atomic positions and isotropic temperature factors for Li, Al, Si and O were upon 

convergence of the above parameters, if necessary [204], [211], [212]. An example of a typical 

Rietveld full-profile refinement performed using the GSAS program of the X-ray diffraction 

pattern is shown in Figure 3.22. 

 

Table 3.4       Atomic coordination of -eucryptite 

name x y z multiplicity occupancy Uiso 

Si1 0.2502 0.0000 0.0000 6 1.0000 0.00684 

Si2 0.2474 0.4948 0.0000 6 1.0000 0.00925 

Al1 0.2530 0.0000 0.5000 6 1.0000 0.00760 

Al2 0.2503 0.5006 0.5000 6 1.0000 0.00988 

Li1 0.0000 0.0000 0.5000 3 1.0000 0.04053 

Li2 0.5000 0.0000 0.0000 3 1.0000 0.03420 

Li3 0.5000 0.0000 0.3240 6 1.0000 0.02913 

O1 0.0870 0.1945 0.2454 12 1.0000 0.01570 

O2 0.6035 0.7019 0.2653 12 1.0000 0.01317 

O3 0.1061 0.7109 0.2585 12 1.0000 0.03268 

O4 0.5924 0.2035 0.2497 12 1.0000 0.01722 
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Figure 3.22       Typical Rietveld full-profile refinement performed using the GSAS program of 
the X-ray diffraction pattern collect for pure -eucryptite. The black squares, the solid red line 
and the solid blue line represent an experimental pattern, modeled pattern and the difference 

between the observed and the refined profile, respectively. 

 

3.6 Electrochemical Impedance Spectroscopy technique 

Electrochemical impedance spectroscopy has been established as one of the most 

informative and irreplaceable investigation methods and has been widely used as an empirical 

quality-control procedure that can be employed to interpret fundamental electrochemical and 

electronic processes [213]. The impedance technique appears to play an increasingly important 

role in fundamental and applied electrochemistry and material science.  
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3.6.1  Technique background 

Like resistance, impedance demonstrates the ability of a circuit to resist the flow of 

electrical current and mathematically is the ratio between voltage and current. But unlike pure 

resistance or capacitance, impedance is a more general concept that takes the phase differences 

between the input voltage and output current into account [213]. The definition of impedance can 

be described as a complex resistance encountered when current flows through a circuit composed 

of various resistors, capacitors, and inductors, and is represented by the terms “real impedance” 

and “imaginary impedance”. “Real impedance” demonstrates the ability of a circuit to resist the 

flow of electrical current, and “imaginary impedance” reflects the ability of a circuit to store 

electrical energy.  

Figure 3.23 describes a typical EIS experiment, where material characteristics such as 

conductivity, resistivity, and permittivity are analyzed. Impedance is applied to both direct 

current (DC) and alternating current (AC). But in experimental situations, the electrochemical 

impedance is normally measured using excitation AC voltage signal V with small amplitude VA 

applied at frequency f (Hz or 1/s). In a linear system, the current response to a sinusoidal voltage 

input will be a sinusoid at the same frequency, but have a phase-shift, determined by the ratio of 

capacitive and resistive components of the output current (Figure 3.24). The voltage V(t) is 

expressed as a function of time (t): 

 

     tVftVtV AA  s in2s in                                               (3.8) 
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where ω is related to the applied AC frequency f as ω=βπf. The response current signal 

I(t) is then shifted in phase ()and has an amplitude IA, that described as: 

     tItI A sin                                                      (3.9) 

 

 

 

Figure 3.23       Fundamental impedance experiment 

 

 

Figure 3.24       Sinusoidal voltage input V at a single frequency f and current response I 

The complex impedance of the system (Z*) follows Ohm’s δawμ  



68 
 
 

 
 

 
 

 
 











t

t
Z

tI

tV

tI

tV
Z A

A

A

sin
sin

sin

sin*                                  (3.10) 

The impedance is therefore expressed in terms of a magnitude (absolute value), ZA=|Z|, 

and a phase shift, ϕ. By applying Euler’s relationshipμ 

   sincosexp jj                                                  (3.11) 

where j represents the imaginary number ( 1j ) the impedance can be expressed as a 

complex function: 

  tj

AeVtV                                                           (3.12) 

 

and  
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The impedance is then mathematically expressed as a combination of “real” or in-phase 

(Zreal), and “imaginary” or out-of-phase (Zimag) parts (Figure 3.25): 
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and the phase angle ϕ can be written as: 
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Figure 3.25       Complex impedance plot 

 

3.6.2  Brick Layer Model 

The materials used in EIS are usually imperfect, thus not acting like an ideal capacitor. A 

constant phase element (CPE) is used to model the behavior of the imperfect dielectrics, which is 

defined as: 

ni

nCPE e
Q

Z 2

0

1 




                                                    (3.16) 

ZCPE is the impedance, where Q0 and n (0<n<1) are frequency independent parameters 

[214], and the response is purely capacitive when n=1 [215]–[218]. Therefore, capacitors were 

replaced with CPE to model the impedance nonlinearity.  

The samples we have used in our experiments are compressed powders. Unlike single 

crystal, polycrystalline pellets normally have grain boundary effects. The general way to 

calculate the effect of grain boundaries is to use the brick-layer model (BLM). The BLM can be 

described as a 3-D array of cubes (grain/bulk) with uniform grain boundary layers separating 

them [219], where the grains have a side length D and the grain boundaries a thickness d (d<<D). 
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Only half of each grain boundary belongs to a given grain. The fraction of the total volume 

composed of grain boundaries is then 3d/D [220]. There are basically two possible paths for 

current to flow through (shown in Figure 3.26): (1) across the grain and then across one of the 

grain boundaries, and (2) along the grain boundaries [220], [221].  

 

 

Figure 3.26       Schematic shows the two path ways for conduction. Path 1 represents the case 
that conduction in grain bulk is much higher than in grain boundary. Path 2 indicates the case 

when conduction along grain boundary is much higher than in grain bulk. 

 

There are two possible cases when considering the value of conductivity for both bulk 

and grain boundary: 

 (a) If the conductivity of the bulk is much greater than that of the grain boundaries: 

In this case, the current will primarily flow through the grain interiors and across the 

grain boundaries, and then conduct through the next grain interior (Path 1 in Figure 3.26). The 

equivalent circuit can be described as two parallel RC circuits connected in series (Figure 3.27), 

since both the grain interior and grain boundary act like an independent layer of materials. Since 

the case is for when grain interior conductivity is much higher than grain boundary conductivity, 
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the time constant (RC) for bulk is much lower than that of the grain boundary. Thus, the semi-

circle occurring at high-frequency range corresponds to the bulk conduction, and the semi-circle 

at the low frequency range corresponds to the grain boundary conduction. 

 

 

 Figure 3.27       The equivalent circuit for current conducted through the bulk and grain 
boundary. 

 

(b). If the conductivity of the grain interior is much less than that of the grain boundaries: 

The current will primarily flow through the grain boundaries only (Path 2 in Figure 3.26). 

In this case, the separate sides (boundaries) act in parallel; so the equivalent circuit is described 

as two parallel RC circuits connected in parallel, which can be further reduced to one parallel RC 

circuit (Figure 3.28). Thus, in the rare cases when grain boundary conductivity is greater than 

grain interior, only one semi-circle can be collected from EIS. 
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Figure 3.28       The equivalent circuit and its reduced form for current conducted along the grain 
boundaries only. 

 

3.6.3  Experimental setup 

The samples used for the ionic conductivity measurements were cut with a diamond saw 

to obtain the dimensions of about 1×1×0.1 cm3 and polished on the surfaces to be contacted. 

Silver mesh and gold wire were attached to the pellet surfaces using platinum as a current 

collector. Electrochemical impedance spectroscopy (EIS) of ȕ-eucryptite was performed with a 

two-probe method using Solartron with a signal amplitude of 10 mV under open circuit voltage 

(OCV) conditions in the temperature range of 300 °C to 900 °C with the frequency from 1 Hz to 

6 MHz. A thermal couple was placed next to the sample in the tube. Data analysis was carried 

out with software Zview. The experimental setup is shown in Figure 3.29. 

 

 

Figure 3.29       Schematic of experimental setup for electrochemical impedance spectroscopy 
tests.  
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CHAPTER 4  
 

PRESSURE-INDUCED PHASE TRANSFORMATION IN β-EUCRYPTITE: AN X-RAY 

DIFFRACTION AND DENSITY FUNCTIONAL THEORY STUDY 

 

A paper published in Scripta Materialia [104] 

Yachao Chen, Sukriti Manna, Badri Narayanan, Zhongwu Wang, Ivar E. Reimanis, 

Cristian V. Ciobanu 

4.1 Abstract 

Certain Li alumino-silicates display exotic properties due to their framework structure 

made of tetrahedral rigid units. Using in situ diamond anvil cell (DAC) x-ray diffraction (XRD), 

we study the pressure-induced phase transformation of ȕ-eucryptite, a prototypical alumino-

silicate. Β-eucryptite undergoes a phase transformation at moderate pressures, but the atomic 

structure of new phase has not yet been reported. Based on density functional theory stability 

studies and Rietveld analysis of XRD patterns, we find that the pressure-stabilized phase belongs 

to the Pna21 space group. Furthermore, we discover two other possible pressure-stabilized 

polymorphs, P1c1 and Pca21. 

