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ABSTRACT 

β-eucryptite (LiAlSiO4) has received widespread attention, both industrially and 

academically because of its low negative average coefficient of thermal expansion (CTE) and 

one dimensional Li-ion conductivity. β-eucryptite is also known to undergo a reversible 

pressure-induced phase transformation under compression at ~0.8 GPa to a metastable 

polymorph, ε-eucryptite. The present work evaluates the thermal and mechanical behavior of β-

eucryptite and eucryptite composites with several different experiments. In the first set of 

experiments, nanoindentation was used to determine the activation volume of the pressure-

induced phase transformation in polycrystalline and single crystal β-eucryptite. It is shown that 

the phase transformation is a thermally activated event. It is the first time that nanoindentation 

has been used to find the activation volume in a pressure-induced phase transformation. Results 

suggest that the nucleation event that marks the onset of the phase transformation is 

approximately the size of the silica and alumina tetrahedra comprising the -eucryptite structure. 

The effect of Zn doping on the phase transformation was also examined using in situ diamond 

anvil cell-Raman spectroscopy and nanoindentation experiments. The present work is the first to 

employ both techniques in a comparative manner to investigate pressure-induced phase 

transformation in the same material. This study demonstrates that, though the data obtained from 

the two techniques are complementary, important differences including the loading rate and the 

state of stress between the two techniques must be noted when understanding data from the two 

experiments. 

The next set of experiments examined the effect of Zn doping on the thermal expansion 

of β-eucryptite to understand the structure-property relationship in the material. The results 

revealed that doping significantly increases the bulk CTE – negative for pure β-eucryptite to 
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slightly positive for Zn-doped β-eucryptite in the range from 25°C to 1000°C, and also lowers 

the tendency to microcracking. No difference in grain size was observed between the pure and 

doped samples, and all the ceramics exhibited high relative densities. It is believed that an 

intrinsic modification in the β-eucryptite structure is responsible for the observed behavior.  

In the final study, the potential of transformation toughening was examined by 

fabricating composites of 10 mol % yttria stabilized zirconia reinforced with varying amounts (0 

to 20 vol. %) of β-eucryptite (LiAlSiO4) with the intent of stabilizing in situ the high-pressure 

eucryptite polytype, ε-eucryptite, so that the reverse transformation to β-eucryptite under a crack 

tip stress field may impart toughening by volume expansion. The results indicate that the change 

in toughness with volume fraction of β-eucryptite is best explained by considering a 

transformation toughening mechanism in conjunction with the toughening decrement predicted 

due to matrix tensile stresses which arise due to the thermal expansion mismatch.  
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CHAPTER 1 

INTRODUCTION 

In recent years, there has been a renaissance in the science and technology of ceramics. 

This renewed interest has been spurred by the versatility in the properties of these materials and 

the numerous uses in which these properties can be exploited. Traditionally these materials were 

emphasized in either high temperature applications (refractories) or inexpensive applications 

(whiteware, bricks, etc.). In recent years their varied properties have found use as electronic, 

optical, optoelectronic, magnetic, thermal, electrical, electromagnetic, chemical and structural 

components. The emphasis in this document is directed to the thermal and mechanical behavior 

of ceramics and in particular, the thermal expansion behavior and pressure-induced phase 

transformation of β-eucryptite, a lithium aluminosilicate with unique thermo-mechanical 

properties.  

The family of lithium aluminum silicates (LAS) includes numerous materials with 

fascinating thermal and mechanical properties. They have low, zero and negative coefficients of 

thermal expansion (CTE), which make them suitable for a variety of applications like stove cook 

tops, optical windows, ring laser gyroscopes, semiconductor processing equipment and thermal 

shock resistant structures.
1,2

 These materials have been extensively commercialized owing to 

their exotic properties which make them suitable for industrial applications (e.g. heat exchangers, 

stove cook tops) that require good dimensional stability and thermal shock resistance. They are 

also used in very specific applications like optical windows and high precision optical devices. 

The current thesis focuses on the characterization of the thermal and mechanical behavior of β-

eucryptite (LiAlSiO4) and eucryptite-based composites, in order to achieve materials with low 



‡
 Experimental evidence not definitive. Atomistic modeling (work in progress, Reimanis research group) is being 

carried out to determine the crystallography of the high pressure phase, ε-eucryptite. Also, a rapid access proposal to 

perform in situ diamond anvil cell-X-ray diffraction is under review at the Advanced Photon Source, Argonne 

National Laboratory. 
2 

 

thermal coefficients of thermal expansion and improved mechanical properties (fracture 

toughness). A brief overview of the material is presented in the following section.  

1.1 Background – Material Overview 

β-eucryptite (LiAlSiO4) is one of the prominent members of the family of lithium 

aluminum silicate ceramics. It has a hexagonal structure that is best described as a stuffed 

derivative of β-quartz (space group P6422).
3-6

 The structure consists of paired helical chains of 

[SiO4] and [AlO4] tetrahedra spiraling along the 64 (or 62) screw axis parallel to the c axis. These 

helical chains then produce open channels along the c axis, in which the charge balancing Li 

resides.
3-6

 β-eucryptite has a slightly negative crystallographic average CTE, which is attributed 

to three independent processes 
4,7-10

: the deformation of Si/Al tetrahedra, Li positional 

disordering and tilting of Si/Al tetrahedra. A large CTE anisotropy (αa = αb = 7.26 x 10
-6

 /°C and 

αc = -16.35 x 10
-6

 /°C) leads to thermal residual stresses that cause spontaneous microcracking in 

β-eucryptite and its composites. This anisotropy also manifests itself in one dimensional ionic 

conduction, where Li ion conduction happens along the c-axis.
11,12

 

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

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

and/or amorphization in the material.
3,13,14

 Zhang, et al. 
6,15

 reported the presence of a high 

pressure orthorhombic polymorph
‡
, ε-eucryptite, using in-situ x-ray diffraction experiments, 

although evidence for the occurrence of a new phase under pressure exists in a previous work.
5
 

Reimanis et al. 
16,17

 calculated the lattice volume of orthorhombic ε-eucryptite to be 7.7% lower 

than that of β-eucryptite. Furthermore, this transformation is seen to be reversible, i.e., 
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ε-eucryptite reverts back to β-eucryptite on the release of pressure at ambient temperature.
3-6,18

 

However, pressures greater than 0.83 GPa at higher temperatures (~600°C) result in an 

irreversible transformation to α-eucryptite. At pressures greater than 5 GPa, β-eucryptite begins 

to amorphize and over 17 GPa, it is completely amorphous. When the pressure is released before 

it reaches 17 GPa, β-eucryptite recrystallizes, indicating the presence of structural memory in the 

structure.
15

 Fig. 1.1 is a schematic showing the various phase transformations in β-eucryptite. 

 

Fig. 1.1.    Schematic showing the various phase transformations in β-eucryptite 

Because of the presence of structural memory in the structure and its low sensitivity to low speed 

neutron fluences, the family of LAS ceramics (β-eucryptite and its solid solutions) have been 

investigated as potential materials for reactor blankets in nuclear breeder reactors.
19-21

  

 In 2007, Reimanis et al.
16

 observed a unique phenomenon in composites of β-eucryptite 

and lithium aluminate (Li5AlO8): indentation of these composites resulted in spontaneous and 

sustained ejection of particles with high energy, with sizes ranging from sub-micrometer to tens 

of micrometers in diameter. The behavior was attributed to two different mechanisms
16

: (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. Subsequent studies have verified the 

occurrence of a reversible pressure-induced phase transformation during indentation.
18,22,23
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 The study of a material with such unusual properties would provide an insight into 

structure-property relationships and thereby assist in developing composites with tailored 

properties. The present study aims to characterize the pressure-induced phase transformation in 

β-eucryptite and understand the effects of doping on the properties and phase transformation 

behavior in the material. Ultimately, knowledge of the phase transformation behavior of β-

eucryptite will be utilized to investigate the potential of a novel transformation toughening 

mechanism with β-eucryptite as a toughening agent. This study offers to provide assistance to 

development of novel materials (e.g. single phase materials with low or near-zero coefficient of 

thermal expansion) and composites with desired mechanical and structural properties. The 

following section presents a motivation for the current research and outlines the research 

objectives of the current study. The overall layout for the subsequent chapters in this thesis will 

also be provided. 

1.2 Motivation for Research 

The present study was motivated by the desire to achieve transformation toughening in β-

eucryptite based composites, exploiting the reversible pressure induced transformation in β-

eucryptite. Specifically, the reverse transformation from ε- to β-eucryptite with its associated 

volume expansion has a great potential for use as a transformation toughening agent. 

Transformation toughening is recognized as one of the most potent ceramic toughening 

mechanisms, and has seen widespread application in ZrO2 and ZrO2 based composites.
24,25

 In a 

traditional zirconia-toughened ceramic, the metastable toughening phase, that is, the high 

temperature tetragonal polytype of ZrO2, is obtained by conventional thermal processing, by 

either using a fine particle size or by the addition of stabilizing dopants (yttria, magnesia, calcia, 

etc.).
24,25

 Therefore, the toughening phase may be either stabilized in situ in a composite by 
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careful thermal processing or the stabilized grades of ZrO2 (ZrO2 doped with yttria, magnesia, 

calcia, etc.) can be mixed with a suitable matrix material and sintered to achieve a tough 

composite. Though the pressure-induced phase transformation in β-eucryptite is well known, no 

metastability of the high pressure phase to ambient conditions was observed.
6,15,18,22

 This study 

aims to utilize the residual thermal stresses arising due to the mismatch in CTE between the 

matrix and the particulate to induce the stress necessary for the formation of the high pressure 

phase, ε-eucryptite. Specifically, if β-eucryptite particles are surrounded by a matrix with a 

higher CTE, then, in a dense composite upon cooling, the β-eucryptite particles will experience 

compression. Proper choice of matrix with a high CTE will then yield a composite in which β-

eucryptite particles experience a compression greater than 0.83 GPa, resulting in a composite 

comprising of ε-eucryptite within the matrix. Such a composite will exhibit toughening because 

the tensile stress field from a crack tip will lead to a re-transformation (ε to β) with an associated 

volume expansion leading to crack face tractions that shield the crack tip. This compressive 

stress on the β-eucryptite inclusions in turn causes the presence of a tensile stress on the matrix, 

which weakens the matrix and causes a decrement in toughening. As shown later, the magnitude 

of toughening due to transformation is expected to be significantly larger than the decrement due 

to the presence of residual tensile stress in the matrix. The present study aims to fabricate such a 

composite which would exhibit a novel type of transformation toughening. The objectives of this 

thesis are to:  

1 Achieve a thorough understanding of synthesis and processing issues to develop 

control over structure and chemical composition of lithium aluminum silicate 

materials- specifically, pure and doped β-eucryptite ceramics  
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2 Achieve a fundamental understanding of the mechanism of pressure-induced phase 

transformations in β-eucryptite  

3 Understand the fracture behavior and toughening mechanisms in the β-eucryptite 

composites. 

The above research objectives were accomplished by the series of research tasks listed below.  

1.3 Research Tasks 

- The thermal expansion anisotropy in β-eucryptite leads to large thermal residual stresses 

that cause spontaneous microcracking in β-eucryptite and its composites. Pure and 

doped β-eucryptite ceramics are fabricated through pressureless sintering or hot 

pressing. The effects of different parameters (e.g. particle size of the powders, 

sintering temperature and time, cooling rate during processing etc.) on the sintering 

characteristics will be discussed. The thermal expansion behavior of pure and doped β-

eucryptite were measured and the results are correlated to the structure of the material 

(Chapter 2 and 3).  

- The nanoscale mechanical response of β-eucryptite is probed with nanoindentation, in an 

effort to better understand the factors influencing the phase transformation. Though 

nanoindentation has been widely used to determine activation volumes for incipient 

plasticity in metals, the current study is the first use the technique to determine 

activation volumes for a pressure-induced phase transformation (Chapter 4). 

- The effect of Zn doping on the pressure-induced phase transformation is studied by 

correlating the results between the two techniques– nanoindentation and in-situ 

diamond anvil cell-Raman spectroscopy. The present work is the first to employ both 

techniques in a comparative manner to investigate pressure-induced phase 
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transformations, though several studies have utilized the techniques independently to 

follow the structural evolution of materials under pressure and temperature (Chapter 

5). 

- Calculations of thermal residual stresses in the composites of β-eucryptite with a thermal 

residual stress model in order to evaluate the suitability of different matrix systems 

(e.g. alumina, zirconia, silicon carbide, silicon nitride, rutile, magnesia). The details on 

the requirements for the matrix material and the calculation of stresses will be 

presented (Appendix E). 

- Composites of β-eucryptite are fabricated by hot pressing. The dispersion of β-eucryptite 

in the matrix is a critical parameter to obtain dense, homogeneous and crack-free 

composites. The fracture toughness of the composites are measured and correlated to 

the microstructure and the observed fracture behavior. (Chapter 6).  

1.4 Thesis Layout 

This thesis document is organized into the following Chapters. 

1. Chapter 1 presents a background on the material and the motivation for the present   

research. The strategy and approach undertaken in this thesis work is also presented.  

2. Chapter 2 details the synthesis and processing of pure β-eucryptite. The results of the 

characterization (microstructure, density and fracture toughness) are also presented.   

3. Chapter 3 presents the work titled “Effect of Doping on the Thermal Expansion of β-

eucryptite Prepared by Sol-Gel Methods” that is published in the Journal of the 

American Ceramic Society.
26

 The copyright clearance form from the publisher is 

attached to the end of the document for the reprint.  
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4. Chapter 4 contains the work on the characterization of the pressure-induced phase 

transformation in β-eucryptite using nanoindentation. This chapter presents the work 

titled “Determining the Activation Volume for the Pressure-Induced Phase 

Transformation in β-eucryptite Through Nanoindentation” that is published in the 

Journal of the American Ceramic Society.
23

 The copyright clearance form from the 

publisher is attached to the end of the document for the reprint. 

5. Chapter 5 discusses the effect of doping on the pressure-induced phase transformation 

in β-eucryptite. The work titled “In situ Diamond Anvil Cell-Raman Spectroscopy and 

Nanoindentation Study of the Pressure-Induced Phase Transformation in Pure and 

Zinc-Doped β-eucryptite” was accepted for publication in the Journal of the American 

Ceramic Society.
22

  

6. Chapter 6 presents the work on the carried on the composites of β-eucryptite to explore 

the potential of transformation toughening using pressure-induced phase 

transformations. This work titled “Fracture Toughness of Yttria-Stabilized Zirconia-β-

eucryptite Composites” will be submitted for publication to the Journal of the American 

Ceramic Society.
27  

7. Chapter 7 presents a general discussion of the results obtained in the current study. 

8. Chapter 8 summarizes the key results of this thesis work and concludes with 

recommendations for future work. 

9. Appendix section consists of three appendices: 

Appendix A provides the thermal expansion data from additional Zn-doped β-eucryptite 

compositions that were investigated. 
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Appendix B provides more information on the statistical analysis of the obtained load-

displacement data in nanoindentation and supplementary to the information provided in 

Section 4.1. The method of calculating the shear stresses and strain rates are also detailed.  

Appendix C presents the results of the ultrasonic measurements of Young’s modulus 

carried out pure and doped β-eucryptite. This study was carried out to determine the effect 

of Zn doping on the Young’s modulus of β-eucryptite. The modulus of yttria-stabilized 

zirconia was also determined. The obtained values are used in the calculations of thermal 

residual stresses in the composites of β-eucryptite.  

Appendix D presents a detailed background on the diamond anvil cell and the Ruby R 

line fluorescence for more information on the technique.   

Appendix E details the procedure for the calculation of the thermal residual stresses and 

presents the results of the thermal residual stress for composites of β-eucryptite with 

different matrix systems. The relevant elastic properties used in these calculations are also 

shown. Additional details on the processing of the composites and the thermal expansion 

measurements on the composites of 10YSZ-β-eucryptite are also presented.   
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CHAPTER 2 

SYNTHESIS, PROCESSING AND CHARACTERIZATION OF β-EUCRYPTITE 

This chapter is devoted to the details on the synthesis and processing conditions and the 

characterization of pure β-eucryptite. The first section outlines the two types of synthesis routes 

used to make pure β-eucryptite. Fabrication was achieved by either pressureless sintering or hot 

pressing, as presented in the second section. The last section details the results of the 

characterization, specifically, the phase purity, density, microstructure and fracture toughness, on 

β-eucryptite. 

2.1 Synthesis of β-eucryptite 

Processing of β-eucryptite and its composites is typically achieved by either a glass 

ceramic technique, whereby eucryptite crystals are formed within a glass matrix during 

ceramming 
1
, or by powder synthesis through powder metallurgy 

6,9
 or aqueous route (e.g. sol-

gel process 
29-31

) followed by subsequent sintering. In this study, polycrystalline β-eucryptite 

powder was synthesized through a traditional powder metallurgy route and by a sol-gel process 

as described below. 

2.1.1 Powder Metallurgy Route 

In this process, the control over stoichiometry, purity and powder characteristics such as 

morphology, size and size distribution is important since these factors will influence the sintering 

behavior as well the final properties.
6,9

 β-eucryptite (LiAlSiO4) was synthesized by mixing raw 

powders, viz., lithium carbonate (Li2CO3 – Alfa Aesar, Ward Hill, MA USA), alumina (Al2O3 – 

Coorstek, Golden, CO USA) and silica (SiO2 – Sigma Aldrich, St. Louis, MO USA) in the molar 



 
11 

 

ratio of [1:1:2] and calcining at 1100⁰C for 15 hours.
18,28

 The resulting material was ground with 

a mortar and pestle and then passed through a 100-mesh sieve (nominal opening: 150 µm).  

2.1.2 Sol-Gel Synthesis 

The production of β-eucryptite powders via a sol-gel process has been previously studied 

by different authors.
29-31

 In the current study, a similar procedure has been employed to make 

pure β-eucryptite. In this process, a measured volume of tetraethylorthosilicate (TEOS – Sigma 

Aldrich, St. Louis, MO USA) was first added to an equal volume of ethanol (95%) and half the 

volume of distilled water, to achieve an R-factor (water moles/TEOS moles) of about 7.
29,30

 A 

few drops of 1M HNO3 were added to adjust the pH of the solution to about 0.5–1. This also 

helps to obtain a clear solution after a few minutes of stirring at room temperature. An aqueous 

nitrate solution was prepared by mixing appropriate amounts of aluminum nitrate 

(Al(NO3)2·9H2O– Sigma Aldrich, St. Louis, MO USA) and lithium nitrate (LiNO3– Sigma 

Aldrich, St. Louis, MO USA) and then added to the stoichiometric quantity of the TEOS 

solution. A homogeneous solution was then obtained after about 30 minutes of mixing using a 

magnetic stirrer. This solution was then treated with excess aqueous ammonia (~10–15 weight 

%) to obtain a gel, which was then dried at about 70°C to obtain amorphous powders. These 

powders are then calcined in air at 1100°C for 15 hours to obtain a completely pure β-eucryptite. 

2.2 Processing of β-eucryptite 

Subsequent processing of β-eucryptite was carried out through either pressureless 

sintering or hot pressing. The effects of different parameters (e.g. particle size of the powders, 

sintering temperature and time, cooling rate during processing etc.) on the sintering behavior of 

β-eucryptite was investigated. 
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2.2.1 Pressureless Sintering 

The powder produced as described earlier was ball milled for 72 hours in an alcohol 

medium to reduce the particle size to 1 µm. It is to be noted that milling in an alcohol medium 

greatly reduces the dissolution of lithium ions into solution during milling.
32

 The particle size of 

the powders was determined using a Microtrac S3500 Particle Size Analyzer (Microtrac, York, 

PA 17404, USA). A small amount of powder (~50 mg) was added to 50 mL of water and 

agitated with an ultrasonic horn using 1:2 pulse to rest ratio for 60 seconds. The mean particle 

size was determined to be about 1.5 µm (Fig. 2.1). High molecular weight (>20000 g/mol) 

polyethylene glycol was used as the binder system. A 40 wt% solution of PEG in water was 

prepared and the powders were mixed with 3-4 wt% of this solution and ball milled in ethanol 

for 4 hours to achieve proper mixing. The resulting powders were then dried at a temperature of 

70-75°C. The powder was then poured into a die and then pressed into pellets at 26 MPa. The 

green density of all the pellets was ~50%. The pellets were then sintered at temperatures 1300°C 

- 1395°C for times varying from 4 hours to about 24 hours.  