4.2 Introduction 

The crystal structure of ȕ-eucryptite (space group P6422 or P6222) [10], [27], [28], [30], 

[33], [123] may be described as a stuffed derivative of ȕ-quartz [9], [24], [25]. Like other open 

crystal structures with low or negative CTE's, ȕ-eucryptite structure also collapses under 

sufficient hydrostatic pressures, resulting in phase transformation to another crystal structure or 

amorphization [10]–[13]. Morosin et al. [15] were the first to report the pressure-induced 

transformation in ȕ-eucryptite at around 0.8GPa. Interestingly, Morosin reported the persistence 

of the high pressure phase under ambient conditions. Zhang, et al. [12], [13] later reported the 
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existence of the high pressure polymorph above about 0.8GPa and showed that it reverted to ȕ-

eucryptite upon unloading, indicating the transformation is reversible. They proposed an 

orthorhombic crystal system for the high pressure phase, which they named İ-eucryptite, but 

crystallographic details such as the space group remain unknown. Reimanis et al. [18][57] 

observed a unique phenomenon in composites of ȕ-eucryptite and lithium aluminate (LiAl5O8): 

the material responded the indentation by ejecting multiple particles with sizes ranging from sub-

micrometer to tens of micrometers in diameter for a time period up to several minutes. The 

behavior was attributed to two mechanisms: (1) the energetic release of residual stresses arising 

due to the large CTE anisotropy and (2) a reversible phase transformation involving a 7.7 % 

volume change [14], [16], [19], [56], [57]. More recent in situ indentation experiments under 

Raman spectroscopy revealed that the critical pressure for the forward (ȕ to İ) transformation is 

higher than that for the reverse [14], indicating that it may be possible to produce metastable İ-

eucryptite under ambient conditions. Finally, nanoindentation experiments at various loading 

rates were used to show that forward transformation is thermally activated and that the activation 

volume for the transformation about equal to the volume of a tetrahedral unit [16], indicating that 

the transformation is likely controlled by the movement of the individual tetrahedra. They further 

showed that ȕ-eucryptite begins to amorphize at pressures above about 5GPa, but retains a 

structural memory, whereby upon unloading to ambient from pressures below 17GPa, ȕ-

eucryptite re-forms [13]. Structural memory has been observed in other ceramics and has been 

attributed to the persistence of specific tetrahedral units [222]. In ȕ-eucryptite, it has been shown 

that [SiO4]4- tetrahedra persist while [AlO4]5- tetrahedra decompose under either applied 

hydrostatic pressure [223] or under irradiation [224], and therefore the subsequent structural 
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memory that arises in both cases is probably connected to the positioning of the [SiO4]4- 

tetrahedra.  

While there is no doubt about the existence of the phase transformation in ȕ-eucryptite 

under pressure, the atomic structure of the İ-eucryptite remains unknown. The crystal system, 

lattice constants, and Miller indices associated with the İ-eucryptite diffraction peaks reported by 

Zhang et al. [12] have not been reproduced by other groups. Here, we have carried out x-ray 

diffraction (XRD) experiments and density functional theory (DFT) calculations in order to 

elucidate the atomic structure of İ-eucryptite. We have found that there are several polymorphs 

that become more stable than the ȕ-eucryptite upon increasing pressure. From these, we have 

determined that the best match for the experimental XRD patterns is achieved by an 

orthorhombic Pna21 structure. Furthermore, we have found that the presence of dopants leads to 

two phases (different than ȕ) coexisting past the transition pressure.  

4.3 Experimental Method 

4.3.1  Materials preparation 

The production of ȕ-eucryptite powders through sol-gel route has been developed in 

literature [126]–[128], [225]. A modified chemical precursor synthesis was carried in this study 

[17], [42]. An aqueous nitrate solution was prepared by mixing equal molar ratio of aluminum 

nitrate (Al(NO3)·9H2O – Sigma-Aldrich, St. Louis, MO, USA) and lithium nitrate (LiNO3 – 

Sigma-Aldrich, St. Louis, MO, USA). Then, a measured volume of tetraethylorthosilicate (TEOS 

– Sigma-Aldrich, St. Louis, MO, USA) was added to an equal volume of ethanol (95%) and half 

volume of distilled water. With a few drops of HNO3 added to the solution, the pH value of the 

solution was adjusted to about 0.5-1. The solution became clear after a few minutes of stirring at 

room temperature. A homogeneous solution was obtained by blending aqueous nitrate solution 
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and TEOS solution together after about 30 minutes of mixing using a magnetic stirrer. Ammonia 

hydroxide was added to the solution and then dried at about 80°C to form amorphous powders. 

The powders were calcined at 1100°C for 18 hours to form pure single ȕ-eucryptite, then 

followed by a ball milling process to decrease the particle size till around 1ȝm.  

4.3.2  Diamond anvil cell (DAC) set up 

A schematic description of experimental setup is shown in Figure 4.1. Two gem-quality 

diamond anvils with culet sizes of 500 ȝm were aligned and assembled into a DAC for 

pressurizing the samples [226]. A stainless steel gasket placed in between the upper and lower 

diamond was pre-indented to a thickness of 100 ȝm, and a hole of 200 ȝm was drilled through 

the gasket to serve as sample chamber [226]. The deposition of sample powders was carried 

under a microscopy with ×40 magnification. Several cycles of drop-casting procedures were 

applied to ensure sufficient powders in the chamber [226]. Micron-sized ruby crystals were 

introduced on the top of the samples as a pressure reference. A few drops of 16:3:1 methanol-

ethanol-water were added as pressure medium, which could maintain hydrostatic pressures up to 

~10.5 GPa [187]. Finally, the other diamond anvil was used to cover the sample for 

pressurization. 

The pressure was monitored by changes in the ruby fluorescence [157] via 

P(GPa)=0.274(Ȝ-Ȝ0), where Ȝ(Å) is the ruby wavelength being detected and Ȝ0(Å)=6942.1 Å is 

the ruby wavelength at ambient pressure [158]. As evidenced by the lack of band splitting in 

ruby fluorescence, shear was absent in the sample so all experiments were carried out in 

hydrostatic conditions. Pressures were kept below 5 GPa so as to prevent amorphization [12]. 
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Figure 4.1       Schematic description of experimental set up for high pressure DAC-x-ray 
diffraction tests. 

 

The conditions in the sample are likely to be isotropic, given a large number of particles: 

for a volume of about 3×106 ȝm3, at 1ȝm average particle size means that there are 107 particles 

in the hole. In addition, there is no significant shear stress applied, as evidenced by the lack of 

ruby fluorescence band splitting [155], [160]. Thus, all the measurements could be considered 

under hydrostatic condition within the pressure range explored in this study. 

4.3.3  X-ray Diffraction 

In-situ XRD experiments were conducted using an angle-dispersive synchrotron source at 

B2 station of Cornell High Energy Synchrotron Source (CHESS) [227]. Incident X-rays were 

converted by a double-bouncing Ge (111) monochromator at a wavelength of 0.48596Å, which 

was parallel to the uniaxial compression direction. The beam was cut down to 100 ȝm in 

diameter for irradiating the samples. While the cell was exposed to x-ray for 20 min, the 

scattered signals from the sample were collected using a large area MAR345 detector; these 
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original 2D images were subsequently integrated into x-ray diffraction patterns using the Fit2D 

software package [197], [198]. 

4.4 Results and discussions 

Incident X-rays were converted by a double-bouncing monochromator at a wavelength of 

Ȝ=0.48596Å. Our data [Figure 4.2 (a)] shows that at an ambient pressure only the ȕ-eucryptite is 

present, which has a dominant peak [Figure 4.2 (b)] corresponding to the (202) plans. Above a 

threshold pressure, this peak changes shape as shown in Figure 4.2 (c): new, smaller peaks 

appear at that pressure and are marked by black dots on the 2.47 GPa curve in Figure 4.2 (a). By 

fitting the complex peak shape at 2.47 GPa [Figure 4.2 (c)] with Lorentzian functions, the three 

peak locations have been identified - one corresponding to ȕ, and the other two corresponding to 

the new phase(s). A small increase in pressure past 2.47 GPa leads to the disappearance of the 

main ȕ peak, while the intensity of the other two peaks increases [Figure 4.2 (d)]. Thus, for the 

Mg-doped samples analyzed, the transition occurs between 2.47 GPa and 2.83 GPa, with the ȕ-

eucryptite absent past 2.83 GPa; pure samples exhibit somewhat smaller transition pressures. 

We now focus on searching for crystalline phases that can become more stable than ȕ 

upon pressure lading, and hence could be the product of the pressure-induced phase 

transformation of ȕ. To this end, we have analyzed over thirty structures made of corner sharing 

AlO4 and SiO4 tetrahedra such that any Al-centered tetrahedron is surrounded by four Si-

centered tetrahedra, and vice versa. These structures have been obtained in two ways: (a) by 

creating Li-stuffed derivatives of known SiO2 structures, similar to the way in which ȕ-eucryptite 

is related to ȕ-quartz; and (b) by converting the alkaline atom M (M=Li, Na, K) of known 

MAlSiO4 and MAlGeO4 structures [228] into Li, and Ge into Si when necessary. All structures 

have been relaxed using DFT in the generalized gradient approximation (GGA) [229], [230], for 
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each pressure from 0 to 5 GPa in increments of 0.5 GPa. After eliminating duplicates, the 

crystals that we identified as having a higher density than the ȕ and low heat of formation are 

shown in Figure 4.3, with the space group and density at zero pressure identified; ȕ is included as 

a reference. The higher-density phases also have lower symmetry, as expected from the 

symmetry hierarchy of crystal systems [65]. Two of the three new phases are orthorhombic, with 

space groups No. 33( Pna21) and 29 (Pca21); the remaining phase is monoclinic (No. 77, P1c1). 

Next, we discuss the relative stability of these phases with respect to ȕ. In Figure 4.4, we 

plot the difference between the enthalpy of each candidate phase and that of ȕ, per unit formula. 

Interestingly, past a certain pressure, each of these phases becomes more stable than ȕ-eucryptite 

(Figure 4.4); for these pressure-stabilized phases, the lattice parameters are given in, and the 

atomic positions are given in 4.7. Furthermore, all threshold pressure fall between 2 GPa and 3 

GPa (Figure 4.4), in good agreement with the experimental assessment of the range of pressures 

required for transition (Figure 4.2). We cannot expect a more quantitative agreement because of 

the uncertainties related to the indirect pressure measurements in the DAC, and of the 

approximations made in the DFT calculations (for example, the enthalpies are computed at 0 K 

and not at room temperature). In order to identify more precisely the phases to which ȕ 

transitions upon loading, we examine the XRD patterns at high pressures. 
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Figure 4.2       XRD patterns showing the pressure-induced phase transformation in ȕ-eucryptite. 
(a) Variation of the pattern with pressure in a loading-unloading cycle. The patterns that contain 

the new phase(s) are shown in black, while the ȕ-eucrypttie is red. (b)-(d) Detail views of the 
main peak at three pressures around the transition, showing the main peaks (b) before, (c) during, 

and (d) after the transition. 
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Figure 4.3       Crystal structures of (a) ȕ-eucryptite and (b)-(d) three denser polymorphs and their 
densities at zero pressure. Al-(Si)-centered tetrahedra are shown in grey (tan), Li atoms are 

purple spheres. 

 

We have performed Rietveld analysis of the XRD data using MAUD software [231], 

designed to refine the background, structural (atomic coordinates, occupancies, lattice 

parameters and angles), and microstructural (particle size, lattice strain, residual stress, texture, 

etc) parameters via a least-squares method [232]. As input, we have supplied the XRD pattern 

and a candidate structure with its atomic coordinates and symmetry group. The optimization 
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proceeds with fitting the background and the peak shape; the shape of the peaks was assumed to 

be of asymmetric, pseudo-Voigt form so it can fit crystal size and strain broadening of the 

experimental profiles [233]. Without refining the fractional atomic coordinates and thermal 

vibration parameters, the following parameters have been optimized: background coefficients, 

scale, lattice parameters, zero-shift error, and peak shape parameters. The procedure yields a 

simulated optimized spectrum for comparison with the experimental data. We have carried out 

this procedure for each of the candidate structures [Figure 4.3 (b)-(d)]. The best fit for the XRD 

pattern of the pure, undoped sample is the Pna21 structure, shown in Figure 4.2(a) for an XRD 

pattern at ~5 GPa. 

 

 

Figure 4.4       Pressure-dependent enthalpy of LiAlSiO4 polymorphs, with respect to the ȕ-
eucryptite. 
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Table 4.1       Lattice parameters and angles for the crystal structures shown in Figure 4.3 
computed at zero pressure using GGA. 

Phase a (Å) b (Å) c (Å) α(°) ȕ(°) Ȗ(°) 

ȕ 10.575 10.575 11.391 90.000 90.000 120.000 

P1c1 8.200 8.288 5.147 90.000 90.000 106.290 

Pca21 10.079 5.033 13.114 90.000 90.000 90.000 

Pna21 10.082 6.673 4.990 90.000 90.000 90.000 

 

It is worthwhile to compare this result with the previous reports on the phase 

transformations of ȕ-eucryptite. Morosin et al. observed a phase transformation around 0.8 GPa, 

and interpreted it as a hexagonal phase with lattice constants commensurate with half of those of 

ȕ.[15] The structure of our monoclinic P1c1 phase is stabilized at the lowest pressure (Figure 4.4) 

and is somewhat close to being hexagonal (a and c are within 1.1% of each other, and the angle 

between them ~12% away from 120°), so it is reasonable to infer that this phase may actually be 

the one found by Morosin et al. [15] Zhang et al. reported a reversible transformation around 1.5 

GPa to İ-eucryptite: [12] although these authors conclude that the İ-eucryptite is orthorhombic, 

its space group and the atomic structure have not been reported so far. Our data also indicates 

that İ-eucryptite is orthorhombic, but with different lattice constants; in addition, we report here 

the space group (No.33, Pna21) and the atomic structure [Figure 4.3 (e) and 4.7]. The previous 

indexing [12] is not consistent with the reflection conditions for most orthorhombic groups [234]. 

On the other hand, the planes that we have found in our XRD pattern [indexed in Figure 4.2 (a)] 

obey the reflection conditions for group No. 33, and are largely the same as those encountered in 

other materials with the space group Pna21 [235], [236]. 
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Figure 4.5(a)       XRD pattern for the pure ȕ-eucryptite at 5 GPa, compared with the optimized 
simulated pattern for the Pna21 phase; the other polymorphs have significant deviations from the 

experimental pattern. (b) XRD pattern of the Mg-doped ȕ-eucryptite at 5 GPa, compared with 
simulations of an optimized mixture of Pna21 and Pca21. For clarity, only the Miller indices 

corresponding to Pca21 peaks are shown in panel (b). 
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We have also analysed XRD data of 0.3 mol% Mg-doped samples such as those in Figure 

4.5, and have found that no single phase gives a satisfactory fit to the XRD data. Therefore, we 

are led to assume that in the presence of Mg, there can be two or more phases present at high 

pressures. We have analyzed phase mixtures using MAUD for all possible combinations of the 

XRD pattern of the Mg-doped eucryptite at 5 GPa [shown in Figure 4.2 (b)] is obtained from a 

mixture of 45.3% (by volume) Pna21 and 54.7% Pca21. It is rather intriguing that the presence of 

Mg in very small amounts facilitates the occurrence of more than one crystalline phase upon 

pressure loading, which may be due to entropic (mixing) or kinetic factors. 

4.5 Conclusions 

We have used XRD measurements and DFT calculations to elucidate the structure of 

pressure-stabilized İ-eucryptite. While this answers a long-standing question, deeper 

investigations are necessary to understand how to control the presence of different polymorphs at 

low and moderate pressures. The reversible nature ȕ-İ transition, coupled with moderate values 

of the transition pressure (2-3 GPa) and of volume change (~9%), make it suitable for 

transformation toughening of ceramic composites for various applications. Knowledge of the İ-

eucryptite can enable a better control over the design of such composites (e.g., optimizing the 

particle size, and distribution of ȕ-eucryptite particles to be employed in a suitable matrix). 

Furthermore, we have found that the presence of small amounts of dopants facilitates the 

coexistence of distinct polymorphs under pressure, which may lead to novel properties displayed 

by such phase mixtures. 
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4.7 Supplemental material 

4.7.1 Crystal structures for the pressure-stabilized polymorphs 

We present here the atomic structures of the polymorphs shown in Fig. 2(b)-(d) of the 

main text, and the variation of their lattice constants as functions of pressure. 

1. Coordinates at zero GPa from DFT calculations.  

We have used the FINSYM utility (http://stokes.byu.edu/iso/findsym.php) to extract the 

symmetry-irreducible fragments from our VASP output coordinate files (CONTCAR 

files, which are available upon request): we give here the resulting .cif files for the three 

new polymorphs, at 0 GPa, reported in the main text: 

P1c1 

# CIF file 

# This file was generated by FINDSYM 

# Harold T. Stokes, Branton J. Campbell, Dorian M. Hatch 

# Brigham Young University, Provo, Utah, USA 

  

data_findsym-output 

_audit_creation_method FINDSYM 
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_symmetry_space_group_name_H-M "P 1 c 1" 

_symmetry_Int_Tables_number 7 

  

_cell_length_a    8.20013 

_cell_length_b    5.14684 

_cell_length_c    8.28825 

_cell_angle_alpha 90.00000 

_cell_angle_beta  106.28957 

_cell_angle_gamma 90.00000 

  

loop_ 

_space_group_symop_id 

_space_group_symop_operation_xyz 

1 x,y,z 

2 x,-y,z+1/2 

  

loop_ 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_symmetry_multiplicity 

_atom_site_Wyckoff_label 

_atom_site_fract_x 

_atom_site_fract_y 
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_atom_site_fract_z 

_atom_site_occupancy 

Si1 Si   2 a 0.49381  0.32894 0.75669  1.00000 

Si2 Si   2 a -0.01188 0.17323 0.09260  1.00000 

Al1 Al   2 a 0.36778  0.83089 0.87745  1.00000 

Al2 Al   2 a 0.86623  0.67757 0.21821  1.00000 

Li1 Li   2 a 0.25931  0.34536 0.00905  1.00000 

Li2 Li   2 a 0.73277  0.16848 0.31771  1.00000 

O1  O    2 a 0.18013  0.20846 0.21678  1.00000 

O2  O    2 a 0.01544  0.27815 -0.08521 1.00000 

O3  O    2 a 0.41870  0.16594 0.89177  1.00000 

O4  O    2 a 0.35691  0.69193 0.06851  1.00000 

O5  O    2 a 0.85405  0.34638 0.16439  1.00000 

O6  O    2 a -0.08867 0.12314 0.56345  1.00000 

O7  O    2 a 0.51941  0.36150 0.31090  1.00000 

O8  O    2 a 0.67503  0.79676 0.25068  1.00000 

Pca21 

# CIF file 

# This file was generated by FINDSYM 

# Harold T. Stokes, Branton J. Campbell, Dorian M. Hatch 

# Brigham Young University, Provo, Utah, USA 

  

data_findsym-output 
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_audit_creation_method FINDSYM 

  

_symmetry_space_group_name_H-M "P c a 21" 

_symmetry_Int_Tables_number 29 

  

_cell_length_a    10.07850 

_cell_length_b    5.03261 

_cell_length_c    13.11393 

_cell_angle_alpha 90.00000 

_cell_angle_beta  90.00000 

_cell_angle_gamma 90.00000 

  

loop_ 

_space_group_symop_id 

_space_group_symop_operation_xyz 

1 x,y,z 

2 -x,-y,z+1/2 

3 -x+1/2,y,z+1/2 

4 x+1/2,-y,z 

  

loop_ 

_atom_site_label 

_atom_site_type_symbol 
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_atom_site_symmetry_multiplicity 

_atom_site_Wyckoff_label 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_occupancy 

Li1 Li   4 a 0.29232 0.44740  0.49877  1.00000 

Li2 Li   4 a 0.03865 -0.06957 0.24548  1.00000 

Al1 Al   4 a 0.78725 0.55377  0.75099  1.00000 

Al2 Al   4 a 0.03517 0.08672  0.49674  1.00000 

Si1 Si   4 a 0.28453 -0.04928 0.37277  1.00000 

Si2 Si   4 a 0.46298 0.57665  0.12468  1.00000 

O1  O    4 a 0.30444 0.51921  0.13923  1.00000 

O2  O    4 a 0.51667 0.41552  0.02390  1.00000 

O3  O    4 a 0.27649 0.09950  0.77200  1.00000 

O4  O    4 a 0.50464 0.10633  0.60834  1.00000 

O5  O    4 a 0.74292 0.37032  0.86173  1.00000 

O6  O    4 a 0.04584 0.53213  0.22425  1.00000 

O7  O    4 a 0.44422 0.00926  0.38587  1.00000 

O8  O    4 a 0.79205 -0.07595 -0.02774 1.00000 

Pna21 

# CIF file 

# This file was generated by FINDSYM 
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# Harold T. Stokes, Branton J. Campbell, Dorian M. Hatch 

# Brigham Young University, Provo, Utah, USA 

  

data_findsym-output 

_audit_creation_method FINDSYM 

  

_symmetry_space_group_name_H-M "P n a 21" 

_symmetry_Int_Tables_number 33 

  

_cell_length_a    10.08168 

_cell_length_b    6.67316 

_cell_length_c    4.99043 

_cell_angle_alpha 90.00000 

_cell_angle_beta  90.00000 

_cell_angle_gamma 90.00000 

  

loop_ 

_space_group_symop_id 

_space_group_symop_operation_xyz 

1 x,y,z 

2 -x,-y,z+1/2 

3 -x+1/2,y+1/2,z+1/2 

4 x+1/2,-y+1/2,z 
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loop_ 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_symmetry_multiplicity 

_atom_site_Wyckoff_label 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_occupancy 