 

Fig. 2.1.    Particle size analysis of pure β-eucryptite powder after ball milling 
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2.2.2 Hot Pressing 

The synthesized powders were then ground in a ball mill in an alcohol medium to achieve 

a final particle size of 1 µm. The powders were then poured into a graphite die and 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, followed by slow cooling (1°C/min). Cracking is 

typically observed in β-eucryptite ceramics, if not slow cooled from the processing temperature. 

Fig. 2.2 shows the type of cracking typically observed in β-eucryptite, if not slow cooled from 

the processing temperature. Spontaneous cracking is also observed in samples with large particle 

sizes (>3 µm). In addition, β-eucryptite is prone to moisture-assisted crack growth which further 

promotes crack growth in these ceramics. In one instance, the present author placed a specimen, 

that had spontaneously cracked after hot pressing, on his desk (similar to the one shown in Fig. 

2.2) and the sample exhibited moisture-assisted crack growth subsequently from the humidity of 

the environment. The cracking in these materials is so severe that the cracking could be heard as 

a sputtering sound; eventual disintegration of the sample occurs when the stresses are relieved by 

cracking. 

 

Fig. 2.2.    Typical cracking observed in β-eucryptite with fast cooling from 

processing temperature 
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2.3 Characterization 

Further characterization was carried out in order to determine the phase assemblage, 

density, microstructure, and fracture toughness of the fabricated specimens of β-eucryptite.  

2.3.1 Phase Identification 

The synthesized β-eucryptite powders were characterized using X-ray diffraction (XRD) 

to confirm the composition of β-eucryptite and to determine the purity of the resulting powder 

and the sintered material. The analysis was carried out using a Philips X’Pert Pro MPD 

diffractometer (PANalytical, Almelo, the Netherlands) with a copper source, with λ=1.54 A⁰ and 

a nickel filter. An X’Celerator detector was used for all the XRD analyses. Fig. 2.3 shows the 

resulting XRD pattern for pure β-eucryptite (ICDD PDF Card # 01-070-1574). 

 

Fig. 2.3.    XRD pattern for pure β-eucryptite 

 

2.3.2 Density 

The final density of the sintered pellets was measured using Archimedes technique (from 

three weights) and firing curves, showing the variation of density with the sintering temperature, 

were constructed. All the final densities were normalized with the theoretical density of β-
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eucryptite (2.67 g/cc 
33

) and the resulting firing curve is shown in Fig. 2.4 for pure β-eucryptite. 

From the results, the sintering condition for pure β-eucryptite was determined to be 1395⁰C for 

24 hours. 

 

Fig. 2.4.    Firing curve showing the variation of density as a function of sintering 

temperature and time for pure β-eucryptite  

 

2.3.3 Microstructure 

The sintered pellet was characterized using a scanning electron microscope (SEM) to 

evaluate the microstructure of the material. A JEOL JSM-7000F field emission scanning electron 

microscope (FESEM) with EDAX Genesis energy dispersive X-ray spectrometer was used to 

characterize the microstructures. The specimens were prepared for microscopy by mechanical 

polishing with silicon carbide papers (Nos. 120, 240, 320, 400, 600 and 800), followed by fine 

polishing on nylon cloth with 6µm, 3µm, 1µm and 0.25µm diamond paste. Etching was 

performed with different concentrations of hydrofluoric acid for periods of 5-12 seconds. An 

optimum etch was determined to be 0.008% (by volume) HF for a duration of 5-7 seconds. The 

microstructures are shown in Fig. 2.5. The etching was very sensitive to the concentration of the 

etchant. Etching using 0.005% (by volume) HF for a similar duration yielded no microstructure, 
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while etching using 0.5% (by volume) HF resulted in a microstructure wherein the etchant 

preferentially attacked regions of high residual stress and microcracked regions.  

 

Fig. 2.5.    Scanning electron micrograph showing the microstructure of pure β-

eucryptite after chemical etching with HF 

 

2.3.4 Fracture Toughness 

The large thermal expansion anisotropy in β-eucryptite and its composites leads to 

thermal residual stresses which causes spontaneous microcracking with time.
16

 It was found that 

the cracking associated with the spontaneous ejecta in the β-eucryptite-lithium aluminate 

composite is susceptible to moisture.
16

 Fracture toughness experiments were conducted in air and 

nitrogen environments to characterize the material and as well as to understand the cracking in β-

eucryptite. The samples of pure β-eucryptite were fabricated through hot pressing as described in 

Section 2.2.2. The hot pressed specimens were ground to a thickness of 4mm with a surface 

grinder; care taken to ensure that same amount of material is removed from both sides of the 

pellet. The plates were then cut into bars of dimensions 25 mm x 5 mm x 5 mm with a surface 

grinder. The prospective tensile face of the sample was polished down to 1 µm to optimize the 

surface reflectivity for the ensuing crack observation. The fracture toughness of β-eucryptite was 

measured using the modified indentation technique after Cook and Lawn.
34

 Three Vickers 
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indents were placed with an indentation load of 490 N within the inner span of the bend 

specimen and then loaded to failure in four point bending. The tests were carried out in a screw-

driven uniaxial loading frame (Ernest Fullam, Redding, California, USA) equipped with a 

Honeywell Sensotec Model 11 subminiature load cell (Honeywell International Inc., Columbus, 

Ohio, USA) with a full range of 1000 kg. A displacement-control configuration was employed at 

a rate of 65 MPa/s and testing was performed in both air and inert nitrogen environments. In the 

latter case, a stream of nitrogen blew directly on the sample. The fracture toughness is then 

calculated using, 

         
                    (3.8) 

where A= 2.02 and B= -0.68 MPa∙m1/2
. σm is the fracture strength of the material which is 

calculated from the peak load for failure and the specimen dimensions, and cm is the critical 

crack length which is measured from the remaining two ‘dummy’ indentations. The fracture 

toughness of β-eucryptite in air and nitrogen was found to be 0.8 MPa·m
1/2

± 0.06 MPa·m
1/2 and 1.2 

MPa·m
1/2

± 0.09 MPa·m
1/2respectively. The difference in fracture toughness values in air and 

nitrogen suggests that β-eucryptite is susceptible to moisture assisted crack growth.  

Fractography was also performed on the samples using the SEM in order to characterize 

the type of crack propagation, viz. intergranular/transgranular fracture. The fractographs revealed 

a mixed mode of intergranular and transgranular type of fracture. The most interesting 

observation is that in the sample tested in air, granulation of material and microcracking was 

observed in the region close to the indent. However, in the sample tested in nitrogen 

environment, only little or no microcracking was observed along with the granulation of material 

in the region close to the indent. The fractographs of the regions close to the indent of β-
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eucryptite tested in air and nitrogen are shown in Fig. 2.6. Midway through the cross section of 

the sample, no granulation of material or microcracking was not observed for the samples tested 

in both the environments, as seen in Fig. 2.7. The present results supports the observation of 

Reimanis et al.
16

 that moisture assisted crack growth and phase transformation occur beneath the 

indent during indentation. Microcracking and granulation of material was however not observed 

with alumina and zirconia ceramics
35

 indicating that the phase transformation in β-eucryptite is 

responsible for the observed behavior. Subsequent studies have later confirmed the occurrence of 

a phase transformation under indentation.
18,23

 

 
Fig. 2.6.    Fractograph of the region close to the indent in pure β-eucryptite (a) tested in 

air and (b) testing in nitrogen environment. Granulation of material can be observed in 

both the samples; however, the level of microcracking seen in the region near the indent 

is larger for the sample tested in air 

 

 

Fig. 2.7.    Fractograph of the region away from the indent in pure β-eucryptite tested in 

air. No granulation or microcracking is observed. The same was observed for the sample 

tested in nitrogen environment 
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CHAPTER 3 

EFFECT OF DOPING ON THE THERMAL EXPANSION OF β-EUCRYPTITE 

PREPARED BY SOL-GEL METHODS 

A paper published in the Journal of the American Ceramic Society 
26 

Subramanian Ramalingam and Ivar E. Reimanis 

3.1 Abstract 

The thermal expansion behavior of pure β-eucryptite and Zn-doped β-eucryptite, 

prepared by sol–gel methods and hot pressing, were investigated. β-eucryptite exhibits an 

anisotropic negative coefficient of thermal expansion (CTE) which leads to microcrack 

formation in sintered polycrystalline samples. This is manifested by the presence of a hysteresis 

in the thermal expansion curves.  The hysteresis disappears when a small amount of Zn (0.5 

mol% – 3 mol% Zn) is present.  Furthermore, the bulk CTE increases significantly in magnitude 

(from – 4 x 10
-6

 /°C for pure β-eucryptite to 1 x 10
-6

 /°C to 2 x 10
-6

 /°C) and is slightly positive in 

the range from 25°C to 1000°C.  No difference in grain size was observed between the pure and 

doped samples, and all the ceramics exhibited high relative densities.  It is likely that Zn 

substitutes for Li in the β-eucryptite structure and reduces the c-axis thermal expansion, thereby 

lowering the CTE anisotropy and lowering the tendency for microcracking.  

3.2 Introduction 

Lithium aluminum silicates (LAS) have attracted widespread attraction over the last 

several decades primarily due to their negative or low or even zero coefficient of thermal 

expansion (CTE). This makes them suitable for a variety of applications like stove cook tops, 
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optical windows and thermal shock resistant structures.
1
 β-eucryptite (LiAlSiO4) is one of the 

prominent members of the family of lithium aluminum silicate ceramics. It has a hexagonal 

structure that is best described as a stuffed derivative of β-quartz (space group P6422).
3,4

 The 

structure consists of paired helical chains of [SiO4] and [AlO4] tetrahedra, which produce open 

channels along the c axis, in which the charge-balancing Li resides.
3,4

 β-eucryptite exhibits a 

highly anisotropic CTE, which leads to a slightly negative crystallographic average CTE.
4,8,9,36-40

 

The intrinsic CTE of β-eucryptite was first measured more than fifty years ago by Gillery and 

Bush 
8
 and it was found to be αa = αb = +8.21 x 10

-6
 /°C and αc = –17.6 x 10

-6
 /°C between room 

temperature and 800°C, translating to an average CTE of –0.39 x 10
-6

 /°C in a bulk specimen 

without any crystal orientation effects. This thermal expansion anisotropy leads to large thermal 

residual stresses that cause spontaneous microcracking in β-eucryptite and its composites.  

Because of its low or negative CTE, these ceramics are predominantly used to tailor 

materials with great resistance to thermal shock and good dimensional stability. Traditionally, 

such materials have been made by combining the negative CTE materials with those having a 

positive CTE, to produce a composite with desirable CTE (e.g. alumina reinforced eucryptite
41

 or 

alumina reinforced spodumene
42

 ceramics). The alternative route involves changing the 

composition of material (e.g. by doping) to produce single phase materials with zero CTE. This 

route of producing zero CTE materials via doping has been explored in different material 

systems 
43,44

, however, a majority of the work in the lithia-alumina-silica (LAS) system with 

regard to using doping as a means to achieve low and near-zero CTE materials has been focused 

on glasses and glass-ceramics.
44-46

 Other studies discuss the effect of doping on the absorption 

and luminescence properties of transparent LAS glasses and glass-ceramics.
47-50

 It is well known 

that doping with Zn and Mg can be used to tailor CTE’s very close to zero in stuffed β-quartz 
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structures.
1
 The current study explores the effect of Zn doping on the thermal expansion of β-

eucryptite ceramics, though the concept of using doping as a means to modify properties (E.g., 

pressure-induced phase transformation) exists in an earlier work.
51

  

There exist various compositions of glasses and glass-ceramics with different additives 

that exhibit a zero or near-zero CTE.
44,45

 Several authors have reported bulk CTE’s ranging from 

+1.2 x 10
-6

 /°C to –11 x 10
-6

 /°C 
36-40,52

 for β-eucryptite polycrystalline ceramics and these 

variations have been attributed to stoichiometry/composition differences, variations in processing 

conditions (sintering/crystallization parameters), grain size (and thereby microcracking) and Li-

disorder process. According to Yang et al.
53

, β-eucryptite based glass-ceramics exhibit a CTE of 

–1.3 x 10
-6

 /°C to +1.2 x 10
-6

 /°C from room temperature to 700°C, depending on the heat 

treatment temperature of the glass-ceramic. The composition and the various additives favor the 

crystallization of specific phases (e.g. β-eucryptite versus β-spodumene), which in turn 

influences the observed thermal expansion.
54,55

 The amount of crystalline phase in the glass 

ceramic also influences the thermal expansion behavior.
37,40

 Slight changes in the CTE of β-

eucryptite (–0.57 x 10
-6

 /°C after heat treating at 1300°C for 385 hours compared with –0.63 x 

10
-6

 /°C in non-heat-treated samples) may be explained in terms of the disorder of Li
+ 

ions that 

occur at high temperatures.
36

 It is also well documented that the microcracks arising from 

thermal expansion anisotropy derived stresses often result in anomalous thermal expansion 

effects, e.g. negative and positive thermal expansion coefficients with pronounced hysteresis, in 

magnesium dititanate 
56

, aluminum titanate 
57-62

, β-eucryptite 
8
 and niobium oxide 

63,64
.  

Microcracking, and therefore thermal expansion, has been shown to depend on the grain size of 

β-eucryptite.
39

 Specifically, when the grain size is larger, the extent of microcracking is greater, 

leading to a large negative CTE, and vice versa. Within this framework, the current study aims to 
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understand the effect of doping on the thermal expansion of β-eucryptite. All the samples were 

fabricated through a sol-gel route followed by hot pressing under similar conditions. Results 

indicate that Zn-doped β-eucryptite exhibits a very low positive CTE (1 x 10
-6

 /°C to 2 x 10
-6

 /°C 

from 350°C to 1000°C) in contrast to the low negative CTE of pure β-eucryptite. The effect of 

zinc doping on the structure and thermal expansion of β-eucryptite is discussed. 

3.3 Experimental Procedure 

3.3.1 Powder Preparation and Sintering 

The production of β-eucryptite powders via a sol-gel process has been previously studied 

by different authors.
29-31

 In the current study, a similar procedure has been employed to make 

pure and Zn-doped (0.5 mol % to 3 mol %) β-eucryptite. The process of making pure β-

eucryptite via a sol-gel process has been described in Section 2.1.2. The process of making Zn-

doped β-eucryptite is similar to that described earlier except that zinc nitrate (Zn(NO3)2·6H2O– 

Sigma Aldrich, St. Louis, MO 63103 USA) is also used as one of the precursors and mixed in 

stoichiometric quantities to obtain Zn-doped β-eucryptite. The aqueous nitrate solution was then 

added to the stoichiometric quantity of the TEOS solution and a homogeneous solution was 

obtained after about 30 minutes of mixing using a magnetic stirrer. This solution was then treated 

with excess aqueous ammonia (~10–15 weight %) to obtain a gel, which was then dried at about 

70°C to obtain amorphous powders. These powders are then calcined in air at 1100°C for 15 

hours and then analyzed using X-ray diffraction (XRD) to confirm the presence of single phase 

β-eucryptite. The resulting powders were then ground in a ball mill in an alcohol medium to 

achieve a final particle size of 1 µm. The powders were then poured into a graphite die, 25 mm 

in diameter, and sintered in a vacuum hot press at 1200°C for two hours under an applied load of 

30 MPa, followed by slow cooling (1°C/min). The density of all the samples was measured using 
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Archimedes technique (from three weights) and was found to be about 97-98% theoretical 

density (2.67 g/cm
3
). 

3.3.2 Phase Identification and Microstructure 

The calcined powders as well as the sintered pellets were characterized using XRD to 

determine the purity of the material and confirm the presence of single phase β-eucryptite. XRD 

was carried out using a Philips X’Pert Pro MPD Diffractometer (PANalytical, Almero, 

Netherlands) with a copper source (λ=1.54 A⁰) and a nickel filter. An X’Celerator detector was 

used for all the analysis. The sintered pellet was also characterized using the SEM to evaluate the 

microstructure of the material. A JEOL JSM-7000F field emission scanning electron microscope 

(FESEM) with EDAX Genesis energy dispersive X-ray spectrometer was used to characterize 

the microstructures. The specimens were prepared for microscopy by mechanical polishing with 

silicon carbide papers (Nos. 120, 240, 320, 400, 600 and 800), followed by fine polishing on 

nylon cloth with 6µm, 3µm, 1µm and 0.25µm diamond paste. Etching was performed with 

different concentrations of hydrofluoric acid for periods of 5-12 seconds. An estimate of the 

grain size was made by visual inspection of the etched features in each sample. 

3.3.3 Measurement of Thermal Expansion 

The thermal expansion measurements were performed on pure β-eucryptite and Zn-doped 

β-eucryptite specimens of dimensions 4 mm x 4 mm x 15–20 mm. A Netzsch DIL 402C vacuum 

tight horizontal pushrod dilatometer fitted with a Netzsch TA SC 414/3 temperature controller 

(Netzsch Instruments, MA 01803 USA) was utilized to measure the thermal expansion of all the 

samples. The measurements were performed at a heating and cooling rate of 2°C/min between 

room temperature and 1000°C. The expansion behavior of the ceramic specimens was monitored 
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during the heating and cooling cycles, according to ASTM C1470-06.
65

 An alumina sample 

holder and pushrod were used with cubic zirconia (based on 10 mol% yttria stabilized zirconia) 

spacers to prevent reaction between β-eucryptite and alumina. A constant force of 0.3 N was 

applied to the specimen cross-section during the measurements. A fused silica specimen was 

used as a reference standard to perform a calibration prior to performing the tests on all the 

samples. The thermal expansion coefficient was calculated from the measurements in the 

temperature range of 25°C to 1000°C.  

3.4 Results 

3.4.1 Phase Identification and Microstructure 

The XRD patterns obtained from the calcined powders of pure and Zn-doped β-eucryptite 

(Fig. 3.1) show that the Zn doped specimens are mostly or completely pure β-eucryptite (ICDD 

PDF Card # 01-070-1574). No differences were observed in the XRD patterns obtained from the 

sintered pellets. Very small peaks (indicated by * in Fig. 3.1) corresponding to gahnite 

(ZnAl2O4) are observed in specimens containing more than 1 mol% Zn (ICDD PDF Card # 05-

0669).  No shift in any of the main peak positions was observed in any of the specimens.  

Fig. 3.2 shows the microstructures of all samples obtained by etching with HF. An 

optimum etch was determined to be 0.008% (by volume) HF and 0.05% (by volume) HF for 5-7 

seconds for pure β-eucryptite and Zn-doped β-eucryptite respectively. It is clear there is no 

difference in grain size between the pure and Zn-doped β-eucryptite. The nominal grain diameter 

for all the samples is about 2 µm, based on the observation of the largest etch feature. On closer 

observation of the microstructures, it can be seen that a few microcracks (transgranular) are 
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present in pure β-eucryptite (indicated by black arrows in Fig. 3.2. a) whereas no microcracks 

were observed in any of the microstructures of Zn-doped β-eucryptite (Fig. 3.2. b-f). 

 

Fig. 3.1.    X-ray diffraction patterns of pure and Zn doped β-eucryptite confirming 

the presence of β-eucryptite. Very small peaks (indicated by *) corresponding to gahnite 

(ZnAl2O4) are observed in specimens containing more than 1 mol% Zn. The inset graph is 

a magnified view showing the presence of gahnite peaks in specimens with more than 1 

mol% Zn 

 

 

Fig. 3.2.    Scanning electron micrographs showing the microstructures of (a) pure β-

eucryptite (b) β-eucryptite - 0.5 mol% Zn (c) β-eucryptite - 1 mol% Zn (d) β-eucryptite - 

1.5 mol% Zn (e) β-eucryptite - 2 mol% Zn and (f) β-eucryptite - 3 mol% Zn after chemical 

etching with HF. An average grain size of about 2 µm is observed for all the specimens 
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3.4.2 Thermal Expansion Behavior 

The dilatometric curves of the different specimens from room temperature to 1000°C are 

shown in Fig. 3.3. The experiment was repeated at the end of the first cooling cycle, and the 

thermal expansion behavior of the different specimens in the repeat cycles is shown by dotted 

lines in Fig. 3.3. The linear thermal expansion may be represented as 

                                             
  

  
 

    

  
                                                                                 (3.1) 

from which the coefficient of thermal expansion (CTE), α, can be calculated as,  

                                               
 

  
 
  

  
                                                                              (3.2) 

where        ,    is the room temperature, T is the temperature of testing,    is the 

specimen length at room temperature, and L is the length at the tested temperature. In each of the 

samples, the first heating cycle was used to calculate the coefficient of thermal expansion up to 

1000°C. The CTE of β-eucryptite and Zn-doped β-eucryptite as a function of temperature is 

shown in Fig. 3.4. Several interesting features can be noticed from these two figures: 

- Pure β-eucryptite exhibits a linear expansion which decreases continually and overall 

displays a negative thermal expansion behavior, as previously shown in the literature. 

Doping with zinc, even with amounts as small as 0.5 mol%, results in a markedly 

different thermal expansion behavior compared to pure β-eucryptite. All the Zn-doped β-

eucryptite samples exhibit a positive expansion behavior for temperatures above 100°C, 

as can be seen from Fig. 3.3.  

- A large heating/cooling hysteresis is present in pure β-eucryptite. It is widely accepted 

that this hysteresis behavior is due to microcracking.
8,56-60,63,64

 The Zn-doped β-eucryptite 
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samples however show only a very small hysteresis or exhibit no hysteresis. A residual 

contraction seen at the end of the first cycle in each of the samples. Through repeated 

measurements, this was determined to be the result of a phase lag in temperature during 

cycling, and therefore an instrumental artifact that does not significantly impact the data.  

- All the Zn-doped β-eucryptite specimens display a negative coefficient of thermal 

expansion (CTE) up to about 70°C, after which they exhibit a low positive CTE  

(< 5 x 10
-6

 /°C) up to 1000°C (Fig. 3.4). The CTE for pure β-eucryptite is about -4 x 10
-6

 

/°C and is independent of temperature from about 60°C to 550°C. At higher temperatures, 

the CTE increases with temperature and the material exhibits a positive CTE at 

temperatures greater than 750°C. 

 

Fig. 3.3.    The thermal expansion behavior of pure and Zn doped β-eucryptite between 

room temperature and 1000°C. Doping with Zn (0.5 mol% - 3 mol%) results in a markedly 

different thermal expansion behavior compared to pure β-eucryptite. Two successive cycles 

from room temperature to 1000°C were measured for each specimen 
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Fig. 3.4.    The instantaneous value of CTE as a function of temperature for pure and Zn 

doped β-eucryptite between room temperature and 1000°C, obtained by differentiation of 

the dilation curve. The Zn doped β-eucryptite displays a low positive coefficient of thermal 

expansion (CTE) for a wide temperature range, compared to the negative CTE of pure β-

eucryptite 

 

- Pure β-eucryptite displays a change in slope in the plot of CTE as a function of T (Fig. 

3.4) at about 560°C. This is attributed to the order-disorder transition that is reported to 

occur at ~733 K in β-eucryptite.
4
 It involves a positional disorder of Li

+
 ions in the 

structure. This is however not observed in any of the specimens of Zn-doped  

β-eucryptite. 

 

3.5 Discussion 

In the current study, the thermal expansion behavior of pure β-eucryptite and Zn doped β-

eucryptite were investigated with the aim of achieving single phase low CTE materials.  The 

results indicate that Zn doped β-eucryptite exhibits a low positive CTE over a wide temperature 

range, compared to the negative CTE of pure β-eucryptite. The negative CTE is attributed to Li 

positional disordering and flattening of the tetrahedral sheets in the structure via tetrahedral 



 
29 

 

tilting. 
4,8-10,36

 β-eucryptite is also known to undergo a positional disorder of Li
+
 ions at about 733 

K.
4
 Xu et al. 

4
 reported that the thermal behavior of ordered β-eucryptite is more pronounced 

than that of the disordered phase. They reported the linear expansion coefficient of the 

disordered phase to be: αa = αb = +5.98 x 10
-6

 /°C and αc = –3.82 x 10
-6

 /°C between room 

temperature and 600°C. The absolute values of the axial CTE are lower than those of the ordered 

sample because the disordered phase does not exhibit tetrahedral tilting.
4
 The disordered phase 

has flat sheets of [SiO4] and [AlO4] tetrahedra, together with a positional disorder of Li
+
 ions in 

the structure, which result in an overall lower CTE than the ordered β-eucryptite. In the current 

study, from the plot of CTE as a function of temperature (Fig. 3.4) it can be seen that there is a 

slope change for pure β-eucryptite at about 550°C, which is likely due to the order-disorder 

transition in β-eucryptite. This, however, is not observed in the specimens of Zn doped β-

eucryptite which indicates an absence of such a transition in the Zn doped specimens. 

Nonetheless, it is probable that the presence of Zn resulted in a positional disorder in the Li
+
 

channel along the c-axis, similar to the temperature-induced disordering in pure β-eucryptite. As 

is well known with pure β-eucryptite, this positional disordering of Li
+
 ions results in a reduced 

thermal anisotropy, resulting in an overall positive CTE, as seen in the results for Zn-doped β-

eucryptite. The results of x-ray diffraction on the zinc doped β-eucryptite reveals growth of new 

peaks corresponding to gahnite (ZnAl2O4) for samples containing greater than 1 mol% Zn. 

Gahnite intrinsically has a high CTE (7 x 10
-6

 /°C to 9 x 10
-6

 /°C) and it would be expected to 

modify the intrinsic negative thermal expansion behavior of β-eucryptite when it is present in 

significant quantities. For example, using a simple rule of mixtures, one can estimate that in 

order to realize the CTE’s observed in the current study, it would require a composite with β-

eucryptite containing about 40% - 60% of gahnite. However, if gahnite is present in the 



 
30 

 

specimens of the current study, the amount is too small to explain the observed change of the 

CTE from negative for pure β-eucryptite to positive for the Zn doped β-eucryptite. From the plot 

of CTE as a function of temperature (Fig. 3.4), it can be seen that all the specimens of Zn doped 

β-eucryptite exhibit a negative CTE at lower temperatures (up to ~70°C), beyond which the CTE 

is slightly positive (<5 x 10
-6

 /°C) up to 1000°C. It is likely that thermal contraction in the c axis 

dominates the behavior during the initial stages, and the reduced thermal anisotropy in the Zn 

doped β-eucryptite due to positional disorder of Li
+
 ions subsequently leads to an expansion 

dominated thermal behavior.  

β-eucryptite also exhibits a large thermal hysteresis (Fig. 3.3).  The well-accepted 

mechanism for this thermal expansion hysteresis as a function of temperature is that microcracks 

continuously heal/close upon heating and, upon cooling, the microcracks reopen only when the 

thermal stresses exceed the grain strength of the material.
56-59,61-64,66

 These thermal stresses are 

driven by the intrinsic crystal thermal expansion anisotropy, and therefore microcrack reopening 

can occur only below a certain temperature. This is consistent with the observations in the 

current study that the thermal expansion curve during cooling for pure β-eucryptite only deviates 

from the heating portion at about 800°C. It can also be seen that all the specimens of Zn doped β-

eucryptite exhibit very little or no thermal hysteresis behavior, suggesting a lower degree of 

microcracking or an absence of microcracking in the Zn doped β-eucryptite. This is also evident 

in the microstructures, where no microcracks were observed for Zn-doped β-eucryptite. It is 

widely accepted that microcracking depends on grain size, and that there is a critical grain size 

below which microcracking does not occur. In the current study, there is no difference in grain 

size between pure β-eucryptite and Zn doped β-eucryptite which suggests that the observed 

thermal expansion behavior is due to the intrinsic modification of the structure and not a 
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consequence of a change in microstructure. Therefore, the observed lack of hysteresis in the Zn 

doped β-eucryptite is probably due to the reduced thermal anisotropy in the structure which 

results in lower thermal stresses and microcracking. Verification of the exact mechanism 

responsible for the observed thermal behavior, however, requires diffraction data with a high 

resolution, such as neutron diffraction, to determine the change in lattice parameters as a function 

of temperature. Nonetheless, the results from the current study indicate that the Zn doping  may 

be utilized to produce single phase low thermal expansion β-eucryptite ceramics. 

3.6 Conclusions 

β-eucryptite and Zn doped β-eucryptite ceramics were synthesized through a sol-gel route 

and sintered via hot pressing. The results from the study demonstrate a positive thermal 

expansion behavior for Zn doped β-eucryptite which is probably due to an intrinsic modification 

in the structure of the material. No correlations were observed between the observed thermal 

expansion behavior and amount of Zn in the sample. No thermal hysteresis was observed in the 

zinc-doped samples which suggest an absence of the microcracking which is typically observed 

in pure β-eucryptite. The microstructures also revealed an absence of microcracking in Zn-doped  

β-eucryptite.  It is believed that the Li
+
 positional disorder is responsible for the observed thermal 

expansion behavior. 
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CHAPTER 4 

DETERMINING ACTIVATION VOLUME FOR THE PRESSURE-INDUCED PHASE 

TRANSFORMATION IN β-EUCRYPTITE THROUGH NANOINDENTATION 

A paper published in the Journal of the American Ceramic Society 
23 

Subramanian Ramalingam, Ivar E. Reimanis and Corinne E. Packard 

4.1 Abstract 

β-eucryptite (LiAlSiO4) has received widespread attention, both industrially and 

academically because of its low negative average coefficient of thermal expansion (CTE) and 

one dimensional Li-ion conductivity. It undergoes a reversible pressure-induced phase 

transformation at ~1 GPa to a metastable polymorph, -eucryptite. In the present work, low load 

(~ 30 µN) nanoindentation tests were performed on polycrystalline and single crystal β-

eucryptite to characterize this phase transformation. Hundreds of tests at several loading rates 

revealed a rate-dependence, with higher loading rates suppressing the deviation from isotropic 

elastic behavior - a signature of a thermally-activated process. The occurrence of reversible 

hysteretic loops in the load-displacement curves is consistent with a reversible process during 

nanoindentation, viz. the phase transformation. Calculations of the activation volume suggest 

that the nucleation event that is believed to mark the onset of the phase transformation is 

approximately the size of the silica and alumina tetrahedra comprising the -eucryptite structure. 

This study provides fundamental insights into the mechanism of pressure-induced phase 

transformation in -eucryptite. 
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4.2 Introduction 

The family of lithium aluminum silicates includes numerous materials with fascinating 

thermo-mechanical properties. They have low, zero and negative coefficients of thermal 

expansion (CTE), which make them suitable for a variety of applications like stove cook tops, 

optical windows and thermal shock resistant structures.
1
 β-eucryptite (LiAlSiO4) is one of the 

prominent members of the family of lithium aluminum silicate ceramics. It has a hexagonal 

structure that is best described as a stuffed derivative of β-quartz (space group P6422).
3-6

 The 

structure consists of paired helical chains of [SiO4] and [AlO4] tetrahedra spiraling along the 64 

(or 62) screw axis parallel to the c axis. These helical chains then produce open channels along 

the c axis, in which the charge balancing Li resides.
3-6

 β-eucryptite has a slightly negative 

crystallographic average CTE, which is attributed to three independent processes 
4,7-10

: the 

deformation of Si/Al tetrahedra, Li positional disordering and tilting of Si/Al tetrahedra. A large 

CTE anisotropy (αa = αb = 7.26 x 10
-6

 /⁰C and αc = -16.35 x 10
-6

 /⁰C) leads to thermal residual 

stresses that cause spontaneous microcracking in β-eucryptite and its composites. This anisotropy 

also manifests itself in one dimensional ionic conduction, where Li ion conduction happens 

along the c-axis.
11,12

   

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

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

and/or amorphization in the material.
3,13,14

 Zhang, et al.
6,15

 reported the presence of a high 

pressure orthorhombic polymorph, ε-eucryptite, using in-situ x-ray diffraction experiments, 

although evidence for the occurrence of a new phase under pressure exists in a previous work.
5
 

Reimanis et al.
16

 calculated the lattice volume of orthorhombic ε-eucryptite to be 7.7% lower 

than that of β-eucryptite. Furthermore, this transformation is seen to be reversible, i.e., ε-
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eucryptite reverts back to β-eucryptite on the release of pressure at ambient temperature.
3-6,18

 

However, pressures greater than 0.83 GPa at higher temperatures (~600°C) result in an 

irreversible transformation to α-eucryptite. At pressures greater than 5 GPa, β-eucryptite begins 

to amorphize and over 17 GPa, it is completely amorphous. When the pressure is released before 

it reaches 17 GPa, β-eucryptite recrystallizes, indicating the presence of structural memory in the 

structure.
15

 

Macro-indentation studies have yielded valuable information about the phase 

transformation in β-eucryptite.
16,18

 In 2007, Reimanis et al.
16

 observed a unique phenomenon in 

composites of β-eucryptite and lithium aluminate (Li5AlO8): indentation of these composites 

resulted in spontaneous and sustained ejection of particles with high energy, with sizes ranging 

from sub-micrometer to tens of micrometers in diameter. The behavior was attributed to two 

different 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. 

Subsequently Jochum et al.
18

 carried out in-situ Raman indentation studies which proved the 

existence of a reversible phase transformation during indentation. The results also indicated the 

presence of a slight hysteresis in the loading-unloading curves, indicating that the load at which 

β-eucryptite transforms to ε-eucryptite is slightly higher than the load for the reverse 

transformation. In the current study, the mechanical response of -eucryptite is probed on an 

even finer scale using nanoindentation, in an effort to better understand the factors influencing 

the phase transformation. 

Nanoindentation has been routinely used to characterize a material’s mechanical 

properties like hardness and elastic modulus. Because of its high sensitivity in capturing events 

on the nanoscale, the technique is also used to understand many fundamental processes in 
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materials science including dislocation nucleation, mechanical instabilities and phase 

transformations which occur beneath the tip. During nanoindentation experiments, a calibrated 

indenter tip is brought into contact with a specimen and the output of load and displacement into 

the material is measured in real-time with high resolution. At very small loads, the displacement 

of the indenter tip initially corresponds to an elastic deformation of the sample and follows the 

prediction of Hertzian elastic contact mechanics.
67,68

 At higher loads, a deviation from Hertzian 

elasticity occurs. Such deviations are generally considered the onset of plastic deformation and 

are frequently associated with a displacement burst (“pop-in”) in the load-displacement curve. 

Pop-ins have been attributed to crack formation (e.g., brittle ceramics), shear bands (e.g., 

metallic glasses), dislocation nucleation (in metals and alloys, e.g., Pt, Al-alloys etc.), and phase 

transformations (e.g., Si, Ge, GaAs wafers).
67-79

 Detailed statistical studies of deviations from 

elasticity at different test rates and temperatures have led to an increased understanding of the 

nucleation of the underlying processes that catalyze deformation.
67,68,71,73,74,80-83

 The present 

study extends this type of analysis to characterize the phase transformation that happens in β-

eucryptite during indentation. Hundreds of low load (~ 30 µN) indentations performed at several 

loading rates show that the phase transformation that occurs during nanoindentation is a 

thermally activated process. The activation volumes calculated using a nucleation theory-based 

model
68,71,74,80-82

 indicate that phase transformation is governed by the silica and alumina 

tetrahedra that make up the β-eucryptite structure. 

4.3 Experimental Procedure 

4.3.1 Scanning Electron Microscopy Characterization 

A polycrystalline sample of dense (>99% theoretical density) –eucryptite was fabricated 

by pressureless sintering as described in Section 2.3.1. A JEOL JSM-7000F Field Emission 
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Scanning Electron Microscope (FESEM) was used to characterize the microstructure of the 

sintered material. The specimens were prepared for microscopy by mechanical polishing with 

silicon carbide papers (Nos. 120, 240, 320, 400, 600 and 800), followed by fine polishing on 

nylon cloth with 6µm, 3µm, 1µm and 0.25µm diamond pastes. Etching was carried out using 

0.008% (by volume) HF for duration of 5-7 seconds. The microstructure of the resulting material 

obtained after chemical etching is shown in Fig. 4.1. 

 

Fig. 4.1.    Scanning electron micrograph showing the microstructure of β-eucryptite after 

etching. An average grain size of about 2 µm is observed 

 

4.3.2 Nanoindentation 

Nanoindentation experiments were performed at ambient temperature using a Hysitron 

TI950 TriboIndenter (Hysitron, Inc., MN, USA). Tests were conducted with a tip that can be 

approximated as a sphere with a radius of 410 nm, over the range of indentation depths explored 

in this study. Two different materials were tested: 1) a dense sample of polycrystalline -

eucryptite prepared by pressureless sintering and 2) a single crystal of -eucryptite obtained from 

H. Xu.
3
 In order to have a surface finish suitable for nanoindentation, the polycrystalline sample 
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was mounted in epoxy and mechanically polished down to 0.25 µm. The surface roughness of 

each sample was determined through in-situ scanning probe microscopy with the indenter tip and 

they were found to be 7-10 nm and 4-6 nm (peak to peak over a 10 µm scan) for the 

polycrystalline and single crystal -eucryptite, respectively. Indentations were performed under 

an open loop configuration at three different loading rates (30 µN/s, 300 µN/s and 600 µN/s) 

with a peak load of 30 µN. Cyclic loading experiments were also carried out using the tip of 

radius 735 nm in order to probe the reversibility of the phase transformation in the material. Five 

successive loading/unloading cycles with a peak load of 500 µN were performed at a loading rate 

of 300 µN/s. For all the tests, a minimum of 100 indentations were performed for each set of 

conditions in order to obtain statistical information. 

4.4 Results 

4.4.1 Nanoidentation 

Figure 4.2 shows a set of load-displacement curves obtained for -eucryptite with a 410 

nm tip radius indenter at 300 µN/s. For simplicity, the data was separated into three types of 

load-displacement curves: elastic, plastic and hysteretic, with higher rates favoring elastic and 

hysteretic behavior. Load-displacement curves with an area between the loading and unloading 

curves and a residual displacement less than 1 nm upon unloading are considered hysteretic, 

while indents with residual displacements greater than 1 nm are considered plastic. Elastic curves 

are those wherein there is no residual displacement on unloading, i.e., the loading and unloading 

curves coincide with no area between them, within the resolution of the instrument. All three 

types of curves were observed for loading rates 30-600 µN/s. Detailed statistical analyses were 

performed on the obtained load-displacement data to establish whether the divergent load-

displacement responses are suggestive of different underlying mechanisms. The results of this 
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analysis are presented in Appendix B and it was found that a single mechanism was responsible 

for the observed behavior.  

In total, over 500 indentations were performed in this study. No differences in indent 

morphology were observed for the three types of behavior, for both the polycrystalline and single 

crystal -eucryptite. Further analysis of nanoindentation data is usually carried out by describing 

the first pop-in (a distinct burst in the load-displacement curve) or point of deviation from 

elasticity. It signifies the onset of a discrete process during indentation (E.g. dislocation 

nucleation, phase transformations, cracking, etc.).
71,74,75,77-81,84,85

 Though no distinct pop-ins were 

observed in the current study (as shown in Fig. 4.2), all the load-displacement curves exhibited 

comparable deviation from elasticity at each loading rate for every indentation. It is to be noted 

that only a fraction of curves exhibiting elastic behavior remained truly elastic, i.e., curves 

exhibiting no deviation from the Hertzian curve. In the other ‘elastic’ curves, the deviation from 

Hertzian elasticity can be observed by the removal of the unloading curve as shown in Fig. 4.2. 

Nanoindentation experiments were also conducted using the 735 nm radius tip, resulting in 

similar elastic, plastic and hysteretic behavior at each loading rate (Chapter 5). Similar behavior 

is observed with different tips, indicating that the observed behavior is the characteristic of the 

material and not an artifact of the tip or the instrument. 