Li1 Li   4 a 0.64890 0.48513 0.74516 1.00000 

Al1 Al   4 a 0.32821 0.01414 0.24838 1.00000 

Si1 Si   4 a 0.40613 0.77773 0.74915 1.00000 

O1  O    4 a 0.83014 0.53721 0.59610 1.00000 

O2  O    4 a 0.37678 0.79557 0.07262 1.00000 

O3  O    4 a 0.43389 0.22498 0.19071 1.00000 

O4  O    4 a 0.16302 0.06846 0.14351 1.00000 

2. Variations of the lattice constants with pressure 

For the P1c1 structure with the cif file given above, we now interchange the lattice 

parameter labels b and c in Table 1 of the main text and in the graph below so as to show 

it as a quasi-hexagonal structure. ( a ~b,  ~120 deg). 
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Figure 4.6       Lattice constants of P1c1, Pca21 and Pna21 as a function of pressure. 
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CHAPTER 5  
 

GRAIN SIZE EFFECT ON THE PRESSURE INDUCED PHASE TRANSFORMATION 

OF -EUCRYPTITE  

 

A paper to be submitted to the Journal of the American Ceramic Society [237] 

Yachao Chen, Zhongwu Wang, Cristian V. Ciobanu, Ivar E. Reimanis 

5.1 Abstract 

In-situ diamond anvil cell (DAC)-x-ray diffraction experiments have been performed on 

-eucryptite partially sintered powders with different grain sizes (0.1 ȝm to 5 ȝm) up to 5 GPa, 

with the goal to establish the thermodynamic driving force for the reversible pressure-induced 

phase transformation to İ-eucryptite. Within the size range of 0.1 ȝm to about 0.5 ȝm, the 

transformation pressure depends linearly with the reciprocal of grain size. It is shown that the 

transformation is described with a classic nucleation model that includes the combined effect of 

strain energy, shear strain, microcracking, and twinning. 

5.2 Introduction 

Martensitic phase transformations in ceramics are of interest for a variety of applications, 

including transformation toughening [21], [84], [85], [103], [238]–[240], transformation 

plasticity [241]–[243], and shape memory ceramics [244]–[246]. By far, the largest number of 

studies have been performed on ZrO2, in the context of transformation toughening where decades 

of research and development focused mainly on microstructure design have led to ceramics that 

display fracture toughnesses greater than 15 MPa∙m1/2 [20], [84], [87], [247]. There exist 

numerous other ceramic systems that exhibit martensitic transformations but are less studied than 

ZrO2 [102], [104], [240], [248]–[250]. Martensitic phase transformations are activated by 

changes in temperature and stress, and they proceed in a way described well with a classical 
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nucleation and growth model in which the total free energy of the system is expressed as the sum 

of various energy terms, including the change in the bulk (chemical) free energy, the 

transformation strain energy, the interaction energy under an applied stress, and the surface 

energy [20], [22], [77], [82], [251]. It is well-known that the resulting dependence of the critical 

grain size on the temperature or pressure emerges from the presence of a nucleation barrier. In a 

number of ZrO2 systems, the theoretically predicted linear dependence of the inverse critical 

grain size with temperature has been experimentally observed. However, there are relatively few 

studies in which the effect of pressure on the critical grain is systematically examined [69]–[71], 

[75], [252]–[254]. In the present work, the relation between grain size and the pressure-induced 

phase transformation from -eucryptite (LiAlSiO4) to -eucryptite was examined with in situ 

diamond anvil cell studies under x-ray diffraction. 

-eucryptite is a prototype lithium aluminum silicate exhibiting unusual behaviors, such 

as negative coefficient of thermal expansion, one-dimensional Li ionic conductivity and a 

pressure induced phase transformation [4], [5], [7], [9], [10], [24], [25], [27]–[30], [32], [110], 

[123], [255]. The crystal structure of ȕ-eucryptite (space group P6422 or P6222) may be 

visualized as an anisotropic framework with Si/Al centered tetrahedra sharing their corners and 

arranged in a spiral along the 64 (or 62) screw axis parallel to the c-axis. -eucryptite undergoes 

various phase transformations as is well documented by Zhang et. al., [13] including the 

reversible martensitic phase transformation to -eucryptite at moderate pressure (~1 GPa). İ-

eucryptite has an orthorhombic crystal structure with Pna21 space group and a 9% volume 

shrinkage from ȕ-eucryptite [104]. It has been suggested that the reverse transformation (-

eucryptite to -eucryptite) may be employed for transformation toughening if it were possible to 

create İ-eucryptite metastably under ambient conditions [17]. 
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The conditions for stability of -eucryptite are not well defined. It has been shown that 

doping with Zn2+ or Mg2+ ions helps to stabilize -eucryptite [19], [104], implying that doping 

may not work to form metastable İ-eucryptite under ambient conditions, a necessary requirement 

to activate transformation toughening. However, it is clear from discussions above that the grain 

size could be a useful parameter by which to create metastable -eucryptite. This has motivated 

the present study to determine the critical transformation pressure for various ȕ-eucryptite grain 

sizes. 

5.3 Experimental procedure                                                                                                                                                                                                                                                          

5.3.1  Sample preparation 

The production of ȕ-eucryptite powders with various grain sizes used a chemical solution 

method, which can be viewed as a sol-gel plus a precipitation process [42], [126]–[129]. 

Hydrolysis occurs when tetraethylorthosilicate (TEOS) and water are mixed in a mutual solvent, 

generally ethanol [130]. Thus, an equal volume of TEOS (Sigma Aldrich, St. Louis, MO USA) 

and ethanol (95%) were first mixed in a clean beaker with half the volume of distilled water to 

achieve an R-factor (water moles/TEOS moles) of about 7 [126], [127]. A certain amount of 

HNO3 (70 wt%) was added to help obtain a clear solution with a pH of about 0.5-1 after a few 

minutes of stirring at room temperature. The δi and Al metal ions of ȕ-eucryptite were provided 

by lithium nitrate (LiNO3-Sigma Aldrich, St. Louis, MO USA) and aluminum nitrate ((Al(NO-

3)3·9H2O)-Sigma Aldrich, St. Louis, MO USA). An aqueous nitrate solution was then obtained 

by mixing these nitrate precursors and an equal weight of water together with the stoichiometric 

quantity of the TEOS solution. After about 30 minutes of mixing on a hot plate with a magnetic 

stirrer at about 50 °C, a homogeneous solution was obtained. An amorphous gel was formed by 

treating the solution with excess aqueous ammonium hydroxide (~10-15%). After drying at 
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about 80 °C, the amorphous powders were calcined at 1100 °C and above for different time 

lengths to obtain pure ȕ-eucryptite but with different grain sizes. The samples used in the x-ray 

diffraction study are labeled as S1, S2, S3 and S4. The phase purity was confirmed through x-ray 

diffraction, and grain sizes were characterized through scanning electron microscopy (SEM). 

5.3.2  X-ray diffraction 

In-situ DAC-Synchrotron X-ray diffraction experiments, over a pressure range from 0 to 

5 GPa, were performed at Cornell High Energy Synchrotron Source (CHESS) on B1 station. The 

samples were loaded in a Mao-Bell type diamond anvil cell (DAC) with culet sizes of 500 ȝm. 

The deformable gaskets placed between the opposing diamond faces were pre-indented and 

drilled with a β00 ȝm hole to contain the samples. The deposition of sample powders was carried 

under a microscopy with ×40 magnification [226]. Micro-sized ruby crystals were introduced on 

the top of the samples as a pressure reference. A few drops of 16:3:1 methanol-ethanol-water 

were added as pressure medium, which could maintain hydrostatic pressure up to ~10.5 GPa 

[187]. X-ray diffraction patterns were collected on a MAR345 image plate detector with the 

monochromatic beam of Ȝ=0.485λ46 Å. The sample-to-detector distance and the image plate 

inclination angles were precisely calibrated using a CeO2 standard. The pressures on the samples 

were added by tightening the screws on the cell. A minimum increment was kept for each step to 

get the best accuracy of transformation pressures. After each increment, the ruby fluorescence 

method was used to measure the pressure on the samples, and the cell was then exposed under x-

ray for 20 mins to get a clear diffraction image. Two-dimensional diffraction images were 

transformed to intensity vs. 2ș diffractograms through Fit2D software [197], [198]. 
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5.4 Results 

Selected x-ray diffraction patterns of the four samples with different grain sizes under 

compressive loading, and their corresponding SEM images are shown in Figure 5.1. At ambient 

pressure, only ȕ-eucryptite is present in all four samples, and the dominant peak corresponds to 

the (202) plane. As pressure passes a threshold, a new peak starts to appear next to the (202) 

peak. With continuously increasing pressure, the other ȕ-eucryptite peaks fade away. The 

transformation pressure is determined by the appearance of the new peak next to (202). The 

transformation pressures and the relative grain size values are labeled accordingly. 

 

 

Figure 5.1       X-ray diffraction patterns for different grain size samples and the relative SEM 
images are shown. The increment has been kept as small as 0.1 GPa from ambient pressure to 5 
GPa, thus only selected patterns at certain pressures of each sample are shown here. The grain 

radii are labeled on the SEM images accordingly. The peak at 2ș=14 existing in certain patterns 
indicates the diffraction from the high-pressure-cell metal gasket. S1 was prepared by long time 

ball milling, which results in fine grains, whereas S2, S3 and S4 were as-calcined samples. 
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Figure 5.1       Continued 

 

5.5 Discussion 

In high pressure studies, the barrier to transition is usually explained in terms of 

nucleation dynamics. The nucleation and growth model has been widely excepted to explain the 

size effects on phase transformations in CdSe, PbS, ZnS, Ȗ-Fe2O3 and CdS systems [69], [71], 

[73]–[75], [252], [256]. Table 5.1 summarizes some examples in existing literature that include 
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material systems, how phase transformation is effected by grain size and the reasons of these 

effects that have been proposed. Tolbert et al. [69], [71], [252] found that the transformation 

pressure increases with decreasing the grain size in Si, CdSe, CdS nanocrystals. However, Jiang 

et al. [73] reported that the transition pressure for Ȗ-Fe2O3 to α-Fe2O3 phase transformation is 

lower for nanocrystals than for bulk material. Thus, the change of the transition pressure affected 

by grain size is highly depending on the system under investigation.  

 

Table 5.1 Studies on grain size effects on pressure-induced phase transformations 

Author Material Grain size effects Mechanistic explanation 
Tolbert 
[69]–[71] 

CdSe, CdS, 
Si 

Transformation 
pressure increases 
with decreasing 
grain size.  

The increase in transformation pressure for 
the nanocrystals is due to the surface 
energy differences between the phases 
involved. 

Qadri [72] PbS Transformation 
pressure increases 
with decreasing 
grain size.  