     (A) Cyclic Loading: Examples of load-displacement curves from the cyclic loading 

experiments are shown in Fig. 4.3. At each loading rate, the first cycle is elastic or plastic or 

hysteretic and subsequent loading-unloading cycles often result in a series of hysteresis loops, 

shown in red in Fig. 4.3. In Fig. 4.3 (a), the first cycle exhibits plasticity with residual 

displacement of ~ 2 nm, while the second cycle and all subsequent loading-unloading cycles 

(cycles 3-5) showed the presence of hysteretic loops that coincided with each other. Figure 4.3 
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(b) shows hysteretic loops that overlap with one another through cycles 1-5. The presence of 

reversible load-displacement behavior throughout repeated cycling could be consistent with the 

occurrence of a reversible phase transformation in the material that occurs under the tip on 

loading, but becomes unstable and transforms back during unloading. However, when the first 

loading and unloading cycle follows Hertzian elasticity, subsequent cycles (cycles 2-5) also 

remain elastic and the load-displacement curves in every cycle overlap each other. 

 

Fig. 4.2.    Typical load-displacement curves for -eucryptite at 300 µN/s with a 410 

nm indenter showing the three types of behavior observed (elastic, plastic, and hysteretic).  

The phase transformation event is identified as the point of deviation from the Hertzian  

elastic behavior; *In some curves, identification of deviation from elasticity is aided 

 by removal of the unloading curve 
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Fig. 4.3.    Load-displacement curves from cyclic loading experiments conducted on  

β-eucryptite with a tip of radius, 735 nm (a) First cycle exhibits plastic behavior, 

subsequent cycles show completely reversible hysteretic loops (b) Reversible hysteretic 

loops through the 5 cycles 

 

     (B) Identification of the Phase Transformation: To further characterize the potential phase 

transformation, the observed deviation from elastic behavior is considered closely. The 

experimental data from the single cycle tests is compared with the Hertzian model 
86,87

 of the 

load-displacement relationship for loading of a sphere on flat isotropic elastic half-space,  

                                               
 

  
    

                                                                          (4.1) 

where P is the load, R is the indenter radius, h is the depth of penetration into the material and Er 

is the reduced modulus given by 

                                                     
 

  
 

    
 

  
 

    
 

  
                                                                    (4.2) 
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Here, E and ν are the Young’s moduli and Poisson’s ratios of the specimen and indenter as 

denoted by the subscripts, s and i. The Young’s modulus and Poisson’s ratio for the specimen (-

eucryptite) and indenter tip (diamond) are 128 GPa and 0.31
88

 and 1141 GPa and 0.07, 

respectively.
75

 The experimental load-displacement curves obtained for R = 410 nm at 300 µN/s 

are shown in Fig. 4.2 along with the Hertzian elastic model. Prior to identification of the 

deviation from Hertzian elasticity, each experimental load-displacement curve is first smoothed 

by a three point moving average filter, then plotted along with the Hertzian model given in Eq. 

(4.1), as shown in Fig. 4.2. The load at which the data deviates from the Hertzian curve, defined 

as the Hertzian deviation load, is identified for each indentation at every loading rate for the 

polycrystalline and single crystal -eucryptite. This procedure was repeated twice on each curve 

in order to estimate the uncertainty on the identification of the deviation loads. This uncertainty 

is represented as an error bar of 2 µN in the cumulative distribution plots in Fig. 4.4.  

     (C) Cumulative Analysis of Data: A cumulative analysis of the Hertzian deviation loads was 

performed, incorporating the results of the identification of deviation load from about 300 

indentations over three different rates of testing, and then plotted as a cumulative distribution in 

Fig. 4.4, where each data point represents the result of an individual indentation test. The 

horizontal axes represent the load corresponding to the first deviation from elasticity, while the 

vertical axes represent the percentage of indentations that exhibited the deviation at or below the 

given load. Fig. 4.4 (a) and (b) show the cumulative distribution of the deviation loads for the 

polycrystalline and single crystal -eucryptite obtained using the 410 nm tip. The data shows that 

the deviation from Hertzian behavior exhibits a rate dependence, with a shift to higher loads 

observed when the loading rate is increased. This rate shift in the Hertzian deviation loads is 

distinct, in spite of 2 µN uncertainty in the deviation loads. Though the load-displacement curves 
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at each loading rate displayed three types of responses, within each rate, the Hertzian deviation 

load is uncorrelated to the overall load-displacement response (elastic, plastic or hysteretic), 

suggesting that a single mechanism is responsible for the observed behavior. It is also evident 

that the deviation loads observed for the single crystal -eucryptite is higher than that for 

polycrystalline -eucryptite at each loading rate. Even though the relative range of the deviation 

loads observed is very similar in both cases, the range of stresses associated with these loads is 

higher in polycrystalline -eucryptite than in the single crystal, which may be attributed to 

orientation effects and superposition of residual stresses resulting from sintering. A similar trend 

is observed in the cumulative distribution plot for experiments performed with a 735 nm tip 

(Chapter 5). While this technique has been routinely used to report time dependencies for 

incipient plasticity in metals 
68,71,74,80-82

, the current study is the first to use this nanoindentation 

technique to report rate dependencies of phase transformation.  

4.4.2 Calculation of the Activation Volume for the Phase Transformation 

In a typical nanoindentation experiment, a deviation from elasticity or a pop-in is often 

associated with a discrete-nucleation-type event that triggers a particular process. Here, the 

activation volume should be differentiated from the transformation volume; the following 

analysis concerns the activation volume, which corresponds to the microscopic event that 

precipitates transformation, rather than the transformation volume, which is linked to the 

magnitude of the hydrostatic pressure. Activation volumes correspond to the generation of  

 



 
43 

 

 

               Fig. 4.4.    The cumulative distribution of the Hertzian deviation loads for  

             (a) polycrystalline –eucryptite and (b) single crystal –eucryptite with an indenter  

         radius 410 nm The 2 µN error bar indicates the uncertainty on the identification  

             the deviation load for any given data point. A similar suppression of deviation loads 

is observed for higher rates in each case 

 

bonding defects that occur readily by shearing
68,75,79-82,84,85,89-95

, thus the proposed analysis is 

based on maximum shear stress and makes use of an existing analytical framework developed for 

the case of dislocation-based plasticity.
68,75,80-82

 The obtained deviation loads are converted to 

maximum shear stresses (See Appendix B.2) and two different approaches are adopted to extract 

the activation volumes of the phase transformation: (1) one based on the strain rate sensitivity of 

strength and (2) the other based on a nucleation theory model. Later, the results obtained with 

these two approaches are compared. In the section that follows, the implications of the results of 

the two models are discussed to yield physical insight into the mechanism of pressure-induced 

phase transformation in the material. 
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(1) Strain Rate Sensitivity of Strength 

The first method of determining activation volumes involves examining the rate 

dependence of the strengths using the maximum shear stress analysis to quantitatively interpret 

the thermally activated mechanisms of plasticity 
80,96

. According to this analysis, the activation 

volume, V* may be given as       

                                                        
      

  
                                                                       (4.3) 

where    is the strain rate and σ is the uniaxial yield stress of the material. Relevant expressions 

for the determination of the shear stresses (converted to uniaxial stresses using appropriate 

criterion) and strain rates are presented in the Appendix B.1. The effective strain rates 

corresponding to the loading rates of 30, 300 and 600 µN/s were estimated to be 10, 50 and 100 

s
-1

, respectively. Using Eq. (4.3), the plot of the stress against its corresponding strain rate (ln   ) 

is used to determine the activation volume (from the slope of the plot) as shown in Fig. 4.5. 

Figure 4.5 also shows the maximum shear stresses, τmax, (normalized by shear modulus, G)
80 

measured at the first pop-in at different strain rates for a number of other materials 
72,80-82,90,97,98

. 

It can be seen that -eucryptite exhibits a similar rate behavior like other materials. However, the 

magnitude of stresses observed was comparatively lower than that reported for other materials. 

From this plot, the activation volume of the polycrystalline and single crystal -eucryptite were 

found to be around ~0.06 nm
3
 (60 Å

3
). The activation volumes obtained this way are denoted as 

       
  and are listed in Table 4.1 for the polycrystalline and single crystal -eucryptite. The 

activation volumes for other materials are reported to be about 0.8 b
3
 (~10 Å

3
 or ~0.01 nm

3
) in 

single crystal Ni3Al 
80,90

, 1.6 b
3
 (~10 Å

3
 or ~0.01 nm

3
) in single crystal Pt 

81
, 4.6 Å

3
 (0.0046 

nm
3
)in 4H SiC 

82
 and vary from 0.2–1 b

3
 (~3–20 Å

3
 or ~0.003–0.02 nm

3
) for pure Mg and its 
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alloys 
80

. The difference in the values of activation volumes obtained for -eucryptite suggests 

that a mechanism with a markedly different physical scale may be responsible for the deviation 

from elastic behavior in -eucryptite. 

 

Fig. 4.5.    Determination of activation volume based on the model of strain rate sensitivity 

of strengths (Eq. 4.3). Maximum shear stress at the first pop-in, normalized with the shear 

modulus, at different strain rates for -eucryptite and other materials 
72,80-82,90,97,98

. The 

τmax/G values are (0.042, 0.045, 0.047) and (0.04, 0.041, 0.043) for single crystal and 

polycrystalline β-eucryptite respectively, corresponding to strain rates of (10, 50, 150 s
-1

). 

The activation volumes obtained from the slope are shown in Table 4.1 for -eucryptite 

 

(2) Nucleation Theory Based Model 

A complementary method of assessing activation volumes is based on analyzing the 

cumulative statistics of the Hertzian deviation loads. A detailed derivation of this theory is given 

elsewhere 
68,71,80-82

, but the resulting cumulative distribution function is summarized here as, 
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                                                      (4.4) 

For a given set of indentations performed at constant temperature and various applied strain 

rates, rearrangement of Eq. (4.4) shows that the activation volume V
*
 can be obtained directly 

from the slope of the plot of               against shear stress ( ) as shown in Fig. 4.6, after 

Refs. 
80-82

. The activation volumes at different rates for polycrystalline and single crystal -

eucryptite obtained this way are summarized in Table 4.1, denoted as        
 . 

 

Fig. 4.6 Plotting distributions of Hertzian deviation events to determine the activation 

volume according to the nucleation theory based model. Equation (4.6) is linearized by this 

set of axes such that the slope gives V*/ kT. The activation volumes obtained from the 

slopes of the curves are shown in Table 4.1 

 

It is encouraging that both of the analyses for determining activation volumes yield values of 

similar magnitude for both the single crystal and polycrystalline –eucryptite; it implies that the 

physical event that controls the pop-in in both materials is the same. 
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Table 4.1.    The activation volumes obtained from statistical analysis of maximum shear 

stresses in -eucryptite 

Materials        
  (nm

3
)                                                  

  (nm
3
) 

   

          10 s
-1

                        50 s
-1

                           150 s
-1

 

   

Polycrystalline 

β-eucryptite  

(R = 410 nm) 

0.06           0.12                           0.11                             0.11 

   

Single crystal 

β-eucryptite  

(R = 410 nm) 

0.06            0.09                          0.10                             0.09 

 
       

  is calculated using Eq. 4.4 for each strain rate and        
  is obtained from the strain rate dependence of 

maximum shear stress in Eq. 4.3. 

 

4.5 Discussion 

In the current study, the high resolution data provided by nanoindentation has been employed 

to provide fundamental insights into the mechanism of pressure-induced transformations, using 

the frameworks commonly used to analyze the first pop-in event in crystalline materials
67,68,71-

75,80-82,98-102
. Though no distinct pop-ins were observed in β-eucryptite, hundreds of tests at 

several loading rates showed the presence of three types of behavior (elastic, plastic and 

hysteretic). Cyclic indentation experiments revealed successive hysteretic loops (see Fig. 4.3), 

suggesting the occurrence of a reversible process during indentation, similar to the occurrence of 

hysteretic loops observed in shape memory alloys where this pseudo-elastic behavior is 

attributed to the reversible austenite-martensite transformation in the material.
103-107

 In a similar 

way, the observed behavior in β-eucryptite likely corresponds to the reversible phase 

transformation that occurs under the tip on loading, but is unstable and retransforms back upon 

the release of pressure during unloading. Other processes, such as dislocation activity and 
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indentation-induced fracture generally lead to permanent plastic deformation observable as a 

permanent displacement offset between the loading and the unloading curves. An analysis was 

performed to understand whether the stresses experienced by the material underneath the 

indenter are physically reasonable given what is known about pressure-induced transformation in 

β-eucryptite versus other potentially competing processes like dislocation nucleation, formation 

of kink bands, indentation-induced fracture etc. The hydrostatic stress fields were determined 

through the full solution for the Hertzian stress field 
75,86,87

 over the range of measured Hertzian 

deviation loads. The maximum shear stresses were also determined according to Eq. (B.1) (See 

Appendix B.2) in order to identify these stresses in comparison to the theoretical strength of the 

ceramic, estimated as roughly
108

 

                                                                     .                                                                 (4.5) 

The shear modulus of β-eucryptite is 49 GPa
88

, giving a theoretical strength of ~ 7.8 GPa. Thus, 

the maximum shear stresses observed in the current study are about 0.2 – 0.3    . In the section 

below, the stresses and behaviors observed in the current study are compared with those reported 

in the literature for different deformation processes in ceramics. 

 Dislocation nucleation and kink band formation 

Previous nanoindentation studies on different ceramics
82,108-111

 attributed the pop-in 

behavior to homogeneous dislocation nucleation because the maximum shear stresses in the 

experiments were far greater than the theoretical strength of the ceramic (~ 1.5 – 4    ). 

Since the magnitude of the maximum shear stresses in the present study is smaller than the 

theoretical strength of β-eucryptite, homogeneous dislocation nucleation likely does not 
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occur. Furthermore, one would expect to observe plasticity with the nucleation of 

dislocations
74,81,82

 and not the hysteretic behavior that is prevalent in our results. 

 Recent studies on ceramics have reported the presence of reversible hysteretic loops 

followed by hardening.
99-102,112

 They attributed this phenomenon to the formation of kink 

bands in the material. Though the mechanism for the formation of kink bands is currently 

unknown, it is accepted that the dislocation pile ups play an important role to trigger the 

kinking process. Since dislocation nucleation is not likely in the current study, the likelihood 

of kink band formation is believed to be minimal. Furthermore, β-eucryptite does not fall into 

the class of kinking nonlinear elastic (KNE) solids (defined by the c/a ratios)
100,101,112

 which 

deform fully and reversibly by the formation of dislocation-based kink bands. 

 Indentation-induced fracture 

Microcracking
113

 and/or formation of radial cracks
114

 during nanoindentation lead to 

permanent plastic deformation with visible cracks on the surface. However, no cracks were 

observed via optical microscopy or scanning probe microscopy in the current study. Though 

microcracking has not been ruled out conclusively, the prevalence of closed hysteresis loops 

in cyclic experiments that do not advance over time is inconsistent with what might be 

expected if cyclic microcrack closure and reopening were to occur.  

 Phase transformations 

 Finally, non-dislocation mechanisms have also been used to explain deviations from 

Hertzian model and pop-in phenomena for processes such as twinning in sapphire
115,116

 and 

phase transformations in semiconductors like Si
76-79,84,85

, Ge
69,70

, GaAs
73

 and shape memory 

alloys
103-106

. Phase transformations in semiconductors are usually detected on unloading 
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during nanoindentation (because of continuous transformation they are not clearly observed 

during loading) and therefore are not directly relevant here. Hysteretic loops in shape 

memory alloys have been attributed to the reversible austenite-martensite transformation in 

the material. In these materials, the residual displacement between the loading and unloading 

curves is less than 1 nm with an area between the curves, similar to that observed in the 

present study for β-eucryptite. The results from the analysis of stresses experienced by the 

material beneath the indenter indicate a significant volume of material (~10
5
–10

6
 nm

3
) under 

the point of contact experiences a stress greater than the transformation pressure of 0.83 

GPa.
6,15,18

 Therefore, the observed behavior is likely due to the occurrence of a reversible 

pressure induced transformation in the material.  

A closer analysis of the cumulative distribution data shows that the deviation from Hertzian 

behavior exhibits a rate dependence, with a shift to higher loads observed when the rate is 

increased, a typical signature of a thermally-activated process.
67,68,71,74,80-82

 The activation 

volumes were determined through two different approaches for both the polycrystalline and 

single crystal β-eucryptite and the extracted values were roughly similar (~ 0.1 nm
3
), suggesting 

that the rate-limiting process that controls the phase transformation in each case is similar. Based 

on the structure of β-eucryptite which comprise of alternating layers of [SiO4] and [AlO4] 

tetrahedra, one would expect that these fundamental units, with their relatively fixed bond angles 

and atomic coordination, might influence the mechanisms of deformation and phase 

transformation in a way that is more transparent than the use of the Burgers vector, which is 

common in dislocation-based crystal plasticity. Consequently, the activation volume is expressed 

in terms of the tetrahedra that comprise the structure. Specifically, a single unit cell of β-

eucryptite contains 84 atoms
88

, arranged in about 12 tetrahedra within a single unit cell, with a 
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volume of 1.07 nm
3 

(          )
6,15

. The activation volumes obtained in the current study are ~ 0.1 

           , thus the process that is responsible for the deviation from Hertzian elasticity is on the 

order of the size of the [SiO4] and [AlO4] tetrahedra. Though the current study lacks the 

resolution to determine the specific type of tetrahedron undergoing deformation, it provides 

evidence that the phase transformation in β-eucryptite is governed by a tetrahedral unit process. 

This process that catalyzes phase transformation may consist of the rotation and/or distortion of a 

small number of tetrahedra under pressure, similar to the mechanism of deformation and 

amorphization in quartz which occurs via the rotation and distortion of the [SiO4] 

tetrahedra.
14,15,117-121

 Zhang and colleagues 
15

 proposed a similar mechanism for amorphization in 

β-eucryptite based on the molecular dynamic simulations and previous observations of pressure 

induced amorphization in quartz
122

, boron carbide
123

 and certain clathrate hydrates
124

. They 

proposed that amorphization involves a combination of a decrease in the Si (Al)–O–Si (Al) bond 

angle, distortion and rotation of the [SiO4] and [AlO4] tetrahedra, shortening of the Si (Al)–O 

bond lengths and an increase in the Si/Al coordination. The presence of structural memory in the 

structure 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] tetrahedra
15

, and therefore during compression, the [AlO4] tetrahedra 

become gradually distorted under compression while the [SiO4] tetrahedra rotate, but remain 

intact. As a result, when the pressure is released the structure can be recovered easily, with the 

[SiO4] tetrahedra acting as templates around which the original structure is recovered. However 

beyond a certain critical pressure (17 GPa 
6,15

), even the [SiO4] tetrahedra begin to deform, 

leading to irreversible amorphization. This mechanism of non-deformable units that act as 

templates for structural memory has been verified in clathrate hydrates
124,125

. A similar 
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tetrahedral distortion mechanism may be responsible for catalyzing the transformation from  to 

ε-eucryptite. Verification of the mechanism, however, requires diffraction data with a high 

resolution, such as single-crystal synchrotron XRD, to determine the atomic positions as a 

function of pressure along with detailed atomic simulations. Nonetheless, the results obtained 

from the current study suggest that the phase transformation in the material may be controlled by 

the specific behavior of [SiO4] and [AlO4] tetrahedra in the structure. 

4.6 Conclusions 

Nanoindentation experiments were conducted on both polycrystalline and single crystal 

β-eucryptite to characterize the deformation behavior that occurs upon nanomechanical loading 

and unloading. The load-displacement curves showed three different types of responses: elastic, 

plastic and hysteretic with consistent deviations from the Hertzian elasticity in each case. Cyclic 

loading experiments revealed successive hysteretic loops, indicative of a reversible process 

consistent with the reversible pressure induced transformation in the material during indentation. 

A statistical investigation of the onset of the pressure induced phase transformation in β-

eucryptite revealed the influence of a thermally activated event, viz., the deviation loads exhibit a 

rate-dependence, with a shift to higher loads observed when the rate is increased. The activation 

volumes that were calculated adopting two different approaches gave values that are similar for 

both the polycrystalline and single crystal β-eucryptite. The magnitude of activation volume 

(~0.1 nm
3
) suggests that the event that catalyzes this phase transformation is governed by the 

rotation and distortion of a small number of tetrahedra in the structure. 
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CHAPTER 5 

IN SITU DIAMOND ANVIL CELL-RAMAN SPECTROSCOPY AND 

NANOINDENTATION STUDY OF THE PRESSURE-INDUCED PHASE 

TRANSFORMATION IN PURE AND ZINC-DOPED β-EUCRYPTITE 

A paper published in the Journal of the American Ceramic Society 
22 

Subramanian Ramalingam, Corinne E. Packard and Ivar E. Reimanis 

5.1 Abstract 

β-eucryptite (LiAlSiO4), a member of the family of lithium aluminum silicates, is known 

to undergo a reversible pressure-induced phase transformation at ~0.8 GPa to -eucryptite. The 

present study correlates the results between two techniques, in situ diamond anvil cell-Raman 

spectroscopy and nanoindentation experiments, to explore how Zn doping influences this 

pressure-induced phase transformation. Diamond anvil cell tests carried up to 3 GPa hydrostatic 

stress under Raman spectroscopy were compared with nanoindentation results, which provide a 

more localized, multi-axial stress state. The results indicate that the magnitude of hysteresis 

observed (difference between the pressures required for the forward and reverse transformation) 

is lower for Zn-doped β-eucryptite; however, the onset of the phase transformation is unchanged 

by doping with Zn. Furthermore, calculations of activation volume from nanoindentation 

experiments yield similar values (~0.1 nm
3
) for pure and Zn-doped β-eucryptite, suggesting that 

the nucleation event that establishes the onset of the phase transformation is the same for both 

materials.  
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5.2 Introduction 

Lithium aluminum silicates (LAS) have received widespread attraction over the last 

several decades primarily due to their negative or low or even zero coefficient of thermal 

expansion (CTE). β-eucryptite (LiAlSiO4) is one of the prominent members of this family of 

LAS ceramics due to its unusual properties.
1,2

 β-eucryptite exhibits a highly anisotropic CTE, 

which leads to a slightly negative crystallographic average CTE.
4,7-10,26

 It has been shown 

recently that doping β-eucryptite with small amounts of Zn (0.5–3 mol% Zn) drastically 

increases the bulk coefficient of thermal expansion (from –4 x 10
-6

 /°C for pure β-eucryptite to 1 

x 10
-6

 /°C to 2 x 10
-6

 /°C for Zn-doped β-eucryptite in the range from 25°C to 1000°C) and also 

greatly reduces the tendency for microcracking.
26

 Although the concept of using doping as a 

means to modify properties of β-eucryptite (e.g., pressure induced phase transformation) exists in 

an earlier work by Reimanis et al.,
126

 the effects of doping on the phase transformations in 

eucryptite remain largely unknown. The current study explores the effect of doping with Zn on 

the pressure-induced phase transition in β-eucryptite using in situ diamond anvil cell-Raman 

spectroscopy and nanoindentation experiments.  

High pressure investigations in β-eucryptite using a variety of techniques have revealed 

distinct evidence for the occurrence of a reversible phase transition (β-eucryptite ↔ ε-eucryptite) 

and/or amorphization under applied stresses.
3,6,13-15

 Macro-indentation
16,18

 and nanoindentation
23

 

studies have also yielded valuable information in understanding the mechanism of the pressure-

induced phase transformation in β-eucryptite. Jochum et al.
18

 established the presence of a 

hysteresis in the transformation, i.e., the pressure at which β-eucryptite transforms to ε-eucryptite 

is higher than the pressure observed for the reverse transformation. It was shown in the earlier 

section (Chapter 4) that the onset of the phase transformation during nanoindentation is a 
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thermally activated process.
23

 Calculations of activation volume revealed that the event 

precipitating the phase transformation is consistent with a rotation and/or distortion of a small 

number of alumina/silica tetrahedra that make up the β-eucryptite structure. The current study 

focuses on the characterization of this reversible β- to ε-eucryptite phase transition in pure and 

Zn-doped β-eucryptite with in situ diamond anvil cell–Raman spectroscopy and nanoindentation 

experiments, comparing the results between the two techniques. The present work is the first to 

employ both in situ DAC-Raman spectroscopy and nanoindentation to investigate pressure-

induced phase transformations in a comparative manner, though several studies have utilized the 

in situ DAC-Raman spectroscopy independently to follow the structural evolution of materials 

under pressure and temperature.
127-137

 It is shown that the results from the two techniques 

correlate well with one another, but important differences are noted. 

5.3 Experimental  

5.3.1 In situ Diamond Anvil Cell (DAC) – Raman Spectroscopy 

Polycrystalline powder specimens of pure -eucryptite and -eucryptite-0.5 mol% Zn 

(referred to as doped -eucryptite in the following sections) were used as samples for the high 

pressure studies with a DAC. The processing of these materials was described in detail in Section 

3.2.1. High pressure was generated by a gas membrane-type diamond anvil cell (Model: Diacell 

HeliosDAC A59000, EasyLab Technologies Ltd., Berkshire, UK) with a diamond anvil culet 

size of 600 µm. A stainless steel gasket (10 mm diameter, 250 µm thick), pre-indented to 90 µm 

with a hole diameter of 250 µm was used. The cell was loaded with the powder specimen, ruby 

powder and filled with a few drops of 16:3:1 methanol-ethanol-water as the pressure medium. 

Ruby was used as a marker for pressure determination using the R-line fluorescence 

technique.
138-144

 The Raman scattering measurements were conducted in situ through the 
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diamond anvil using an Alpha 300R Confocal Raman microscope (WiTec Instruments Corp., 

Knoxville, TN, USA) in a 180° backscattering configuration with a doubled Nd:YAG green laser 

operating at 532 nm (maximum power: 39 mW) and a single grating (1800 grooves/mm) 

UHTS300 spectrometer with a Newton camera (Andor Technology Ltd., South Windsor, CT, 

USA). An Olympus SLMPLN 20X objective (Olympus, Center Valley, PA, USA) with a 

working distance of 25 mm was used with the Raman microscope for all the measurements. The 

spectral resolution of the instrument is less than 0.9 cm
-1

. The peak position (viz., wavenumber) 

of each Raman band reported in this study was obtained by fitting a Lorentzian function to the 

obtained spectra. The pressures were determined using the frequency shifts of the R2 peak with a 

resolution of ±0.05 GPa.
138,142

 The Raman spectra of the sample and the ruby fluorescence were 

measured at the same spot for all measurements during compression and decompression.  

5.3.2 Nanoindentation 

Nanoindentation experiments were performed at ambient temperature using a Hysitron TI950 

TriboIndenter (Hysitron, Inc., MN, USA). Tests were conducted with a cono-spherical tip that 

can be approximated as a sphere with a radius of 735 nm in the range of indentation depths 

explored here. Two different materials were tested: dense samples of 1) polycrystalline -

eucryptite and 2) polycrystalline -eucryptite-0.5 mol% Zn (referred to as doped -eucryptite in 

the following sections), prepared as described previously in Section 3.2.1. In order to have a 

surface finish suitable for nanoindentation, the polycrystalline sample was mounted in epoxy and 

mechanically polished down to 0.25 µm, as in Section 4.3. The surface roughness of each sample 

was determined through in situ scanning probe microscopy with the indenter tip and found to be 

6-10 nm (peak to peak over a 10 µm scan) for both the specimens. Indentations were performed 

under an open-loop configuration at three different loading rates (30 µN/s, 300 µN/s and 600 
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µN/s) with a peak load of 500 µN. Cyclic loading experiments with five successive 

loading/unloading cycles to 500 µN at 300 µN/s were carried out in order to examine the 

reversibility of the phase transformation in the material. For all the tests, a minimum of 100 

indentations was performed for each set of conditions to obtain statistical information. 

5.4 Results 

5.4.1 In-situ Diamond Anvil Cell-Raman Spectroscopy 

(A) Peak Identification: Selected Raman spectra measured for pressures up to 2.5 GPa 

(compression and decompression runs) are presented in Fig. 5.1 (a) and (b) for pure -eucryptite 

and doped -eucryptite, respectively. The spectra of pure -eucryptite at ambient pressure (Fig. 

5.1 (a)) were in agreement with previously reported Raman scans of pure -eucryptite, with two 

strong scattering lines around 484 cm
-1

 and 1034 cm
-1

.
18,145,146

 Sprengard et al.
146

 assigned these 

two lines as A1 modes: the former is a Si-O-Al symmetric stretching vibration caused by the 

oxygen motion along a line bisecting the Si-O-Al angle, whereas the latter is an asymmetric 

stretching of the same bond caused by movement of all four oxygen atoms relative to the Si/Al in 

the tetrahedron center. No second phases were present in Zn-doped -eucryptite
26

 and the Raman 

spectra for the doped -eucryptite (Fig. 5.1 (b)) also matches well with that of pure -eucryptite.  

For pure β–eucryptite (Fig. 5.1 (a)), it can be seen that a secondary peak, corresponding 

to ε–eucryptite, was observed as a shoulder peak to the original parent peak when the pressure 

was increased above 0.77 GPa. The observed Raman spectra for the high pressure phase are 

identical to those reported in the literature for the pressure-induced phase transformation in pure 

β–eucryptite.
18

 A similar behavior was seen for β–eucryptite-0.5 mol% Zn during loading, as 

seen from Fig. 5.1 (b). For both the materials, there was an increase in intensity of the peak at 
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~516 cm
-1

 with increasing pressure, along with a distinct decrease in intensity of the original 484 

cm
-1

 peak, though it did not disappear completely with increasing pressure.  

During decompression, the process mirrors that of the compression run except that the 

pressure at which the secondary peak disappeared was much lower (~0.6 GPa) than the pressure 

at which it appeared during compression. This indicates a hysteresis of ~0.6 GPa for the phase 

transformation in β–eucryptite. Hysteresis was also observed for the phase transition in doped β–

eucryptite, the peak corresponding to the ε–phase disappeared at a pressure ~0.3 GPa lower than 

that at which it appeared during compression. 

(B) Pressure Dependence of Raman Spectra: The Raman modes of the two strong peaks 

during compression and decompression runs are plotted as a function of pressure in Fig. 5.2 (a) 

and (b) for pure and doped -eucryptite, respectively. In Fig. 5.2, different symbol shapes are 

used in the figure to discriminate one mode from the others. The peaks during compression runs 

are represented as solid symbols while those on decompression are indicated by open symbols. 

The A1 mode at 484 cm
-1

 shifts to higher frequencies with increasing pressure and at a certain 

critical pressure, a new secondary peak appears at ~518 cm
-1

 (corresponding to ε–eucryptite). In 

general, the wavenumbers of all observed Raman bands for both the materials exhibit linear 

pressure dependence during compression and decompression runs as shown in Fig. 5.2. The peak 

shift of the main 484 cm
-1

 peak with stress for pure and doped -eucryptite were determined to 

be 5.2 cm
-1

/GPa and 4.5 cm
-1

/GPa respectively (from the slopes in Fig. 5.2). Fig. 5.2 also more 

clearly illustrates the magnitude of the hysteresis between the samples, which is ~ 0.3 GPa lower 

for doped eucryptite than that for pure -eucryptite. 
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Fig. 5.1.    Raman spectra of (a) pure β–eucryptite and (b) β–eucryptite-0.5 mol% Zn as 

a function of pressure collected during compression and decompression. The onset of 

the phase transition during compression and decompression is indicated by * in both 

the figures. Though the onset of the transition from β→ε–eucryptite occurs at a similar 

pressure for both pure and doped β–eucryptite, they exhibit a difference in the pressure 

associated with the onset of the reverse transformation 

 

5.4.2 Nanoindentation 

Representative load-displacement curves obtained for pure -eucryptite and doped -

eucryptite with a tip of radius 735 nm at several loading rates are shown in Fig. 5.3 (a) and (b). 

In general, the observed load-displacement data for both the materials show hysteretic behavior 

as seen in Fig. 5.3, with load-displacement curves exhibiting an area between the loading and  
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Fig. 5.2.    Pressure dependence of Raman frequencies at room temperature for (a) pure 

β–eucryptite and (b) β–eucryptite-0.5 mol% Zn. Peaks represented by a triangle denote 

the data of the high pressure phase, ε-eucryptite, while the other symbols (squares and 

circles) represent the frequencies of pure β-eucryptite. Solid and open symbols 

represent the data collected during compression and decompression runs respectively. 

The dashed and dotted lines in both the figures represent the onset of the forward and 

reverse transition in the two materials, respectively 

 

unloading curves and a residual displacement less than 1 nm upon unloading. The first point of 

deviation from elasticity, which may occur as a smooth deviation or a pop-in (distinct burst in 

the load-displacement curve), is attributed to the onset of a discrete process during indentation 

(i.e. phase transformation in the material).
23

 It can be seen from Fig. 5.3 (a) that pure -eucryptite 

exhibits no distinct pop-ins, however, clear pop-ins can be observed in Fig. 5.3 (b) for doped -

eucryptite, as indicated by arrows in the figure. It is also seen in Fig. 5.3 (b) that the amount of 

hysteresis (defined for this case as the area between the loading and unloading curves) is lower 

for doped -eucryptite, consistent with the results of the in situ DAC-Raman spectroscopy 
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measurements where the difference between the pressures required for the forward and reverse 

transformation, viz., hysteresis, is lower for doped -eucryptite.  

 

Fig. 5.3.    Typical load-displacement curves for (a) pure β–eucryptite and (b) β–

eucryptite-0.5 mol% Zn at different loading rates with a 735 nm indenter. The curves are 

offset along the x axis for clarity of observation. The onset of phase transformation is 

identified as the point of deviation from the Hertzian elastic behavior. Pure β–eucryptite 

exhibits no pop-ins, however clear pop-ins are observed for doped β–eucryptite, as 

indicated by arrows. Both the materials display a hysteretic behavior at different loading 

rates, but the magnitude of hysteresis between the loading/unloading curves is lower for 

doped β–eucryptite 

 

Hysteresis is preserved over multiple cycles, as can be seen in the results from the cyclic 

loading in Fig. 5.4 (a) and (b) for pure and doped -eucryptite. In both materials, a series of 

nearly coincident hysteretic loops are observed, consistent with a reversible phase transformation 

in the material. As in Fig. 5.4 (b), it can be seen that pop-ins are present only for doped -

eucryptite. It is also apparent for doped -eucryptite that the pop-in load decreases with 

subsequent cycling (Fig. 5.4 (b)). However, this behavior is not observed in pure -eucryptite 

(Fig. 5.4 (a)). 
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Fig. 5.4.    Representative load-displacement curves from cyclic loading experiments 

conducted on (a) pure β–eucryptite and (b) β–eucryptite-0.5 mol% Zn at 300 µN/s. The 

data from all the five cycles are shown in the bottom half of the figure. The individual 

cycles of each experiment are split and shown in the top half of the figure. The curves of 

each cycle are offset along the x axis for clarity of observation. Reversible hysteretic loops 

are observed for both pure and doped β–eucryptite. Clear pop-ins are observed only for 

doped β–eucryptite; the load required for pop-in decreases with subsequent cycling, as seen 

in (b) 

 

A closer consideration of the observed deviation from elastic behavior from a larger set 

of indentation curves provides further characterization of the phase transformation occurring 

during indentation. The elastic behavior can be approximated by the Hertzian model
86,87

 for the 

loading of a sphere on flat isotropic elastic half-space, 

                                          
 

  
    

       
                                                                 (5.1) 
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where P is the load, R is the indenter radius, h is the depth of penetration into the material and Er 

is the reduced modulus given by 

                                                  
 

  
 

    
 

  
 

    
 

  
                                                         (5.2) 

Here, E and ν are the Young’s moduli and Poisson’s ratios of the specimen and indenter as 

denoted by the subscripts, s and i. The Young’s modulus and Poisson’s ratio for the specimen 

(pure and doped -eucryptite) and indenter tip (diamond) are 128 GPa and 0.31 and 1141 GPa 

and 0.07, respectively.
23

 Identical values of E and ν were used for pure and doped -eucryptite as 

ultrasonic measurements showed no differences in the modulus between the two materials (See 

Appendix C). The Hertzian model given in Eq. (5.1) (shown as dotted line in Fig. 5.3) is plotted 

along with each experimental load-displacement curve and the load at which the data deviates 

from the Hertzian curve, defined as the pop-in/deviation load, is identified for each indentation at 

every loading for pure and doped -eucryptite. This deviation from elasticity is present as a pop-

in for doped -eucryptite, however, pure -eucryptite only exhibits a deviation from elasticity 

(shown by arrows in Fig. 5.3), similar to that observed in our previous study.
23

 The results of the 

identification of the pop-in/deviation load from about 300 indentations for each of the two 

materials was then plotted as a cumulative distribution as shown in Fig. 5.5 (a) and (b) for pure 

and doped -eucryptite, respectively. The pop-in/deviation load exhibits a rate dependence, with 

a shift to higher loads observed when the rate is increased. This rate shift of the loads is distinct, 

in spite of the 4 µN uncertainty error in the identification of the individual pop-in/deviation 

loads. It is also evident that the population of pop-in/deviation loads observed for doped -

eucryptite occur at lower loads than for pure -eucryptite at each loading rate.  
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Fig. 5.5.    The cumulative distribution of the pop-in/deviation loads for (a) pure β–

eucryptite and (b) β–eucryptite-0.5 mol% Zn at different rates with a 735 nm indenter. The 

uncertainty on load determination for any point (4 µN) is far smaller than the width of 

each datum marker. A shift of the pop-in/deviation loads to lower loads with decreasing 

rates is observed for both the materials. The population of pop-in/deviation loads observed 

for doped -eucryptite occur at lower loads than for pure -eucryptite at each loading rate 

 

The activation volumes of the phase transformation were calculated from the loading-rate 

dependent data using two approaches described elsewhere (See Section 4.4.2): 1) strain rate 

sensitivity of strength and 2) nucleation theory model. Through both of these approaches, the 

activation volume of pure and doped -eucryptite were found to be about ~0.1 nm
3
. This result is 

similar to that reported for polycrystalline and single crystal -eucryptite
23

 and indicates that the 

activation volume, and likely the resulting activation mechanism are not affected by Zn doping. 

5.5 Discussion 

Diamond anvil cell and nanoindentation are both widely used techniques in high pressure 

research to understand the behavior of materials under pressure. Though there exist certain 

differences between the two techniques, the results from the present study indicate that the data 
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from the two techniques is complementary in providing an understanding the mechanism of 

pressure-induced phase transformations. A table summarizing the differences between the 

pressure-induced phase transformation behavior of pure and doped -eucryptite is shown in 

Table 5.1.  

Table 5.1.    Summary of the differences in the phase transformation behavior of pure and 

doped -eucryptite 

Technique Changes in behavior with Zn doping 

In situ diamond anvil cell-Raman 

spectroscopy 

 No difference in onset pressure between the two 

materials  

     (Figs. 5.1 & 5.2) 

 Zn-doped -eucryptite exhibits a lower 

hysteresis of phase transformation than pure 

-eucryptite (Fig. 5.2) 

Nanoindentation  Distinct pop-ins are observed only for doped -

eucryptite (Fig. 5.3 (b)) 

 Lower pop-in/deviation loads at each loading 

rate for doped -eucryptite than pure -

eucryptite (Fig. 5.5) 

 Larger spread of pop-in/deviation loads 

observed for doped -eucryptite (Fig. 5.5) 

 Smaller hysteresis for Zn-doped -eucryptite 

than pure -eucryptite (Figs. 5.3 & 5.4) 
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Both of the techniques employed here show evidence that -eucryptite undergoes a reversible 

pressure-induced phase transformation at pressures (~0.8 GPa) consistent with past work.
6,18,23

 In 

this respect, the behavior of Zn-doped -eucryptite is not dramatically different from that of pure 

-eucryptite. Using both DAC and nanoindentation, it was shown that doped -eucryptite has a 

lower degree of hysteresis in its phase transformation than pure -eucryptite. The results reported 

by Beck et al.
147

, in their study of the high pressure phase transformations in pure and doped 

zirconia using DAC, are similar in that they show that doping does not influence the onset of the 

phase transformation but it does distinctly influence the hysteresis of the phase transformation. In 

the current study, although the manifestation of hysteresis is different depending on the 

technique, both techniques show evidence that Zn doping results in lower hysteresis of phase 

transformation in -eucryptite. From Figs. 5.1 and 5.2, it can be seen that the forward phase 

transition of pure -eucryptite starts at about 0.77 GPa while the reverse transformation does not 

occur until about 0.19 GPa. The forward and reverse transition pressures for -eucryptite-0.5 

mol% Zn were found to be 0.76 GPa and 0.41 GPa respectively, i.e., a lower hysteresis 

(difference between the forward and reverse transition pressures) for the doped -eucryptite. In 

nanoindentation, the hysteresis (defined as the area between the loading and unloading curves) is 

lower for doped -eucryptite than pure -eucryptite (Figs. 5.3 and 5.4), consistent with a 

decreased difference between the forward and reverse transition pressures observed with the 

DAC for doped -eucryptite. However, the most striking difference between the results of the 

two techniques is that the load required to activate the transformation of doped -eucryptite in 

nanoindentation is about 20% lower (at cumulative fraction, f=0.5) than that for the pure material 

(Fig. 5.5 (a) and (b)). Notably, the difference in onset pressures between the two materials is not 

observed in the DAC-Raman spectroscopy study which has a sensitivity well within 10% (e.g., 
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the error in the Ruby peak is 0.05 GPa). The observed difference in the load required to activate 

the phase transformation is likely due to the differences that exist between the two techniques.  