The increase in phase transformation 
pressure as the particle size decreases is 
due to an increased surface energy at the 
solid-solid phase transformation, which 
impedes the formation of the high pressure 
phase. 

Jiang [73] Ȗ-Fe2O3  

(Ȗ- 
irreversible) 

Transformation 
pressure is lower in 
nanophase material 
than in the bulk. 

The transformation barrier of nanophase is 
smaller than bulk material, which is 
resulted from the larger volume change 
upon transformation in nanophase than 
bulk material.  

Qadri [74] 
Jiang [75] 

ZnS  
 

Transformation 
pressure increases 
with decreasing 
grain size. 

Transformation pressures are controlled by 
the surface energy of the particles 
associated with the two phases. 

 

If one considers nucleation and growth of -eucryptite from a -eucryptite grain within 

the partially sintered powder of -eucryptite, the total free energy change, ΔG, due to the 

formation of the nucleus may be expressed as [66]–[68]: 
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..i nt NGNGGG fuerf aci albul k                                      (5.1) 

where bul kG  and ΔGinterfacial are the bulk free energy change and interfacial free energy 

change from ȕ to İ-eucryptite, respectively; Ν is the number of unit formulae in a cluster 

(nucleus) and N1/3 is proportional to r (nucleus size); ΔGu.f. is the bulk free energy difference per 

unit formula between İ and ȕ-eucryptite; Ș is a shape factor; and Ȗ is the interfacial energy per 

unit interface area. In the present case, if the new -eucryptite grain remains bonded to the 

neighboring -eucryptite grains, then Ȗ represents the difference between the new -eucryptite/-

eucryptite interface energy and the original -eucryptite grain boundary energy; in this case, an 

additional barrier to nucleation would be present due to the mechanical constraint imposed by the 

neighboring -eucryptite.  However, with a negative 9% transformation strain, it is likely that the 

transformation is accompanied by debonding at the interface, in which case  is represented as 

  g bss                                                           (5.2) 

where the subscripts s denote surface energy for the given phase (- or -eucryptite) and 

gb for the grain boundary energy (-eucryptite).   

Since the entropy change for solid-solid phase transformations is very small compared 

with the enthalpy change [257]–[260], the entropy change may be ignored, and the bulk free 

energy change per unit volume associated with the transition can be expressed as: 

efu GHG  ..                                                       (5.3) 

where ΔH is the enthalpy change due to the transition, and ΔGe represents possible 

energy terms other than enthalpy changes, for example, dilational strain energy, shear strain, 
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microcracking, and/twinning. The values of critical nucleus size (N*) are obtained from the 

condition:  

 0
*

G

N





                                                               (5.4) 

Thus, 

1/3 2
*

3( )e

N
H G


 

  
                                                    (5.5) 

 

 

Figure 5.2       Schematic description of a grain before and after phase transformation. 

 

For the phase transformation to proceed, ΔGu.f. must be negative since the interfacial 

energy term in equation (5.1) is positive. While ΔGe is not well defined, ΔH has been calculated 

as a function of pressure with density functional theory (DFT) (Figure 5.3) [104].  
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Figure 5.3       The change in enthalpy in going from ȕ to İ-eucryptite as a function of pressure 
calculated by DFT is shown. 

 

It is nonetheless possible to make some general conclusions about the value of ΔGe. On 

the one hand, strain energy represents a barrier to the transformation [68], but on the other, shear 

strain, microcracking, and twinning are expected to change the stress state, thus, lower the barrier 

[21], [243]. While the contributions of these microscale processes are difficult to quantify, it is 

clear that their net effect is to reduce the barrier (negative ΔGe) since the measured critical 

pressures (Figure 5.1) fall below the pressure at which ΔH = 0 (2.9 GPa in Figure 5.3). This 

reduction in barrier is illustrated in Figure 5.4 where ΔGu.f. is plotted as a function of pressure.   

For simplicity, it is assumed that ΔGe is not a function of pressure. The pressure where 

equilibrium  and -eucryptite exist in equilibrium (ΔGu.f. = 0) is denoted as P*.  Two terms, k 

and P, are introduced to describe the effect of ΔGe on ΔGu.f.: k is the slope of ΔGu.f. vs. P and P 

= P – P*, where P is the pressure at which the transformation occurs, dependent on the grain size. 

Analogous with the case of undercooling for thermally activated phase transformations [67], [68], 

the present model (Figure 5.4) suggests that overloading is necessary for the transformation to 
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proceed. The energy associated with the driving force in this overloaded system is kP.  Thus, 

equation (5.5) may be re-written as 

)(3
2

* 3/1

Pk
N




                                                   (5.6) 

where k is given by the slope of ΔH versus P (Figure 5.3) (k = -0.0566 eV/GPa) [104], 

and P depends on ΔGe.   

The number of unit formulae, N, is related to the grain size, r, by 

3

  

12 4 / 3 12grain

unit cell unit cell

V r
N

V V

 
                          (5.7) 

where Vgrain is the volume of one grain, here assumed to be perfectly spherical, and Vunit 

cell is the volume of a single unit cell (Vunit cell =1064 Å3); each unit cell of ȕ-eucryptite has 12 

unit formulae [25]. The grain radii, expressed as N-1/3
 and r, are plotted as a function of the 

measured transformation pressure in Figure 5.5. The increment of pressure for each sample was 

kept as ~0.1 GPa, so the error bars of the transformation pressure points are actually within the 

symbols. The error bars on N-1/3 represent the standard deviation of grain size in each sample.  

The linear trend apparent for the smaller grain sizes (S1, S2, and S3) confirms the general 

applicability of the nucleation and growth model employed here (equation 5.1). This approach is 

likely valid only for grains below a critical radius, where the entire grain undergoes 

transformation at the critical pressure and the critical nucleus size equals the grain size. At larger 

grain sizes, the critical nucleus size is smaller than the grain size, and thus a grain size 

dependence on pressure would not be expected.  While the critical radius below which the model 
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applies is not known, it is estimated to be approximately 0.5 m based on the observation that S3 

and S4 exhibited approximately the same transformation pressure (Figure 5.5). 

 

 

Figure 5.4       ΔGu.f.. as a function of pressure with the existence of ΔGe, where ΔGe includes the 
influence of dilational strain energy, shear strain and microcracking. The value of ΔGe cannot be 

fully defined from the present study. P represents the transformation pressure, and P* is the 
pressure at ΔGu.f..=0. Hence, δP=P-P*, and kδP represents the bulk free energy difference 

associated with the transformation. 

 

The slope of the curve in Figure 5.5 (only includes S1, S2 and S3) may be used to 

estimate the interfacial energy (equation (5.7)): 

A

k




2
3

                                             (5.8) 

where A, the slope of the curve that describes samples S1, S2, and S3 in Figure 5.5 with a 

linear fit, is 0.0017.  For a spherical nucleus, 3/23/1)36(   . Note that equation (5.8) does not 
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depend on ΔGe which quantifies the combined effect of strain energy, shear strain, 

microcracking, and twinning. From equation (5.8),  is calculated to be 8.5±3.0 J/m2.  If one 

inspects equation (5.2), and realizes that surface energies reported for ceramics generally vary 

between  0.01 and 10 J/m2 [261]–[263], the value of obtained here appears reasonable. The 

result is especially noteworthy considering the possible errors accumulated due to the grain size 

distribution in the specimens and the resolution of the transformation pressure in the experiment, 

both of which influence the slope A of the curve in Figure 5.5. Nonetheless, the present analysis 

indicates that the model applied here sufficiently captures the nucleation and growth of -

eucryptite from -eucryptite. 

 

 

Figure 5.5       Experimental data shows the transformation pressure of each sample that 
expressed by both number of unit formula N (left axis) and grain radius r (right axis). The error 

bars are associated with the left axis. The red line is the fitting of S1, S2 and S3. 

 



107 
 
 

5.6 Conclusion 

In-situ DAC-X-ray diffraction experiments have been performed to study the relation 

between grain size and transformation pressure for the transformation of -eucryptite to -

eucryptite.  Transformation pressure increases with decreasing grain size, displaying a linear 

relation between reciprocal grain size and transformation pressure, described by a nucleation and 

growth model. Above grain sizes of about 0.5 ȝm, the transformation is not affected by grain size.  

Though the effects of dilational strain energy, shear strain, microcracking, and twinning are not 

known individually known, their combined effect is included in the model. 
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CHAPTER 6  
 

THERMAL REGIMES OF LI-ION CONDUCTIVITY OF β-EUCRYPTITE  

 

A paper submitted to the Journal of the American Ceramic Society [264] 

Yachao Chen, Sukriti Manna, Cristian V. Ciobanu and Ivar E. Reimanis 

6.1 Abstract 

While it is well established that ionic conduction in lithium aluminosilicates proceeds via 

hopping of Li ions, the nature of the various hoping-based mechanisms in different temperature 

regimes has not been fully elucidated. The difficulties associated with investigating the 

conduction in these materials, which are usually polycrystalline materials. Herein, we investigate 

the ion conduction mechanisms in -eucryptite, a prototypical lithium aluminosilicate, using 

impedance spectroscopy. In the absence of significant structural transitions in grain boundaries, 

we have found that there are three conduction regimes for the one-dimensional ionic motion 

along the c axis channels in the grains, and determined the activation energies for each of these 

temperature regimes. Activation energies computed from molecular statics calculations of the 

potential energy landscape encountered by Li ions suggest that at temperatures below 440 C 

conduction proceeds via cooperative or correlated motion, in agreement with established 

literature. Between 440 C and 500 C, the activation barriers extracted from EIS measurements 

are consistent with those computed from atomistic calculations for uncorrelated Li ion hopping. 

Above 500 C the activation barriers decrease significantly, which indicates that after the 

transition to the Li-disordered phase of -eucryptite, the Li ion motion largely regains the 

correlated character. 
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6.2 Introduction 

As a prototype of lithium aluminum silicates (δAS), ȕ-eucryptite (LiAlSiO4) has 

attracted  both fundamental and technological interest for decades due to its phase transformation 

behaviors [10], [13], [104], [125], [223], unusual thermo-mechanical properties [41], [265]–

[268], and the one-dimensional nature of its ionic conduction [4], [8], [29], [110], [123]. The 

superior Li ion conduction makes ȕ-eucryptite a promising candidate for electrolyte applications, 

including thermal batteries and high-temperature solid electrodes [40], [269], [270].  