The first difference between the DAC and nanoindentation testing is that the loading rates 

in a nanoindentation test are much higher, with effective strain rates ranging from 10-100 s
-1

 

compared to that in a DAC, a static compression experiment (strain rate ~ 10
-2

-10
-3

 s
-1

). If the 

effect of Zn dopant on the transformation mechanism manifests itself only at higher loading 

rates, one would not observe any difference between the pure and doped -eucryptite in the DAC 

where the strain rates are much lower. Since the times of testing in the DAC are significantly 

larger than the time required to nucleate a phase transformation in this material
23

, one would not 

expect to observe any rate effects using the DAC and thereby giving rise to the observed 

difference in results of DAC and nanoindentation experiments on the two materials.  

The second difference between the two techniques concerns the state of stress that is 

experienced by the material. -eucryptite is known to undergo a pressure-induced phase 

transformation at about 0.8 GPa hydrostatic pressure
6,15

; however, the effects of shear stresses on 

the transformation remain largely unknown. It is well known that shear stresses present during 

loading may promote or suppress phase transitions in other material systems.
133,134,147-150

 It has 

been observed that the high pressure phases in clinoenstatite
133

 and orthoenstatite
134

 can be 

stabilized to much lower pressures by the presence of shear stresses (identified by the splitting of 

the ruby fluorescence bands
138,143,144

) in the diamond anvil cell. Beck et al.
147

, in their study on 

the high pressure transformations in pure and doped zirconia, reported that shear stresses 

strongly favored the back transformation from orthorhombic to monoclinic zirconia. However, in 

the current study, no fluorescence band splitting occurred and thus no evidence of shear stress 

was observed throughout the pressure range. Furthermore, the hydrostatic limit of the pressure 
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medium used in the current study (a mixture of 16:3:1 methanol-ethanol-water) is reported to be 

about 10.5 GPa.
150

 Thus, shear stresses are not expected to be present in the DAC sample within 

the pressure range explored in the current study. In contrast, nanoindentation tests provide a 

highly multi-axial stress state with a significant component of shear stress 
86,87

 that may influence 

the phase transformation behavior. Specifically, the Zn-doped material may be more sensitive to 

shear stress, thereby giving rise to the observed differences between the two materials.  

The final difference between the two techniques concerns the sampling volume - 

specifically, the volume sampled by the two experiments is significantly different: the DAC 

samples a volume about 1000 times greater than that probed during a single nanoindentation test; 

several grains are sampled in one DAC experiment, while each indentation probes only a few 

grains at the most. Even though the size of the sample used in the DAC is large; the size of the 

region probed by Raman spectroscopy is comparable to the region probed in a single 

nanoindentation test. The laser spot size in the current study is about 3 µm (Laser spot size = 

1.22 λ/N.A, where λ is the wavelength of the laser (532 nm) and N.A is the numerical aperture of 

the microscope objective used (0.25)), comparable to the region sampled during a single 

nanoindentation test (~grain size of the material). Therefore, it is likely that the observed 

differences in results between the phase transformation behavior of pure and doped -eucryptite 

is due to the differences in the loading rate and stress state between the two techniques. It is also 

observed that the relative range of loads (i.e., the spread of initiation loads) in the 

nanoindentation experiments for doped -eucryptite is higher than that for pure -eucryptite at 

each loading rate (Fig. 5.5). It is important to note that the 100 indentations performed at every 

loading rate were carried out over a 10 µm x 10 µm region. The nominal grain diameter for both 

pure and doped -eucryptite is about 2 µm (Section 3.3) and therefore individual indentations 
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represent the sampling of over a few hundreds of individual grains. Thus, a larger spread of 

initiation loads in doped -eucryptite may be influenced by orientation effects and markedly 

different residual stresses that would be expected in doped -eucryptite because of a significant 

increase in the coefficient of thermal expansion that results from doping with Zn.
26

 The observed 

differences in the hysteresis between pure and doped -eucryptite is also likely related to the 

intrinsic modification in the structure of -eucryptite as a result of doping with zinc. It is 

believed that Zn substitutes for  Li and reduces the thermal anisotropy in the structure.
26

 It is 

probable that this influences the -eucryptite structure in a way that the pressure-induced phase 

transformation is more discrete in the doped material than in pure -eucryptite. 

It is therefore apparent that though both nanoindentation and DAC yield complementary 

information about pressure-induced phase transformations, important differences including 

loading rate and state of stress between the two techniques may be responsible for the subtle 

differences in onset pressure and hysteresis of the phase transformations between pure and doped 

-eucryptite. Nonetheless, the results from this study show that both the techniques may be 

employed to yield fundamental insight to understanding pressure-induced phase transformations 

in materials. It was also shown that small amounts of doping may be utilized to control the 

hysteresis of pressure-induced phase transformation in materials.  

5.6 Conclusions 

The phase transformation behavior of pure -eucryptite and -eucryptite-0.5 mol% Zn 

has been investigated at room temperature using in situ diamond anvil cell-Raman spectroscopy 

and nanoindentation experiments. The present work is the first study to employ both DAC and 

nanoindentation to study pressure-induced phase transformation in the same material. It has been 



 
71 

 

found that doping significantly influences the hysteresis of the phase transformation in β-

eucryptite, consistent with data from both the experiments. However, the most notable difference 

between the two techniques was that the results from nanoindentation indicated that the pressure 

required for the phase transition was lower for doped β-eucryptite, which was not observed with 

the DAC. This may be attributed to the differences between the two techniques, specifically the 

loading rate and/or stress state of the material. The results from the study indicate that though the 

data obtained from the two techniques are complementary in yielding fundamental insight into 

mechanisms of pressure-induced phase transformations, important differences must be noted 

when understanding data from the two experiments. 
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CHAPTER 6 

FRACTURE TOUGHNESS OF YTTRIA-STABILIZED ZIRCONIA-                                 

β-EUCRYPTITE COMPOSITES 

A paper to be submitted to the Journal of the American Ceramic Society 
27 

Subramanian Ramalingam and Ivar E. Reimanis 

6.1 Abstract 

Dense, crack-free composites of 10 mol % yttria stabilized zirconia (YSZ) reinforced 

with varying amounts (0 to 20 vol. %) of eucryptite (LiAlSiO4) particles were hot-pressed, and 

the fracture toughness was measured by the modified indentation-strength method (Cook and 

Lawn
34

) and the indentation technique (Anstis, et al.
151

). The intent of the processing was to 

stabilize in situ the high-pressure eucryptite polytype, ε-eucryptite, so that the reverse 

transformation to β-eucryptite under a crack tip stress field may impart toughening by volume 

expansion. Results reveal that the composites exhibit a fracture toughness increase over the 

matrix that is modest (up to 30%), but it is significant when one considers that the thermal 

expansion mismatch in the composite leads to a toughening decrement. The change in toughness 

with volume fraction of β-eucryptite is best explained by considering a transformation 

toughening model in conjunction with the toughening decrement predicted due to matrix tensile 

stresses which arise due to the thermal expansion mismatch.  

6.2 Introduction 

Transformation toughening is recognized as one of the most potent ceramic toughening 

mechanisms, and has seen widespread application in ZrO2
25

 and ZrO2 reinforced composites 
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based on alumina
152

, magnesia
153

, silicate glasses
154,155

 and glass ceramics
156

. Decades of 

research and development focused mainly on microstructure design has led to ceramics that 

display fracture toughnesses greater than 15 MPa∙m1/2
.
25,152,157,158

 The principle contribution to 

toughening in these ceramics arises due to the volumetric increase from tetragonal to monoclinic 

ZrO2, a martensitic transformation that is triggered by the crack tip stress field. A small 

contribution arises due to the shear component of strain during the transformation. The 

mechanism functions because the tetragonal ZrO2 polytype exists as a metastable phase under 

ambient conditions provided the particle size is small enough and/or some amount of stabilizer is 

present (e.g., Y2O3, MgO, CaO, etc.).
25

 While many ceramics exhibit martensitic phase 

transformations that are detrimental for structural applications, only ZrO2 has been employed 

successfully in transformation toughening. It is widely accepted that the following conditions 

must exist to achieve significant transformation toughening: the reinforcing phase must a) exhibit 

a rapid (martensitic) transformation b) exist in a metastable state and c) have an associated 

dilatational strain with the transformation.  

The possibility of utilizing transformation toughening in ceramic systems other than ZrO2 

has been considered, but is generally largely unexplored.
159-161

 Phase transformations showing 

martensitic characteristics with a positive volume change on cooling have been identified by 

Kriven
160,161

 as possible alternative transformation tougheners to ZrO2. Ceramics such as 

HfO2
162

, Ca2SiO4
163-165

, lanthanide sesquioxides (Ln2O3)
160,161

 and enstatite (MgSiO3)
159,160

 

display phase transformations accompanied by volumetric changes, but they have had only 

limited success as toughening agents. An alternative route to achieve transformation toughening 

is to utilize pressure-induced phase transformations in which the metastable phase is produced 



‡
 Experimental evidence not definitive. Atomistic modeling (work in progress, Reimanis research group) is being 

carried out to determine the crystallography of the high pressure phase, ε-eucryptite. Also, a rapid access proposal to 

perform in situ DAC-XRD is under review at the Advanced Photon Source, Argonne National Laboratory. 
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with high pressure processing.
166-170

 For example, Block et al.
167,168

 demonstrated the potential of 

transformation toughening using the pressure induced phase of zirconia as the toughening agent. 

At room temperature monoclinic zirconia transforms rapidly to a tetragonal (tII) polytype with a 

pronounced hysteresis.
171

 Block, et al. showed that toughening with the high pressure tII phase of 

zirconia approaches the region of behavior of conventional transformation toughened 

zirconias.
167

 A similar toughening behavior has been reported by Pilyankevich and Claussen
170

 

for BN. Although the concept of using β-eucryptite as a transformation toughening agent exists 

in an earlier work
169

, there has been no systematic study in which the fracture toughness of the β-

eucryptite composites was measured. The current study aims to fabricate and measure the 

toughness of the β-eucryptite composites and investigate the potential of transformation 

toughening using β-eucryptite.     

β-eucryptite (LiAlSiO4) is one of the prominent members of the family of lithium 

aluminum silicates (LAS) ceramics due to its unusual properties.
1,2

 β-eucryptite exhibits a highly 

anisotropic coefficient of thermal expansion (CTE), which leads to a slightly negative 

crystallographic average CTE.
4,7,26,39

 High pressure investigations in β-eucryptite using a variety 

of techniques have revealed distinct evidence for the occurrence of a reversible phase transition 

and/or amorphization under applied stresses.
6,15,18,22,23

 Using in situ synchrotron x-ray diffraction 

experiments under hydrostatic compression, Zhang et al.
6,15

 reported the presence of a high-

pressure orthorhombic polymorph, ε-eucryptite.
‡
 Reimanis et al.

16,17
 calculated the lattice volume 

of orthorhombic ε-eucryptite to be 7.7% lower than that of β-eucryptite. Furthermore, this 

transformation is seen to be reversible, i.e., ε-eucryptite reverts back to β-eucryptite on the 

release of pressure at ambient temperature. It was recently reported that the pressure at which 
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β-eucryptite transforms to ε-eucryptite is higher than the pressure observed for the reverse 

transformation, indicating that ε-eucryptite may exist as a metastable phase under certain 

conditions.
18,22

 One would expect that the difference in loads between the forward and reverse 

transformations (i.e., the hysteresis) is important in governing how much toughening is possible.  

The objective of the current study is to investigate the prospect of transformation 

toughening using the  to  transformation in eucryptite. In particular, it is hypothesized that 

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

particulate may be utilized to induce the stress necessary to stabilize -eucryptite. Based on the 

estimation of thermal residual stresses described below, a model ceramic composite was made 

using 10 mol% yttria stabilized zirconia (10YSZ) as the matrix. The effect of eucryptite on the 

microstructure and crack propagation in the composites is discussed. 

6.3 Estimation of Thermal Residual Stresses 

The thermal residual stress model of Hsueh and Becher
172

 was used to determine the 

average stresses in the matrix and the -eucryptite inclusion.  Several different matrices were 

considered. The model assumes an isotropic CTE for the matrix but an anisotropic CTE 

(different CTE in the axial and radial directions) for the inclusion. Both the matrix and the 

inclusion were assumed to be linear elastic with isotropic elastic constants. Details on the 

calculations and the results are provided elsewhere (Appendix E). YSZ was chosen as the matrix 

because it is non-reactive, sinterable below the melting point of -eucryptite, and has the 

appropriate thermal and elastic properties to induce a compressive stress in -eucryptite 

sufficient to stabilize -eucryptite. Relevant material properties are presented in Table 6.1. The 
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thermal stresses were calculated for the composites (10YSZ with different fractions of β-

eucryptite) being cooled from 1000°C to room temperature (∆T=975°C) (Table 6.2).   

Table 6.1.    Material Properties of 10YSZ and β-eucryptite 

Property 10YSZ β-eucryptite 

Young’s modulus, E (GPa) 220   (Appendix C) 128  
88

 (Appendix C) 

Poisson’s ratio, ν  0.28  (Appendix C) 0.31 
88

 (Appendix C) 

Volume fraction, Vf 1 to 0.8 0 to 0.2 

CTE, α (x10
-6

 /°C) 10.5  (Appendix E) αa=αb= 8.21; αc= -17.6 
8
  

αavg= -0.39 

                                                    

6.4 Experimental Methods 

6.4.1 Powder Preparation and Sintering 

Polycrystalline powder specimens of pure -eucryptite were made by a sol-gel and 

calcination process described in detail elsewhere.
26

 The calcined powder was then ball-milled in 

alcohol medium to achieve a final particle size of 1 µm. The dried -eucryptite powders were 

mixed in different volume fractions (5 vol. % - 20 vol. %) with commercially available fully 

stabilized 10 mol% yttria stabilized zirconia (10YSZ) (TOSOH, Grove City, OH, USA) by ball-

milling in hexane medium for 24 hours. The powder was separated from the hexane by rotary 

evaporation (Model: Rotovapor R210, BUCHI Labortechnik AG, Flawil, Switzerland) at a 

temperature of 45°C and a vacuum of ~14 kPa. The dried powders were then poured into a 



‡
Exact values of the density of ε-eucryptite is not known, however, it is expected to be denser than β-eucryptite. 

The density of β-eucryptite was used in all calculations of the theoretical density of the composites. It is to be noted 

that presence of large amounts of the high pressure phase, ε-eucryptite, would have resulted in densities greater than 

the theoretical densities of the composites calculated using the density of β-eucryptite. All the samples in this study, 

however, exhibited densities ~99% of the theoretical density. Eventhough the density measurements did not reveal 

any evidence for the presence of a high pressure phase, the fracture toughness results reveal that significant 

toughening exists in the composites of β-eucryptite. 
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graphite die, 38 mm in diameter, and sintered in a hot press at 1350°C for two hours under an 

applied load of 35 MPa, followed by slow cooling (1°C/min). The sintering was performed in an 

argon atmosphere, achieved by flushing the hot press chamber with argon prior to the start of the 

run. For comparison, monolithic specimens of pure 10YSZ were also consolidated using the 

same hot-pressing conditions. The density of all the samples was measured using Archimedes 

technique (from three weights) and was found to be about 99% theoretical density
‡
 (ρ

10YSZ 
= 5.9 

g/cm
3
 and ρ

β-eucryptite
= 2.67 g/cm

3
; theoretical densities of the composites were calculated using a 

rule of mixtures). The dense pellets of pure 10YSZ and 10YSZ--eucryptite composites were 

then ground to a thickness of 4 mm with a surface grinder; care taken to ensure that same amount 

of material is removed from both sides of the pellet. Bars of dimensions 30 mm x 5 mm x 4 mm 

were then cut from the samples with the help of a high speed diamond saw.  

6.4.2 Phase Identification and Microstructure 

The sintered pellets were characterized with x-ray diffraction (XRD) to determine the 

phase assemblage of the material and confirm the phases present in the composites. XRD was 

carried out with a Philips X’Pert Pro MPD Diffractometer (PANalytical, Almero, Netherlands) 

with a copper source (λ=1.54 A⁰) and a nickel filter. An X’Celerator detector was used for all the 

analysis. The sintered pellet was also characterized with scanning electron microscopy to 

evaluate the microstructure of the material. A JEOL JSM-7000F field emission scanning electron 

microscope (FESEM) with EDAX Genesis energy dispersive x-ray spectrometer was used to 
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characterize the microstructures. The specimens were prepared for microscopy by mechanical 

polishing with silicon carbide papers (Nos. 240, 320, 400, 600, 800 and 1200), followed by fine 

polishing on nylon cloth with 6µm, 3µm, 1µm and 0.25µm diamond paste. Thermal etching was 

performed on all the samples by heating the polished specimen in air to 1100°C for 40 minutes 

followed by slow cooling. Fractography was also performed on the samples subsequent to the 

toughness measurements to characterize the relative amount of intergranular/transgranular 

fracture. 

6.4.3 Critical Stress Intensity Factor Measurements 

The fracture toughness (Kc) of pure 10YSZ and 10YSZ-eucryptite composites was 

measured using two techniques: the modified indentation-strength technique after Cook and 

Lawn
34

 and the indentation method after Anstis et al.
151

 The modified indentation-strength 

technique
34

 is a simple and robust technique to measure the fracture toughness of materials. The 

primary advantage of the technique is that it improves the accuracy of fracture toughness 

measurements by avoiding the need to know the residual stress driving force parameter () in 

order to determine Kc. In this technique, the prospective tensile face of the specimen was 

polished down to 1 m diamond paste to remove stresses from the grinding and machining 

operations and to optimize the surface reflectivity for the ensuing crack observation. Three 

Vickers indents were placed with an indentation load of 29 N within the inner span of the bend 

specimen and then loaded to failure in four point bending (inner span of 10 mm and outer span of 

20 mm). The tests were carried out in a screw-driven uniaxial loading frame (Ernest Fullam, 

Redding, California, USA) equipped with a Honeywell Sensotec Model 11 subminiature load 

cell (Honeywell International Inc., Columbus, Ohio, USA) with a full range of 1000Kg. A 

displacement-control configuration was employed at a rate of 25 MPa/s and testing was 
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performed in an inert nitrogen environment in which a stream of nitrogen blew directly on the 

sample. The stressing rate was determined from the recorded loading curves as the slope of the 

linear portion of the stress-time curve. For the fracture toughness measurements using the 

indentation technique after Anstis et al.
151

, several Vickers indents were placed on the polished 

side of the specimen with an indentation load of 49 N. All measurements of the indentation crack 

lengths were carried out with the help of an optical microscope. 

6.5 Results 

6.5.1 Phase Identification and Microstructure 

The XRD patterns obtained from pure 10YSZ and 10YSZ-β-eucryptite are shown in Fig. 6.1. 

The results indicate that cubic zirconia and β-eucryptite are the only phases present in all the 

composites. No second phases were observed in all the samples. No shift in any of the main peak 

positions was observed in any of the specimens. 