Furthermore, applications such as electrothermal devices can benefit from the overall negative 

coefficient of thermal expansion (CTE) of ȕ-eucryptite [16], [32], [40]–[42], [52], [121], [267], 

[269], [271]. The crystal structure of ȕ-eucryptite (space group P6422 or P6222) [10], [27], [28], 

[30], [33], [272] is a Li-stuffed derivative of ȕ-quartz in which half of the Si-centered tetrahedra, 

[SiO4]4-, are replaced with Al-centered tetrahedral, [AlO4]5- [9], [25]. In ordered ȕ-eucryptite, 

[SiO4]4- and [AlO4]5- tetrahedra are arranged in a spiral along the 64 (or 62) screw axis, forming 

open channels along which the Li+ ions reside at well-defined locations [10], [32]. The effect of 

temperature on this structure consists in disordering of the Li ions at ~440 oC [5], [9], [27], [36], 

[116]–[119], while at very high temperatures disordering of the Si- and Al- centered tetrahedra 

could also occur [9], [32].  

Li motion in the channels is of special interest [267], [273] for applications of eucryptite as 

an ionic conductor. It has been reported that the Li ionic conductivity parallel to c-axis is  three 

orders of magnitude greater than that perpendicular to the c-axis in the temperature range from 

200 °C to 600 °C [4], [29], which makes ȕ-eucryptite an excellent example to study one-

dimensional diffusion [5], [117], [122]. While such studies have been reported in the literature 

for different preparations and different temperature regimes [4]–[6], [8], [29], [121]–[124] and 
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the mechanism of conduction is accepted to be Li ion hopping along the channel, the activation 

energies associated with this hopping vary significantly. For example, the activation energy 

below 500 °C has been reported to be 0.89 eV [8], 0.8 eV [121], 0.79 eV [6], 0.74 eV [4], [29], 

and 0.62 eV [122], with the variations attributed to differences in the measurement or 

computation techniques, crystallinity, and sample preparations: the variation from 0.62 eV [122] 

to 0.89 eV [8] is significant, as the same temperature would lead to vastly different conductivity 

because of the activated nature of Li ion hopping. The presence of channels in the structure of 

eucryptite may lead one to expect large ionic conductivity and low activation energy. However, 

the activation energy of ȕ-eucryptite is not particularly small, as illustrated by any of the above 

figures [4]–[6], [8], [29], [121]–[124]. Two factors may conspire to decrease the ionic 

conductivity in polycrystalline eucryptite: first, under normal processing conditions, the grains in 

the microstructure are randomly oriented and therefore their c-axix channels are not all parallel 

to each other; second, grain boundaries likely present an impediment to Li-ion diffusion. 

Despite a significant body of work on Li-ion conduction in ȕ-eucryptite [6], [7], [29], [40], 

[123], [270], particularly on single-crystal and glasses, there remain two key outstanding 

questions for the polycrystalline material. First, why is there a variation of activation energy over 

a large temperature range? Such variation may correspond to different mechanisms operating in 

different thermal regimes, or it may correspond to the (continuous) thermal expansion or 

contraction of the structure along different directions. Second, what is the role of the conduction 

through grain boundaries and other slow ion conduction pathways (such as hopping 

perpendicular to the c-axis)? Using electrochemical impedance spectroscopy (EIS) 

measurements performed at temperatures up to 900 °C and atomistic-based modeling, we 

address these questions here and show that the thermal expansion/contration does not play a 
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significant role in determing the ionic conductivity. We determined the activation energies at 

different temperatures using a brick layer model, and found that at temperatures below 440 C 

conduction proceeds via  cooperative or correlated motion, in agreement with established 

literature. Between 440 C and 500 C, the activation barriers extracted from EIS measurements 

are consisten with those computed from atomistic calculations for uncorrelated Li ion hopping. 

Above 500 C the activation barriers obtained from EIS decrease significantly, which indicateds 

that after the transition to the Li-disordered phase of -eucryptite, the Li ion motion largely 

regains the correlated character.  

6.3 Experimental procedure 

Pure ȕ-eucryptite powders were synthesized via a chemical precursor route [42], [126], 

[127], in which tetraethylorthosilicate (TEOS-Sigma Aldrich, St. Louis, MO USA), aluminum 

nitrate (Al(NO3)3·9H2O-Sigma Aldrich), and lithium nitrate (LiNO3-Sigma Aldrich) were used 

as precursors. Proper amounts of ethanol (95%), distilled water and HNO3 were added to help 

form a homogeneous solution. This solution was then treated with excess ammonium hydroxide 

(~10-15%) to form gel, which was then dried at 80 °C to obtain amorphous powders. These 

powders were first heated up to 400 °C and held for 1 hour in order to remove water and gaseous 

products formed by decomposition of the nitrates, then calcined in air at 1100 °C for 15 hours to 

form single phase ȕ-eucryptite as confirmed by x-ray diffraction. The crystalline ȕ-eucryptite 

powders were then ball-milled using ZrO2 balls and ethanol to achieve a final particle size of 

about 1 ȝm [42]. The powders were subsequently poured into a graphite die, 25 mm in diameter, 

and sintered in a vacuum hot press at 1200 °C for 2 h under an applied load of 30 MPa, followed 

by slow cooling (1°C/min) [42]. All pellets were found to have about 97%–98% of the 

theoretical density (2.34 g/cm3) and remained single phase ȕ-eucryptite. 
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The samples used for the ionic conductivity measurements were cut with a diamond saw 

to obtain the dimensions of about 1 × 1 × 0.1 cm3 and were polished on the surfaces to be 

contacted. Silver mesh and gold wire was attached to the pellet surfaces using platinum as a 

current collector. Electrochemical impedance spectroscopy (EIS) of ȕ-eucryptite was performed 

by a two-probe method using Solartron with a signal amplitude of 10 mV under open circuit 

voltage (OCV) conditions in the temperature range of 300 °C to 900 °C with the frequency from 

1 Hz to 6MHz. A thermocouple was placed next to the sample in the tube. Data analysis was 

performed with software Zview (Scribner Associates, Southern Pines, NC) [274]. A schematic 

microstructure based on a brick layer model (BLM) [275] are shown in Figure 6.1, which 

illustrates fast conduction portions (green, conduction parallel to the c axis) and slow portions 

(grain boundaries and unfavorably oriented grains) for a given pathway.  

6.4 Results and discussion 

Impedance spectroscopy coupled with the BLM model for analysis [276] is a technique 

meant strictly for a “composite” medium with different ionic conductivities for the two isotropic 

components that make up the sample. For example, the use of this technique for polycrystalline 

zirconia samples [277], [278], yields the conductivity of both the grains and the grain boundaries. 

In the case of zirconia, the grains are isotropic or very nearly so. Applying the EIS for highly 

anisotropic materials such as -eucryptite poses several problems: (i) the conduction pathways 

pass through grains that do not all conduct equally well because of how their c axis is oriented 

(Figure 6.1 (a)); (ii) grain boundaries are slow conduction avenues, and as such they would act 

similar to the slow-conducting (i.e., unfavorably oriented) grains. Because of this, the 

conductivity and the activation barriers obtained from EIS applied to highly anisotropic materials 

are approximate (or effective), in the sense that the parallel conduction refers to pathways 
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parallel or nearly parallel to c axis, and the slow conduction includes both grain boundaries and 

unfavorably oriented grains.  Below we describe our results and analysis in terms of resistances 

determined from EIS, ionic conductivities, and activation energies for Li conduction processes. 

 

Figure 6.1       (a) Schematic drawing of polycrystalline ȕ-eucryptite, with one current pathway 
through the structure. The green arrows represent the direction of the c-axis, whose orientation 
with respect to the pathway renders some grains fast (green, pathway approximately along the c 

axis), and some grains slow (red, orientation not sufficiently aligned with the pathway). (b) 
Equivalent circuit to interpret complex impedance spectra: R||, bulk resistance for conduction 
parallel to the c axis; Rslow and CPEslow, resistance and capacitance of the possible slow paths, 
including grain boundaries and unfavorably oriented grains; CPEelectrode, capacitance of the 
electrode. The constant-phase element CPE|| is represented as dotted lines since, even when 

present, it cannot be detected from the experiments. 
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Figure 6.2 (a) displays several typical impedance spectra of pure -eucryptite at selected 

temperatures between 300 °C to 900 °C in Nyquist form, with the imaginary part -Zimag as a 

function of the real part Zreal. The analysis of polycrystalline materials is much more complicated 

than single crystals, because of the presence of grain boundaries. For modeling isotropic 

materials, the equivalent circuits normally adopt the elements corresponding to bulk (b), grain 

boundary (gb) and electrode [275], [279], [280]. However, in highly anisotropic materials, such 

as -eucryptite, the effect of different grain orientations is not completely captured by the simple 

equivalent circuits because it grain boundaries and slow conducting grains cannot be readily 

resolved. In general, the capacitance values per unit length are in the range of 10-11 to 10-8 F/cm 

for grain boundary and of the order of 10-12 F/cm for bulk [280]. The anisotropy is very large for 

-eucryptite, i.e. the conductivity along the c-axis is about a thousand times higher than that 

perpendicular, but the capacitance associated with both directions should be similar, so the EIS 

responses of the unfavorably oriented grains overlaps largely with that of the grain boundaries. 

The simplified equivalent circuit (Figure 6.1 (b)), therefore, adopts two parallel RC circuits 

connected in series. In Figure 6.1 (b), R|| and CPE|| represent the conduction along the c-axis in 

the favorably oriented grains and  Rslow and CPEslow represent the slow paths for Li ions 

corresponding to arcs in the Nyquist plots for temperature between 300 C and 440 C in Figure 

6.2. The sample-electrode impedance is represented by a CPE (CPEelectrode).  

Inspection of the data presented in Figure 6.2 reveals that there are two types of 

impedance plots, one consisting only of a linear portion (Figure 6.2 (b)), and the other 

comprising an arc and a linear portion at the low-frequency (Figure 6.2 (c)). Figure 6.2 (b) 

represents the case when Rslow decreases and becomes comparable with R|| (e.g., temperatures 

higher than 440 C), it is only possible to extract total resistance (Rt) from the intercept of the 
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linear portion with the horizontal axis [276], [281]. Figure 6.2 (c) corresponds to the case where 

the characteristic frequency associated with the Li motion along the c axis is within the 

experimentally attainable frequency domains: this corresponds to temperatures from 300 °C to 

440 °C, where the Nyquist plots consist of an arc followed by linear spike at lower frequencies. 

The low-frequency tails in the spectra are due to the blocking effect of the platinum electrode 

[282]–[284], and they are well described using a constant phase element. The high-frequency 

end of the arc does not pass through the origin when extrapolated. The non-zero intercept at high 

frequencies corresponds to the grain bulk resistance for fast conduction (i.e. parallel to the c axis), 

∥. The equivalent circuit is shown as an inset in Figure 6.2 (c). A second resistance, Rslow, that 

effectively corresponds to grain boundaries and unfavorably oriented grains, is extracted from 

the length of the horizontal chord of the arc as illustrated in Figure 6.2 (c). The resistance of the 

contact electrodes is negligible, so Rt=R||+Rslow.  

The resistance determined from the Nyquist plots can be used to determine the overall 

(total) conductivity of the samples using =L/RA, where A is the electrode cross section area and 

 is the length of the pellet; for temperatures below 440 °C, we can use length and area estimates 

to also determine the effective conductivity of the slow paths (grain boundary and unfavorably 

oriented grains) and that along the c axis in grains. These conductivity results are plotted in 

Figure 6.3. The values in Figure 6.3 for the one dimensional conduction are consistent with those 

reported by Alpen et al. [4], [29], and those for the total conductivity are somewhat lower than 

those of Shin-Ichi et al [123]. 
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Figure 6.2       (a) Impedance spectra of pure ȕ-eucryptite at selected temperatures from 300 to 
900°C. (b, c) Impedance spectra and equivalent circuit at (b) 850 °C and (c) 350 °C. 
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Figure 6.3       Conductivity of total, along the c-axis grains and slow paths as a function of 
temperature, respectively. 

 

Next, the activation energies which determine ionic conductivity via the Arrhenius 

equation are discussed: 

exp aE
T B

kT
    

 
                                                      (6.1) 

in which σ is the conductivity, B is a pre-exponential constant, Ea is the activation energy, 

 is Boltzmann’s constant, and  is the temperature. This relation holds for the one dimensional 

bulk conduction along the c axis. In an effective way, we will adopt this Arhennius relation for 

the slow paths as well, since either in the grain boundary or perpendicular to the c axis the Li ion 

diffusion is more likely to occur by hoping than by partial attach of Li ions on the Si-O bonds. 
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Expressing the conductivity in terms of resistance (=L/RA) and taking the natural logarithm of 

equation 6.1 leads to a linear relation between ln (R/T) and 1/kT, with the slope equal activation 

energy, Ea: 

ln ln aER L

T BA kT

   
 

                                                     (6.2) 

The temperature dependence of ln (R/T) is shown in Figure 6.4, along with the resulting 

slopes for different conduction pathways, i.e., the activation barriers for the motion along the c 

axis channels and the slow pathways. In processing the data in Figure 6.4, we have assumed that 

the motion along slow pathways (grain boundaries, and motion across the c axis channels) 

remains governed by the same mechanisms and therefore its effective activation energy does not 

change. We have therefore determined the corresponding activation energy Eslow from EIS data at 

temperatures below 440 °C, and the used this value to determine the resistance Rslow for all 

temperatures above 440 °C. From these extrapolated values and the total resistance Rt (from EIS 

measurements above 440 °C), we have extracted the one-dimensional (along c axis) resistance as 

R||=Rt-Rslow at all the temperatures for which it could not be obtained directly from EIS data. 

Figure 6.4 distinctly shows three regions for the one-dimensional ionic conductivity, and, by 

virtue of our initial assumption, one region for the slow conduction along the grain boundaries 

and across the c-axis. 
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Figure 6.4       Experimental measured ln(R/T) as a function of 1/kT for total, paralleled grains 
and slow paths at low temperatures (solid symbols) combined with calculated values at high 

temperatures (open symbols). 

 

Table 6.1       Activation energies of the total, bulk, and grain boundary in -eucryptite, 
determined from resistance measurements using Arrhenius’s law. Above 440 C, the activation 

energy is assumed to be 1.197 eV, hence no standard deviation is reported at these temperatures. 

 Activation Energy (eV) 

Temperature range (°C) Bulk|| Slow path 

900-500 0.573±0.015 1.197 

500-440 1.75±0.072 1.197 

440-300 0.455±0.03 1.197±0.014 
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Figure 6.5       Side view of the ȕ-eucryptite structures, with vertical channels in which Li motion 
can be correlated (a) or uncorrelated (b). Energy variation along the channels and the 

corresponding activation barrier for moving (a) three Li atoms at a time (correlated), and (b) one 
Li atom at a time (uncorrelated). 

 

The physical origin of the different regimes for the activation barriers is investigated 

using atomic scale calculation in which Li ion pathways on the potential energy landscape in a c-

axis channel have been traced using the ReaxFF potential [64] and 2x2x1 computational cells. 

The ReaxFF potential was previously used to study  the amorphisation of -eucryptite under 

pressure [104], [223], and its response to irradiation [223], [224]. The diffusion barriers have 

been determined via molecular statics calculations, in which Li ions are moved along a channel 
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while the total energy is evaluated at each position along the channels. The results are shown in 

Figure 6.5, where two cases were considered: one in which all Li ions along a channel moved in 

unison (Figure 6.5 (a)), and the other in which only one Li ion was moved along the channel 

from one local minimum of the energy to the next (Figure 6.5 (b)). These are referred to as 

correlated and uncorrelated diffusion, respectively [121]. Figure 6.5 shows that the barrier for 

correlated Li motion (~0.45 eV) per Li atom is significantly smaller than the energy required for 

uncorrelated hopping (~1.2 eV). These results are for single crystal calculations: as such, they are 

consistent with the results for the activation barriers for the diffusion along c-axis (bulk||) 

obtained from the EIS experiments (Table 6.1): in both of ReaxFF calculations and the 

experimental values, there is a factor of ~3 between the activation energy associated with the 

uncorrelated and correlated motion. Regardless of the correlated or uncorrelated hopping, the 

activation energy values from the ReaxFF calculations are somewhat smaller than those obtained 

in experiments: however, this does not prevent the assignment of correlated and uncorrelated 

motions to various temperature regimes, since the difference between barriers is rather larger. 

Using ReaxFF we have carried out the same calculations for lattice constants corresponding to 

different temperature up to 900 C. The energy barriers determined via ReaxFF have not 

registered significant variations with temperature which is consistent with the low thermal 

expansion coefficient of -eucryptite [41], [265]–[267], [285].  

We now focus on providing a qualitative reasoning for the relative magnitudes of the 

activation energies listed in Table 6.1. Those are intrinsically related to the order-disorder 

transition in -eucryptite, in which Li ions change their positions in the channels in the 

temperature range from 460 C to 550 C [5], [9], [32], [125], [286]. At room temperature, Li 

atoms occupy half of the available sites in the channels. There are two types of channels (one 
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primary and three secondary) for Li, with six available tetrahedral sites in each channel. Li ions 

in the primary channel occupy sites with z=1/6, 1/2, 5/6 along the origin channel (x=y=0), and 

are coplanar with Al atoms. Li ions occupy the other three secondary channels on sites with z=0, 

1/3, 2/3, and are coplanar with Si atoms. This type of distribution occurs because the Al 

tetrahedra sheets are larger than the Si tetrahedra sheets, since Al ions are larger than Si ions. 

Stuffing Li ions into the channels within the Si layers reduces the dimensional mismatch of the 

Si sheets with Al sheets by enlarging the Si-tetrahedra sheets [32]. As a result, Li is distributed 

such that 25% of the channel Li ions are coplanar with the Al sheet and the other 75% are 

coplanar with the Si sheet for a fully ordered ȕ-eucryptite at room temperature [32]. At 

temperatures above the transition, Li ions interchange with the initial vacancy sites, resulting in a 

random distribution over all framework channel sites [28]. This breaks the 25 to 75 ratio of Al 

tetrahedra sheets to Si tetrahedra sheets and causes the shrinkage of the size of the Si tetrahedral 

sheets. Thus, the activation energy for conduction in the disordered structure is slightly higher 

than that at low temperature for the ordered structure. Since there is no significant change in 

structure as the transformation is approached, the activation energies of order and disordered 

structure remain similar. However, in between the fully ordered and disordered structure, -

eucryptite seems to exhibit a very high activation energy in the temperature range of 440 C to 

500 C. This is believed to arise because the disordering process requires that Li ions rearrange, 

thereby creating an additional barrier [9]. A similar phenomenon has been detected in solid acid 

proton conductor CsH2PO4, where the disordered structure at high temperature brings the 

conductivity to a much higher level while the activation energy remains similar to the low 

temperature ordered structure [281]. Others have shown that an incommensurate structure 

coexists with the low-temperature structure for 50 to 60 degrees in ȕ-eucryptite [5], [125].   
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6.5 Conclusions 

In conclusion, we have reported on the conductivity of polycrystalline -eucryptite in 

various temperature regimes, focusing on resistance, ionic conductivity, energy barriers and the 

associated hopping mechanisms. Under the assumption that the grain boundaries do not change 

their structure significantly, we have extracted the one-dimensional conductivity along c-axis 

channels in polycrystalline samples, which has only been done previously for single crystals [4], 

[29]. Although the conduction along grain boundaries and that perpendicular to c-axis cannot be 

individually resolved in our EIS experiments, and premise of a common effective or average 

activation energy yields a value of 1.197 eV for the slow pathways. While not atypical, this value 

is rather high, and shows that grain boundaries limit severely the use of polycrystalline eucryptite 

for widespread ionic conduction applications. From a fundamental point of view, the use of one 

average conductivity for all slow pathways enabled us to determine three thermal regimes for the 

1-dimentional ionic conduction (in bulk, parallel to the c axis): the low temperature regime 

(below 440 C), order-disorder transformation regime (440 C-500 C), the calculated barriers 

are consistent with uncorrelated, individual hopping of Li atoms which occurs likely because in 

this temperature range the Li atoms have not yet assumed (on average) equispaced positions, and 

therefore the correlation between hops along the same channel is broken by closely spaced ions.  
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CHAPTER 7  
 

GENERAL DISCUSSION 

 

The experiments investigated through this research were motivated by the desire to 

understand the unique property - structure relationships of -eucryptite under high pressures and 

temperatures. The relevant discussions of the experiments and results of each section has been 

presented under specific chapters. This chapter provides a general discussion about the results 

obtained from last three sub-topics (CHAPTER 4-CHAPTER 6) and about the contributions of 

these investigations. 