 

Fig. 6.1.    X-ray diffraction patterns of pure 10YSZ and 10YSZ-β-eucryptite 

composites confirming the presence of 10YSZ and β-eucryptite in all the composites 
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Fig. 6.2.    Backscattered scanning electron micrographs showing the 

microstructures of (a) pure 10YSZ (b) 10YSZ-5 vol% β-eucryptite (c) 10YSZ-10 vol% β-

eucryptite (d) 10YSZ-15 vol% β-eucryptite and (e) 10YSZ-20 vol% β-eucryptite after 

thermal etching at 1100°C for one hour. A larger grain size of 10YSZ is evident for the 

composites containing β-eucryptite  

 

Fig. 6.2 shows the microstructure of all samples obtained by thermal etching at 1100°C 

for 40 minutes. In general, all the composites exhibit a homogeneous distribution of β-eucryptite 

grains within cubic zirconia. The location of β-eucryptite inclusions are mostly intergranular, i.e., 

at the grain boundaries and triple junctions, although some inclusions are located within the 

grain. The average grain size of pure 10YSZ is about 1.4 µm (Fig. 6.2 (a)). An increase in the 

grain size of cubic zirconia was also observed with the addition of β-eucryptite – addition of 5 

vol. % β-eucryptite results in an average grain size of about 3.4 µm for cubic zirconia (Fig. 6.2 

(b)). The amount of increase in grain size however decreases with increasing amount of β-

eucryptite (Fig. 6.2 (c) to (e)).The average grain size of zirconia containing 10 vol. % β-

eucryptite is about 3 µm. For composites containing 15 vol. % and 20 vol. % β-eucryptite, the 

nominal grain diameter of zirconia is about 2 µm. For all the composites, the grain diameter of β-
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eucryptite is about 1-2 µm. Furthermore, the fabricated composites exhibit no cracking and no 

microcracks were observed within the β-eucryptite grains in any of the composites. Also lath-like 

features were noticed on β-eucryptite grains in the composites containing 15 vol% and 20 vol% 

β-eucryptite; likely these features resulted from a thermally induced phase transformation during 

thermal etching. However, no difference was observed in the XRD patterns obtained from the 

samples after thermal etching. 

6.5.2 Fracture Toughness 

The fracture toughness measurements with the modified indentation-strength technique in 

an inert nitrogen environment is calculated from
34

, 

        
                                                                                                                         (6.1) 

where A = 2.02 and B = -0.68 MPa·m
1/2

 
34

. cm is the critical crack length which is measured from 

the remaining two ‘dummy’ indentations and σm is the fracture strength of the material which is 

calculated from the peak load for failure (P) and the specimen dimensions (width ‘b’ and 

thickness ‘d’) as,       
     . The critical stress intensity factors for the pure 10YSZ and 

10YSZ-β-eucryptite composites are plotted in Fig. 6.3 as a function of the amount of β-

eucryptite added. An initial decrease in the fracture toughness is observed with the addition of 5 

vol. % β-eucryptite.  The fracture toughness increases with further addition of β-eucryptite (10 

vol. % - 20 vol. %). The best improvement in toughness with the addition of β-eucryptite is on 

the order of 30 %.  
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The toughness measurements from the indentation technique are also shown in Fig. 6.3. The 

crack lengths on the indentations were measured using an optical microscope and the toughness 

was calculated using
151

, 

      
 

 
  

 

 
 
    

                                                                                                                  (6.2) 

where E is the Young’s modulus, H is the hardness of the material (H= 1.854 P/d
2
; d is the 

length of the full diagonal across the indent and P is the indentation load), c is the characteristic 

size of the radial crack system and δ is a constant dependent only on the geometry of the indenter 

(for a standard Vickers diamond pyramid indenter δ= 0.016±0.004). The trend in toughness 

measured with the Anstis et al.
151

 method is similar to that measured with the Cook and Lawn 

method.
34

   

 

Fig. 6.3.    The fracture toughness as a function of the β-eucryptite content in 10YSZ-β-

eucryptite composites. Both the techniques show a similar volume fraction dependency of 

fracture toughness 
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6.5.3 Fractography 

A. Modified Indentation Toughness Technique 

Scanning electron microscopy of the fracture surfaces of monolithic 10YSZ and 10YSZ- 

β-eucryptite composites revealed a change in fracture mode from intergranular for pure 10YSZ 

to a predominantly transgranular fracture for the composites. The fracture surface of pure 10YSZ 

showing an intergranular type of fracture is shown in Fig. 6.4 (a). The corresponding topography 

map of the surface is shown next to each backscattered image. The fracture surfaces of the 

10YSZ- β-eucryptite composites are shown in Fig. 6.4 (b) to (e).   

 

 
Fig. 6.4.    Backscattered scanning electron micrographs along with their  

        corresponding topographic map (on its right) showing the fracture surfaces of (a) pure 

10YSZ (b) 10YSZ-5 vol% β-eucryptite (c) 10YSZ-10 vol% β-eucryptite (d) 10YSZ-15 vol% 

β-eucryptite and (e) 10YSZ-20 vol% β-eucryptite after toughness measurements using 

modified indentation toughness technique. Transgranular fracture was observed for all the 

composites compared to a primarily intergranular fracture for pure 10YSZ 
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Fig. 6.4.    Continued 

 

B. Indentation Toughness – Crack-Microstructure Interaction 

The crack path from a Vickers indentation is seen in Fig. 6.5 (a) to (e) for pure 10YSZ 

and 10YSZ-β-eucryptite composites. Intergranular crack propagation is seen for pure 10YSZ as 

seen in Fig. 6.5 (a). With the addition of 5 vol. % β-eucryptite, the crack propagation changes to 

transgranular with less crack tortuousity than that observed for pure 10YSZ (Fig. 6.5 (b)). For 
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composites containing larger amount of β-eucryptite, it can be seen that the crack generally 

propagates through the β-eucryptite particles. However, the crack tortuousity also increases with 

increasing amounts of β-eucryptite in these composites as seen from Fig. 6.5 (c) to (e). Some 

crack bridging is also observed in the composites (Fig. 6.5 (b) to (e)). 

   

  

Fig. 6.5.    Backscattered scanning electron micrographs showing the crack-

microstructure interaction of the radial cracks after indentation for (a) pure 10YSZ (b) 

10YSZ-5 vol% β-eucryptite (c) 10YSZ-10 vol% β-eucryptite (d) 10YSZ-15 vol% β-

eucryptite and (e) 10YSZ-20 vol% β-eucryptite. The crack path tortuousity increases with 

increasing amounts of β-eucryptite. Some crack bridging may also be observed in all the 

composites  

6.6 Discussion 

Data presented above demonstrate that the toughness of YSZ may be improved by the 

presence of -eucryptite particles. A net increase over the YSZ was observed for the composites 

with 10 vol. %, 15 vol. % and 20 vol. % -eucryptite, but a small decrease exists for the 

composite with 5 vol. % -eucryptite.  As described next, these data (Table 2) suggest that two 

opposing mechanisms operate on the crack tip stress field.  A similar trend (an initially 
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decreasing toughness with volume fraction second phase, followed by an increase) has been 

reported for other particulate-reinforced composites, including Al2O3-SiC,
173-175

 Al2O3-glass
176

 

and MgO-MgAl2O4
177

. In particular, the initial decrease in toughness for relatively small volume 

fractions, followed by an increase, has been previously observed in Al2O3-SiC composites 
173-175

 

and was attributed to the presence of two mechanisms acting independently
178

: toughening due to 

crack deflection at the particulate/matrix interface and a weakening arising due to the presence of 

an average tensile residual stress in the matrix, arising from the mismatch of CTE between Al2O3 

and SiC. Wu et al.
176

 studied the effect of glass additives, with CTE (glass) either higher or lower 

than that of the alumina matrix, on the fracture toughness of alumina. Composites of alumina 

with 5 weight % Li2O-Al2O3-SiO2 glasses where αglass < αAl2O3 exhibit a lower toughness than 

monolithic alumina because the residual stress state in the composite does not favor crack 

deflection. The composite also exhibits a transgranular type fracture compared to a primarily 

intergranular fracture for pure alumina, similar to the observations in the current study. In 

contrast, the addition of 5 weight% BaO-Al2O3-SiO2 with a larger CTE than alumina (αglass > 

αAl2O3) results in a higher toughness compared with the matrix due to crack deflection and 

microcrack toughening. Similar to other composite systems,
173,174,178-181

 the thermal expansion 

mismatch between the 10YSZ matrix and β-eucryptite particle is expected to generate a periodic 

tension-compression residual stress field in the composite. The tangential stress in the matrix 

between two adjacent particles is tensile and therefore, a substantial reduction in toughness of the 

composite is expected.
178,181

 Ohji et al.
178

 developed a model to describe the toughening 

mechanism in Al2O3-SiC nanocomposites, where the net fracture toughness of the composite was 

described by the combination of the increase in the toughness caused by particle bridging and the 

toughness reduction by residual tensile stress in the matrix. They found that the toughness 
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reduction due to the presence of tensile stresses in the Al2O3 matrix varies from 0.1 MPa∙m1/2
 to 

1 MPa∙m1/2
 for composites containing 5 vol. % to 50 vol. % SiC.

178
 The overall toughnesses of 

the composites predicted by their model also agreed qualitatively with the general experimental 

results reported in the literature for Al2O3-SiC nanocomposites.
178-181 As the mismatch in CTE 

between 10YSZ and β-eucryptite (αm > αp; αm ~ 10x10
-6

/°C and average αp ~ -0.39x10
-6

/°C) is 

larger than that of Al2O3-SiC, stresses of larger magnitude are expected in the composites of β-

eucryptite.  

The reduction in toughness of the 10YSZ-eucryptite composites due to the presence of 

tensile stresses in the matrix can be expressed as,
178

 

                
  

 
 
   

                                                                                                      (6.3) 

where     is the uniform average thermal residual stress in the matrix, σfr is the locally 

fluctuating thermal stress developed by the nearby particles in the composite and λ is average 

interparticulate spacing in the composite. The uniform average thermal residual stress in the 

matrix (   ) and particulates (  ) was calculated according to the model of Hsueh and Becher
172

, 

as described previously in Section 6.3 (for additional details refer Appendix E). The locally 

fluctuating thermal residual stress (σfr) is expressed as a mean value of the stresses from two 

adjacent particles as,
178

  

    
        

 

   
 

  

            
 

              
                                                                                                   (6.4) 

where  

  
        

         
                                                                                                                             (6.5) 
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Here, ∆α is the difference in thermal expansion coefficients, ∆T=975°C is the difference between 

the ‘strain free’ temperature and room temperature, E and ν are the Young’s moduli and 

Poisson’s ratios of the matrix and particulate as denoted by subscripts, m and p (Table 6.1). d is 

the particulate diameter (average particulate size of 2 µm was used for the calculations) and λ is 

the interparticulate spacing, proportional to the volume fraction of particulates Vp as,
182

 

                                                                                                                                   (6.6) 

The results of the thermal stresses and ∆Kres for 10YSZ-β-eucryptite composites are tabulated in 

Table 6.2. 

It is clear that the magnitude of stresses arising due to the mismatch in CTE between 

10YSZ and β-eucryptite is large enough to cause a pressure-induced phase transformation in β-

eucryptite and as well cause a significant weakening in the 10YSZ matrix. The toughness 

reduction due to thermal tensile stresses in the 10YSZ matrix varies from 0.8 MPa∙m1/2
 to 1.6 

MPa∙m1/2
 for composites containing 5 vol. % to 20 vol. % β-eucryptite. The experimentally 

determined values of fracture toughness, however, showed an initial reduction of fracture 

toughness (~15 %) with the addition of 5 vol. % β-eucryptite. Improvements (up to 30 %) in the 

toughness of the composites over the monolithic material was observed with further addition of 

β-eucryptite (10 vol. % - 20 vol. %). Therefore, in order to account for the present results, the 

toughening mechanism must result in a significant improvement in toughness (0.6 MPa∙m1/2
 to 

2.0 MPa∙m1/2
). In the section below, the observation of the current study are compared with those 

expected for various toughening mechanisms in ceramic composites.  

Crack deflection and crack bowing are commonly observed mechanisms of toughening in 
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Table 6.2.    Thermal residual stresses in the matrix and particulates due to the mismatch 

in CTE between 10YSZ and β-eucryptite. The weakening due to the presence of tensile 

stress in the matrix is also indicated. 

Material    

MPa 

    

MPa 

σfr 

MPa 

∆Kres 

MPa·m
1/2

 

10YSZ-5 vol% β-eucryptite - 974 51 114 0.8 

10YSZ-10 vol% β-eucryptite - 930 103 173 1.2 

10YSZ-15 vol% β-eucryptite - 886 156 220 1.4 

10YSZ-20 vol% β-eucryptite - 841 210 259 1.6 

 

composites that contain stiffer particulates (e.g. Al2O3-SiC
180,181

, ZrO2-TiB2
183

 and SiC-

TiB2
182,184

 composites). In the present study, β-eucryptite particles are more compliant than the 

matrix (Em>>Ep; Em=220 GPa and Ep=128 GPa) and the residual stress state in the composites is 

not favorable for crack deflection to occur (since the CTE of β-eucryptite is less than that of 

10YSZ). This is consistent with the present observations where the radial cracks from the 

indentations generally traverse through the β-eucryptite particles, as can be seen in Fig. 5 (b) to 

(e). Therefore, crack deflection is not responsible for the toughening behavior in the composites 

of eucryptite. Crack pinning or crack bowing also contributes to increments in toughness of 

ceramic composites when sections of crack are pinned by microstructure or by second-phase 

inclusions in the composite.
185-187

 Interaction of the crack front with second phase inclusions 

produces rough fracture surfaces, with crack bowing between particles producing characteristic 

fracture steps associated with a pinned crack front (e.g. Glass-Al2O3
187

 and ZrO2-nano-SiC
186

 

composites). In the present study, no characteristic fracture steps were observed in the fracture 

surfaces (Fig. 4 (b) to (e)) and the radial cracks from indentations also generally pass through the 

second phase β-eucryptite particulates. Thus crack pinning or crack bowing is not expected to be 

present in the composites of eucryptite.  
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Some crack bridging is observed in the composites of eucryptite, but the amount of 

bridging is small and they are not present in large amounts to account for the observed results. 

Furthermore, crack bridging by particulates typically result in particle pullout (e.g. Al2O3-SiC 

nanocomposites
178

). In the present study, no pullout of eucryptite particles were observed in the 

fracture surfaces of the composites. It is well known that the residual stresses arising due to the 

mismatch in thermal expansion and elastic modulus between the matrix and the particulate 

influence the crack propagation and the bridging behavior of the particulates/fiber in the 

particulate/fiber-reinforced composites.
188

 In the present study, the CTE mismatch (αm > αp) 

causes high residual radial compressive (clamping) stresses normal to the eucryptite/10YSZ 

interface and hinders the interfacial debonding and pullout of particulates, thereby reducing the 

toughening expected through crack bridging. It is therefore concluded that toughening 

increments via crack bridging cannot explain the observed results of the 10YSZ-eucryptite 

composites. Microcrack toughening is known to increase the fracture toughness of ceramics up 

to about 20 % (~0.3 MPa∙m1/2
), but this is not sufficient to explain the present observations. The 

mismatch in CTE in the present composites (αm > αp) results in tangential tensile stresses at the 

eucryptite/10YSZ interface and therefore radial microcracks are expected to form at the 

interface. However, no microcracks were noticed on the polished and etched surfaces of the 

composites. In addition, thermal expansion measurements on these materials revealed no thermal 

hysteresis, suggesting that no inherent microcracks are present (See Appendix E.3). Furthermore, 

since compressive stresses exist on the eucryptite particles due to CTE mismatch, formation of 

microcracks within the eucryptite particles is not likely. However, some microcracking may be 

noticed in the eucryptite particles on the fracture surfaces of the composites after testing with the 
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modified indentation-strength technique (Fig. 4 (b) to (e)), likely either stress-induced and/or the 

result of a phase transformation.  

Therefore it is apparent that the toughening mechanisms discussed previously are 

ineffective in explaining the results of the present study. A combination of crack bridging and 

microcrack toughening still cannot account for the expected toughening increments (0.6 

MPa∙m1/2
 to 2.0 MPa∙m1/2

) in the present study. It is proposed that a martensitic transformation 

from orthorhombic -eucryptite to hexagonal β-eucryptite may be responsible for the toughening 

of the 10YSZ matrices. However, to date, no direct evidence exists that -eucryptite has been 

formed metastably in the composite. Also, no evidence of transformation toughening was found 

on the fracture surfaces of the 10YSZ-eucryptite composites (e.g. twinning observed in ZrO2 

particles for ZrO2 toughened ceramics). On the other hand, the fracture surfaces revealed a 

transgranular type of fracture for the composites, compared to the intergranular mode for the 

monolithic ceramic, similar to the observations for Al2O3-SiC composites.
180,181

 It is however 

interesting that the eucryptite particles in the 10YSZ composites exhibited some curved faceting 

and microcracking as can be seen from Fig. 4 (b) to (e). 

Hence, the results from the present study indicate that transformation toughening due to 

martensitic transformation from ε- to β-eucryptite may be responsible for the observed increase 

in toughnesses of the composites. It is believed that the weakening due to the presence of tensile 

stresses in the matrix is significant, thereby resulting in only a moderate improvement in the 

overall toughness of the composite. Verification of this mechanism, however, requires diffraction 

data with a high resolution, such as neutron diffraction, to determine the presence of ε-eucryptite 

in the composites. 
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6.7 Conclusions 

10YSZ-β-eucryptite ceramic composites containing different amounts (5 vol. % to 20 

vol. %) of β-eucryptite were fabricated to near theoretical density by hot pressing, and based on 

the results of microstructural characterization and fracture toughness the following conclusions 

are made: 

1) The fracture toughness of pure 10YSZ and 10YSZ-β-eucryptite composites were measured 

through the modified indentation-strength method and the indentation technique, in an effort 

to examine the potential of transformation toughening using β-eucryptite. Both the 

techniques showed a slight reduction of toughness (~15%) with the addition of 5 vol. % 

β-eucryptite. Further addition of β-eucryptite resulted in a moderate improvement (up to  

30 %) in the toughness of the composite. 

2) Fractography on all the samples indicated an intergranular type fracture for pure 10YSZ. 

Addition of β-eucryptite results in a transgranular mode of fracture for all the composites. 

Furthermore, composites exhibited a larger grain size of 10YSZ than the monolithic material. 

3) Calculations of thermal residual stresses in 10YSZ-eucryptite composites indicated that the 

thermal mismatch induces sufficient compressive stress for the transformation to ε-

eucryptite. However, the residual tensile stresses in the matrix can cause a significant 

weakening in the overall toughness of the composite. An examination of the various 

toughening mechanisms revealed that a combination of transformation toughening and 

decrement in toughness due to tensile stress may be utilized to explain the results of the 

present study. 
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CHAPTER 7 

GENERAL DISCUSSION 

The experiments investigated through this research were mainly focused on the 

understanding of the structure-property relationships that exist in β-eucryptite (LiAlSiO4), a 

material that exhibits unique thermo-mechanical properties. The relevant discussion of the 

experiments and results of each section has been presented under the specific chapter. This 

chapter presents a general discussion of the results obtained in the current thesis and of the 

insight gained into the characterization and understanding of pressure-induced phase 

transformations.  

7.1 Characterization of Pressure-Induced Phase Transformations  

The value of studying phase transformations in ceramics and minerals has been 

recognized for a long time, though their utilization in materials design, more so with pressure-

induced phase transformations, has been largely unexplored. Much of the research in 

understanding phase transitions under pressure has been motivated by the Earth Sciences 

community which typically focuses on pressures higher than that which are practical in materials 

processing. In the current study, the pressure induced phase transformation in β-eucryptite, 

which undergoes a transformation at pressures of ~1 GPa, was studied with the possibility of 

controlling this phase transition through synthesis and processing.  