7.1 Structural phase transformation under high pressures 

Ceramics are recognized as hard, brittle materials. Thus, the importance of studying 

phase transformations in order to provide high toughness in ceramics has been realized for a long 

time. Most of the studies on phase transformations have focused on those have transformation 

pressures higher than that which are practical in materials processing for transformation 

toughening. In other words, materials that have phase transformation at moderate pressures are 

of more interest. ȕ-eucryptite exhibits various phase transformations under high temperatures and 

pressures. The phase transformation that has the most potential usage happens between ȕ and İ-

eucryptite at about 1 GPa. In order to better tailor the phase transformation property, it is 

important to make the transformation applicable for transformation toughening. It is critical to 

know what the crystal structure of İ-eucryptite is. The crystal structure of pressure stabilized İ-

eucryptite has been fully investigated in the present study by combining high energy x-ray 

diffraction and density functional theory. The 9% volume change associated with the 

transformation further confirmed the possibility of using metastable İ-eucryptite as a 

transformation toughening material. In-situ DAC-x-ray diffraction experiments of Mg doped ȕ-
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eucryptite were performed at the same conditions with pure -eucryptite. -eucryptite doped 

with 0.3 % Mg exists as single phase -eucryptite under ambient conditions, but at high pressure 

evolves to a mixture of two phases, one that is -eucryptite (Pna21) and a second phase with the 

Pca21 space group. In addition, the presence of Mg dopant resulted in an increase in 

transformation pressure from ȕ to İ-eucryptite compared with pure ȕ-eucryptite.  

Mg and Zn dopants tend to stabilize ȕ-eucryptite instead of İ-eucryptite, grain size 

control becomes more important in stabilizing high pressure İ-eucryptite for using as a 

transformation toughener. The effects of grain size on transformation pressures were studied in-

situ diamond anvil cell-x-ray diffractions on various grain sizes samples. The larger grain size 

samples were found to have lower phase transformation pressures than the fine grain size 

samples, indicating the grain size plays a role in determining the pressure at which İ-eucryptite is 

stable. When grain size exceeds about 1 ȝm, the transformation pressure becomes independent 

with grain size. It has been shown that enthalpy between the different phases play a key role in 

the nucleation and growth. Spontaneous microcracking occurs when grain size is larger than 

about 2.8 ȝm [49]. Thus, the importance of studying grain size effects on transformation pressure 

is that one can use the model to predict the transformation pressure for certain grain sizes in 

order to best fit the ceramic matrix and make materials with no microcraking. 

7.2 Order-disorder transition at high temperatures 

The potential of using ȕ-eucryptite as a solid electrolyte in Li batteries has been well 

realized due to its high anisotropic Li ionic conductivity. The interest to study structural changes 

of ȕ-eucryptite at high temperature is because of its order-disorder transformation.  
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A large amount of studies have focused on measuring Li conductivity of single crystal ȕ-

eucryptite from room temperature up to 600 °C. The present study extends the measurement 

temperature to 900 °C to fully cover the order-disorder transition range. Although Li ion 

behaviors in the structure are really hard to study through x-ray diffractions, they can be 

characterized in an indirect way such as electrochemical impedance spectroscopy (EIS). Previous 

studies on the conductivity of -eucryptite utilized single crystals to eliminate grain boundary 

effects which are present in polycrystalline samples. Though using EIS to study order-disorder 

transition of ȕ-eucryptite has been developed in previous studies, grain boundary effects were for 

the first time taken into account in the present study. The brick layer model (BLM) was 

successfully applied on impedance results and separated the resistance of grain interior and grain 

boundary at low temperature range, where the semicircles were obvious. The present study 

contributes a method to study the grain interior responses by using the BLM and assuming that 

the grain boundary conducting mechanism does not change in the testing temperature range. This 

method can be applied to other material systems whose bulk conductivities are too high to be 

measured directly from impedance spectroscopy. The activation energy of -eucryptite along c-

axis clearly shows three regimes over the temperature range from 300 C to 900 C. The 

activation energies of high temperature range (500 C to 900 C) and low temperature range (300 

C to 440 C) are close to each other, whereas the activation energy of intermediate temperature 

range (440 C to 500 C) is almost three times than the other two. This phenomenon indicates 

that Li may have more than one motion as temperature changes.   

  



127 
 
 

CHAPTER 8  
 

CONCLUSION  

 

It was demonstrated that -eucryptite can be synthesized and processed by different 

routes to get single phase and crack-free specimens. Powder samples were used to perform in-

situ diamond anvil cell-X-ray diffraction experiments. Structural changes under high pressures 

have been examined. A reversible phase transformation between low pressure -eucryptite and 

high pressure -eucryptite has been detected in both pure -eucryptite and 0.3 mol% Mg doped 

-eucryptite. High pressure -eucryptite has been confirmed to adopt an orthorhombic crystal 

structure with Pna21 space group, determined with the assistance of density functional theory 

study. This is the first time that -eucryptite has been reported with crystal structure, space group 

and atomic positions. The volume shrinkage associated with the phase transformation could thus 

be calculated, and it was found to be 9%. 0.3 mol% Mg doped -eucryptite was observed to have 

a higher transformation pressure than pure -eucryptite, indicating Mg dopants tend to stabilize 

the -eucryptite. In addition, it is also observed that, unlike pure -eucryptite which transforms 

to single phase -eucryptite, the presence of Mg leads to a phase mixture of Pna21 and Pca21 

space groups at high pressure. The stability of -eucryptite has been examined by measuring 

phase transformation pressures of samples with various grain sizes. A linear relation between the 

reciprocal radius and pressure has been observed, indicating larger grain sizes lead to an “easier” 

phase transformation from  to -eucryptite. A modified traditional nucleation and growth model 

has been developed to fit the experimental results. 

The structure changes (i.e. Li order-disorder transition) under high temperature have been 

studied by electrochemical impedance spectroscopy. Li conductivity increased with increasing 
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temperatures. Grain interior and grain boundary resistance have been separated by using a brick 

layer model. It has been shown that the grain bulk has three activation energies through the 

temperature range from 300 °C to 900 °C. The one at intermediate temperatures is three times 

the other two. The results motivated atomic calculations which were performed by others to 

simulate lithium ion diffusion to investigate the activation barriers. The Li correlated motion is 

shown to have 1/3 of activation barrier than the uncorrelated motion, consistent with the 

experimental results. ȕ-eucryptite is confirmed to have a fully ordered structure at low 

temperature range (300 °C to 440 °C) and a disordered structure at high temperature range 

(500 °C to 900 °C). The order to disorder transition happens due to the Li uncorrelated motion 

and Li redistribution in the structure. 
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CHAPTER 9  
 

SUGGESTIONS OF FUTURE WORK 

 

This study focuses on examining the structure-property relationships of -eucryptite 

under pressure and temperature individually. Although the crystal structure of high pressure -

eucryptite has been determined and the grain size effect of the pressure-induced phase 

transformation from  to -eucryptite has been developed, it is interesting to develop how the 

structure changes with both pressure and temperature. Li order-disorder transition under 

temperature may also play a role to effect the pressure-induced phase transformation from ȕ to İ-

eucryptite. This chapter includes some preliminary results that show the transformation character 

in a certain temperature-pressure range. In-situ diamond anvil cell-Raman spectroscopy has been 

developed to be a promising technique to study structure-property relations under both pressure 

and temperature. The details of experimental setup are described in 3.4. Raman spectra of pure 

-eucryptite under loading at room temperature are shown in Figure 9.1. The spectra at ambient 

pressure show two strong scattering around 484 and 1034 cm-1, which are in good agreement 

with previous reports [14], [125], [287]. The onset of the phase transformation is determined by 

the appearance of a secondary peak at about 518 cm-1, which is believed to correspond to -

eucryptite [19]. The spectra under both temperature and pressure are similar with those under 

pressure only. Nevertheless, the temperature that can be applied to the samples is limited by the 

design of the diamond anvil cell. In addition, ruby is not a good pressure marker at high 

temperature. New pressure calibrator needs to be introduced as described in 3.2.5. Some 

preliminary results are shown in Figure 9.1 and Figure 9.2. In order to better understand the 

kinetics of phase transformation through in-situ DAC-Raman spectroscopy, several tasks need to 

achieve in the future: 
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• The ability to keep the high temperature stable in a diamond anvil cell is very 

important. For now, the temperature can only be controlled by adjusting the input 

current. The temperature has to be manually lower the input current when it 

exceeds the targeted point. 

• New pressure calibrator needs to be developed other than ruby. SrB4O7: Sm2+ 
 has 

been shown as a great candidate as its Raman spectra are almost independent with 

temperatures. In addition, the peaks are very intense even at high temperatures. 

• Raman spectra of ȕ-eucryptite are easily to adopt a high background at high 

temperatures due to the laser heating on the samples. It is critical to figure out the 

optimized integration times and accumulation parameters at high temperatures. 

The experimental design in the preliminary study is to increase the temperature to a 

certain point first and then increase the pressure. In the future, another set of systematic tests can 

be considered to keep the pressure at a certain point (below or above the phase transformation 

point) and then vary the temperature to study the reversibility of the phase transformation to 

complete the temperature-pressure phase diagram of ȕ and İ-eucryptite.  
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Figure 9.1       Raman spectra of pure -eucryptite as a function of pressure collected during 
compression. The onset of phase transformation is indicated by the bold line.   
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Figure 9.2       Transformation pressure of ȕ to İ-eucryptite at different temperatures. 
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APPENDIX A 

 

TRANSPORT IN AN ELECTRICAL POTENTIAL GRADIENT 

 

Particle electrical conductivity of the species i is defined as: 

iiii e cz  
                                                            (A.1) 

where 

i – charged particle type (ions and electrons) 

zie – charge of charged particle 

μi – particle mobility 

ci – concentration 

The particle mobility can also be written as a relation with particle mechanical mobility 

(Bi): 

iii eBz                                                              (A.2) 

The relation between the random diffusion coefficient of particles of type i and the 

particle’s mobility is given by: 

ii kTBD                                                              (A.3) 

By replacing Bi in Equ. B.3 with Equ. B.1 and Equ. B.2, the diffusion coefficient can be 

written as: 
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Thus, Nernst-Einstein relation between mobility and diffusion coefficient is obtained as: 

 
kT

Dcez iii
i

2

                                                          (A.5) 

Generally, diffusion coefficient follows an Arrhenius law because it is an activated 

process: 

  





 

kT

E
DD aexp0                                                       (A.6) 

From equation A.5, one can tell that mobility (σ) is proportional to D/T, thus, (σT) 

follows an Arrhenius law. This indicates that in hopping mechanisms, it is necessary to plot 

log(σT) vs. 1/T instead of log(σ) vs. 1/T. However, the equation 





 

kT

Eaexp0  is often used 

in polymer or liquids at very low temperatures. 