The present study on the nanoscale mechanical response of β-eucryptite indicated that the 

nucleation event that marks the onset of the phase transformation is a thermally activated 

process. Calculations of activation volume (i.e. size of the microscopic event that precipitates the 
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phase transformation) revealed that the event that marks the onset of the phase transition in β-

eucryptite is approximately the size of the silica and alumina tetrahedra in the structure. Though 

nanoindentation lacks the resolution to determine the specific type of tetrahedron that is 

undergoing deformation and nucleating the phase transformation, it provides evidence that phase 

transformation in β-eucryptite is governed by a tetrahedral unit process. This technique and 

analysis can be extended to study phase transitions in various silicate-type materials (e.g. 

enstatite) to understand the fundamental mechanism of pressure-induced phase transformations. 

In combination with single crystal x-ray/neutron diffraction studies in DAC, it is possible to 

determine the specific type of tetrahedron undergoing deformation and understand the 

compression mechanism of different materials under high pressure.    

The potential of using doping in β-eucryptite as a means to explore the metastability of 

non-equilibrium phases (i.e. the high pressure phase, ε-eucryptite) was also examined, as it 

presents exciting prospect of achieving transformation toughening using pressure-induced phase 

transformations. The subject of metastability has gained interest with the discovery of 

transformation toughening in zirconia containing ceramics, wherein a metastable zirconia phase, 

retained by either temperature, pressure and/or doping with different oxides (MgO, CaO, Y2O3 

etc), martensitically transforms in the crack tip stress field and inhibits crack propagation. The 

effect of Zn doping in β-eucryptite was examined through the techniques of in-situ DAC-Raman 

spectroscopy and nanoindentation. The present study is the first to employ both the techniques in 

a comparative manner, though several studies have used the techniques independently to study 

the transformations under pressure. It was found that the results from the two techniques 

correlate well with one another, but important differences were noted. Both the techniques 

showed that Zn doping resulted in a lower hysteresis of phase transformation, though the 
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manifestation of hysteresis is different between the two techniques. This observation is similar to 

the observations of Beck et al. in their study where they reported that doped zirconia has a lower 

hysteresis of phase transformation than the pure material. A lower hysteresis for the doped 

material also suggests that Zn doping tends to favor the stability of β-eucryptite, i.e., it decreases 

the range of pressures over which ε-eucryptite is stable. Nanoindentation also revealed that the 

onset of phase transformation was more discrete in the doped β-eucryptite – specifically, pop-ins 

were observed in doped β-eucryptite, however, they were not observed in the pure material. It is 

probable that Zn doping influences the β-eucryptite structure in a way that the pressure-induced 

phase transformation is more discrete in the doped material than in pure β-eucryptite. The 

knowledge of the changes in the hysteresis of the phase transformation would be important in 

understanding the toughening behavior of β-eucryptite.    

7.2 Transformation Toughening via Pressure-Induced Phase Transformations 

The concept of transformation toughening using pressure-induced phase transformations 

have been previously considered, but it remains largely unexplored. High pressure processing, 

wherein the high pressure phase is stabilized under certain pressure and temperature conditions is 

the primary method for stabilization of the high pressure phase in materials. In the present study, 

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 stress necessary to stabilize the high 

pressure phase in-situ within a matrix. In spite of the large levels of thermal stresses that are 

expected in the composites due to the mismatch in CTE between 10YSZ and β-eucryptite, it was 

shown that dense, crack-free composites can be fabricated, provided a uniform and homogeneous 

distribution of β-eucryptite is present in the matrix. Though no evidence of the high pressure 

phase (-eucryptite) was found, the results indicated that the change in toughness with volume 
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fraction of β-eucryptite is best explained by considering a transformation toughening model in 

conjunction with the toughening decrement predicted due to matrix tensile stresses which arise 

due to the thermal expansion mismatch. Further work is necessary in order to verify this 

proposed mechanism and understand the toughening behavior of 10YSZ-β-eucryptite 

composites. In addition, atomistic modeling of the pressure-induced phase transformation in β-

eucryptite is underway (Reimanis research group) to determine the crystallography of the high 

pressure phase and verify the reported orthorhombic structure of -eucryptite. This would also 

enable the development of a micro-mechanical model to understand the toughening behavior 

using pressure-induced phase transformations.   
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 

8.1 Conclusions 

It was demonstrated that pure β-eucryptite can be synthesized and processed by different 

routes to yield crack-free specimens with near theoretical density. Systematic experiments were 

performed in order to characterize the pressure-induced phase transformation in the material. 

Hundreds of low load (~30 µN) nanoindentation tests on polycrystalline and single crystal β-

eucryptite at several loading rates revealed that the phase transformation which occurs during 

indentation is a thermally-activated process. Cyclic loading experiments revealed successive 

hysteretic loops, indicative of a reversible process, viz., reversible pressure induced 

transformation in the material during indentation. The calculated activation volume (~0.1 nm
3
) 

for both polycrystalline and single crystal β-eucryptite suggests that the event that controls this 

phase transformation is governed by the rotation and distortion of a small number of tetrahedra 

in the structure. The effect of Zn doping on the phase transformation was also examined using in 

situ diamond anvil cell-Raman spectroscopy and nanoindentation experiments. The results 

indicate that doping decreases the hysteresis of the phase transformation in β-eucryptite, 

consistent with data from both experiments. The results also indicate that, though the data 

obtained from the two techniques are complementary in yielding fundamental insight into 

mechanisms of pressure-induced phase transformations, important differences including the 

loading rate and the stress state of the material must be noted when understanding data from the 

two experiments. The effect of Zn doping on the thermal expansion of β-eucryptite was also 

examined in order to understand the structure-property relationship in the material. The thermal 
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expansion measurements demonstrate a positive thermal expansion behavior for Zn doped β-

eucryptite, compared to the intrinsic negative thermal behavior for pure β-eucryptite. No thermal 

hysteresis was observed in the zinc-doped samples which suggest an absence of the 

microcracking, a phenomenon typically observed in pure β-eucryptite. It is believed that the Li
+
 

positional disorder is responsible for the observed thermal expansion behavior.  

The potential of transformation toughening using the ε-eucryptite to β-eucryptite 

transformation was examined by fabricating dense, crack-free composites of 10YSZ containing 

different amounts (5 vol. % - 20 vol. %) of β-eucryptite, so that the residual thermal stresses 

arising due to the mismatch in CTE between 10YSZ and β-eucryptite may stabilize in situ the 

high-pressure eucryptite polytype, ε-eucryptite. The fracture toughness measurements reveal that 

the composites exhibit a fracture toughness increase over the matrix that is modest (up to 30 %), 

but it is significant when one considers that the matrix tensile stresses due to thermal expansion 

mismatch in the composite leads to a toughening decrement. The change in toughness with 

volume fraction of β-eucryptite is best explained by considering a mechanism of transformation 

toughening in conjunction with the toughening decrement predicted due to the thermal expansion 

mismatch.  

8.2  Recommendations for Future Work 

The two fundamental questions presented by this thesis are:  

1) Can pressure-induced phase transformations be utilized to impart toughening in ceramics?  

2) What is the mechanism of Zn doping in β-eucryptite and how does it affect the structure, 

thermal expansion and phase stability under high pressures?  
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The results from this study provide indirect evidence that transformation toughening may 

be responsible for toughening in the composites of eucryptite. However, further work is 

necessary in order to confirm this proposed mechanism. To this effect, neutron diffraction 

experiments on the 10YSZ-eucryptite composites need to be carried out in order to confirm the 

presence of -eucryptite and verify the mechanism of transformation toughening via a pressure-

induced phase transformation in β-eucryptite. In addition, a combination of in situ diamond anvil 

cell-high energy x-ray diffraction (Proposal under review at Advanced Photon Source, Argonne 

National Laboratory) and atomistic modeling (work in progress-Reimanis group) would help 

determine the crystallography of the high pressure phase in eucryptite and better understand the 

mechanism of transformation toughening. In addition, this can be used to develop a micro-

mechanical model to predict the toughening behavior of novel transformation toughened 

composites.   

In-situ measurements of the change in lattice parameters with temperature using high-

temperature x-ray diffraction (collaborative effort with Dr. Scott Misture, Alfred University) is in 

progress to better understand the structure-property relationships in the material.  

Finally, the effect of temperature on the pressure-induced phase transformation can be 

studied using nanoindentation and in situ DAC-Raman spectroscopy in order to determine the 

kinetics of the phase transformation. 

Ultimately, the knowledge gained from studying pressure-induced phase transformations 

in eucryptite will be applicable to other silicates (e.g. enstatite) that exhibit pressure-induced 

phase transformations.   
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APPENDIX A 

THERMAL EXPANSION OF ZINC-DOPED β-EUCRYPTITE 

β-eucryptite containing lower amounts of Zn (less than 0.5 mol% Zn) than those 

investigated in Chapter 3 were studied in order to determine whether a correlation exists between 

the amount of Zn in β-eucryptite and the observed thermal behavior. No correlations were 

observed with Zn doping greater than 0.5 mol%, as seen from the results in Chapter 3. 

The compositions of β-eucryptite-0.1 mol% Zn and β-eucryptite-0.3 mol% Zn were 

synthesized and fabricated in a similar manner as indicated in Section 3.2. A new batch of β-

eucryptite-0.5 mol% Zn was also synthesized to determine the repeatability of the synthesis 

procedure and the resulting thermal behavior of the ceramic. The resulting thermal behavior of 

the three specimens from room temperature to 1000°C is presented in Fig. A.1, along with the 

thermal behavior of pure β-eucryptite. The results seem to indicate the presence of a possible 

correlation between the amounts of Zn doping and observed thermal behavior for the β-

eucryptite ceramics, specifically, the observed thermal behavior of the doped material decreases 

with increasing amounts of Zn. Further work is underway to utilize high temperature x-ray 

diffraction to determine the lattice parameter evolution with temperature and understand the 

mechanism responsible for the observed thermal behavior of Zn-doped β-eucryptite. 
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Fig. A.1.    The thermal expansion behavior of pure and Zn-doped (0.1 mol% - 0.5 

mol% Zn) β-eucryptite between room temperature and 1000°C. Doping with Zn results in 

a markedly different behavior compared to pure β-eucryptite. The CTE of doped β-

eucryptite decreases slightly with increased Zn doping (0.1 mol% to 0.5 mol%) 
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APPENDIX B 

NANOINDENTATION ANALYSIS 

B.1  Statistical Analysis of the Load-Displacement Data 

Detailed statistical analyses were performed on the obtained load-displacement data to: 1) 

characterize the percentage of curves at each rate that exhibits elastic, plastic and hysteretic 

behavior and 2) establish whether the divergent load-displacement responses are suggestive of 

different underlying mechanisms. Fig. B.1 (a) and (b) show the percentage of curves that exhibit 

the three types of responses for polycrystalline β-eucryptite and single crystal β-eucryptite with a 

410 nm tip radius indenter at each loading rate. It is clear that higher rates favor the presence of 

elastic and hysteretic behavior for both the materials. A similar statistical behavior was also 

observed from the analysis of the load-displacement curves obtained with a 735 nm radius tip. 

 

Fig. B.1.    Percentage curves exhibiting elastic, plastic and hysteretic behavior at 

each loading rate for (a) polycrystalline β-eucryptite and (b) single crystal β-eucryptite. 

Higher rates favor elastic and hysteretic behavior for both the materials 
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Further analysis was carried out by describing the first point of deviation from Hertzian elasticity 

and identifying the type of response associated with each deviation load. This process was 

repeated for all the 300 indentations over three different rates of testing, and then plotted as a 

cumulative distribution in Fig. B.2, where each data point represents the result of an individual 

indentation test. Fig. B.2 (a) and (b) show the cumulative distribution of the deviation loads 

along with its corresponding response (elastic, plastic or hysteretic) for polycrystalline and single 

crystal β-eucryptite obtained with a 410 nm tip. The data shown is same as that presented in Fig. 

4.4 (a) and (b). 

 

Fig.B.2.    The cumulative distribution of the Hertzian deviation loads for (a) 

polycrystalline β-eucryptite and (b) single crystal β-eucryptite with an indenter radius  

410 nm. The type of response at each loading rate is also indicated. *The identification of 

the deviation from elasticity is aided by the removal of the unloading curve 
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From Fig. B.2, it is clear that is there no correlation in the type of response to the different 

underlying mechanisms that could occur. Furthermore, the deviation from elasticity at each 

loading rate occurs at similar loads irrespective of the type of the load-displacement response 

suggesting that a single mechanism is responsible for the observed behavior. 

B.2  Shear stresses and strain rate during indentation 

The maximum shear stress beneath the indenter, τmax, may be expressed as
71,75,80,86,87

, 

                                              
    

 
 
   

  
 
   

    
   

                                                                 (B.1) 

where Er is the reduced modulus, R is the tip radius as in Eq. 4.1, 4.2 and Pdev is the load 

corresponding to the first deviation from Hertzian elasticity. In order to calculate the activation 

volume of the phase transformation through Eq. (4.4), the median deviation load
80

 for each rate 

in Fig. 4.6 was converted to the corresponding maximum shear stress according to Eq. (B.1). 

Using an appropriate yield criterion to convert the shear stresses to uniaxial stresses, the other 

unknown parameter in Eq. (4.4) is the strain rate. For an indentation experiment with constant 

loading rate, the strain rate may be expressed as
189-191

: 

                                                          
 

 
 
  

  
                                                                      (B.2) 

where h is the displacement of the indenter into the material and t is the time. The strain rate is 

usually large at the beginning of the test, and decreases with displacement until it approaches a 

nearly stable value for large displacements. The strain rate was calculated for different loading 

rates and then plotted against the displacement (h). For each loading rate, the average 

displacement (h) corresponding to the first deviation from elasticity (refer to Fig. 4.2) was 

identified and the strain rate corresponding to this displacement was used to estimate the 
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effective strain rate for the determination of activation energy (through Eq. (4.4)), as shown in 

Fig. B.3. This procedure is repeated on five different indentations at each loading rate to 

determine an average strain rate corresponding to each loading rate. Only two loading rates (30 

µN/s and 600 µN/s) for indentations performed with a 410 nm indenter are shown in the graph 

for ease of showing the determination of loading rates.   

 

Fig.B.3.    Determination of the effective strain rate for activation volume analysis 

through Eq.(4.4). The dotted lines represent the deviation from Hertzian for the 

corresponding loading rate and the strain rate is identified as shown 
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APPENDIX C 

ULTRASONIC MEASUREMENTS OF YOUNG’S MODULUS 

C.1  Background 

The elastic properties of pure β-eucryptite and β-eucryptite-0.5 mol% Zn were 

investigated in order to establish the effect of doping on the Young’s modulus of the material. 

The Young’s modulus of the material is also an important variable in the Hertzian model of the 

load-displacement relationship for loading of a sphere on a flat isotropic elastic half-space 

according to Eq. 4.1. Therefore, large variations in Young’s modulus of the material can cause 

significant changes on the slope of the predicted Hertzian elasticity curve and thereby cause large 

errors in the identification of the Hertzian deviation load. The Young’s modulus and Poisson’s 

ratio of the two materials were determined by the ultrasonic velocity method. The primary 

advantage of the technique is that the measurements are non-destructive and very precise. For an 

isotropic and homogeneous material in general, there are two possible types of waves that can 

travel through the material: 1) longitudinal or compressional wave and 2) a transverse or shear 

wave. The Young’s modulus and Poisson’s ratio of the materials are determined by correlating 

the transverse (Vs) and longitudinal (Vp) ultrasonic wave velocities with the measured densities of 

the material. 

Fig. C.1 shows the setup used to measure the ultrasonic wave velocities. The pulse 

transmission technique consists of a source transducer which sends an acoustic wave through the 

material and receiver transducer at the other end of the material collects the signal, with further 

signal processing carried out with the help of an oscilloscope. The transducers consists of a 
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piezoelectric crystal that excites when a voltage is applied, thereby creating an acoustic or 

mechanical wave which traverses through the material. The resulting distortion on the 

piezoelectric crystal on the other end (i.e., receiver transducer) causes the crystal to output a 

voltage which is then amplified and recorded on the oscilloscope. By precisely recording when a 

voltage is applied to the crystal, the time required for the ultrasonic wave to traverse through a 

material of known length (L) can be measured and the resulting velocity (V) can be calculated as  

  
 

  
                                                                                                                            (C.1) 

Often there is a lag time associated with the system (called transducer delays) that is measured 

by putting the source and receiver transducer in contact and measuring the time delay for the 

signal to appear on the oscilloscope. ∆t is the difference between the total travel time throught 

the specimen that is measured and the transducer delay time (∆t = ttotal - tdelay). Depending on the 

transducer used (compressional or shear), the measured velocity corresponds to either a 

longitudinal velocity (Vp) or transverse velocity (Vs).  

                        

Fig.C.1.    Schematic setup of Pulse Transmission technique  
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The relationships between longitudinal (Vp) and transverse (Vs) wave velocities with the 

bulk modulus (K) and shear modulus (G) are expressed as, 

    
  

 

 
 

 
                                                                                                                    (C.2) 

    
 

 
                                                                                                                          (C.3) 

By knowing Vp and Vs and measuring the density of the material using Archimedes technique, 

the bulk and shear modulus can be calculated. The Young’s modulus and Poisson’s ratio can be 

determined using, 

  
   

    
                                                                                                                                   (C.4) 

  
  

  

  
 
 

   

   
  

  
 
 

   

                                                                                                                             (C.5) 

C.2   Experimental Procedure 

In the present study, the pulse transmission technique was used to determine the Young’s 

modulus and Poisson’s ratio of pure β-eucryptite and β-eucryptite-0.5 mol% Zn (referred as 

doped β-eucryptite). For comparison, the modulus of pure 10YSZ, a material exhibiting a higher 

modulus than β-eucryptite, was also measured in the current study. Dense pellets (0.5” diameter) 

of β-eucryptite and 10YSZ were fabricated in a similar manner as indicated in Section 3.2 and 

Section 6.4 respectively. In order to have a sample with flat surfaces, all the specimens were 

surface ground with the help of a surface grinder. The density of all the samples was measured 

using Archimedes technique.  
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For the modulus measurements, a uniform layer of silicone-free acoustic couplant 

(Grainger, USA) was used as a coupling medium between the ceramic pellet and the transducer. 

The ultrasonic pulses were provided with a custom made function generator. These pulses excite 

the piezoelectric crystals of the compressional (V153) or the shear (V103) transducer 

(Panametrics Inc., Waltham, MA USA) and the signals are recorded on the Tektronix TDX 

oscilloscope (Tektronix, Beaverton, OR USA). The longitudinal and transverse velocities 

obtained from the measurements are shown in Table C.1 along with the results of the elastic 

moduli of the three materials. The elastic moduli are calculated using Eq.C.2 through Eq.C.5 and 

the results are shown in Table C.2.     

Table.C.1.    Longitudinal and transverse wave velocities for pure 10YSZ, pure  

β-eucryptite and doped β-eucryptite 

Material Density 

(g/cm
3
) 

Longitudinal 

velocity, Vp 

(m/s) 

Transverse 

velocity, Vs 

(m/s) 

10YSZ 5.86 (5.9)
‡
 6864 3862 

β-eucryptite 2.64 (2.67) 8188 4659 

Doped 

β-eucryptite 

2.60 (2.67) 7946 4484 

                            
‡
The respective theoretical densities are shown in parentheses 
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Table.C.2.    Elastic constants of pure 10YSZ, pure β-eucryptite and  

doped β-eucryptite determined through the pulse transmission technique 

Material Bulk modulus, K 

(GPa) 

Shear modulus, G 

(GPa) 

Young’s modulus, E 

(GPa) 

Poisson’s ratio, ν 

10YSZ 160 88 222 0.27 

β-eucryptite 88 50 126 0.26 

Doped 

β-eucryptite 

84 46 117 0.27 

 

From the results shown in Table C.2 it is clear that doping with zinc (0.5 mol% Zn) does 

not influence the Young’s modulus significantly. The obtained values of elastic constants also 

agree well with the values reported in the literature for pure 10YSZ
192

 and pure β-eucryptite.
88
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APPENDIX D 

BACKGROUND – DIAMOND ANVIL CELL 

The advent of diamond anvil cells (DAC) has revolutionized high pressure 

experimentation and facilitated studies of materials under pressures approaching the bulk moduli 

of solid materials and at temperatures varying from 2 K to up to 4000 K.
193-200

 The basic 

principle of the DAC is that a force applied over a small area results in a high stress. The 

pressure is generated by two opposing diamond anvils. A schematic of the DAC apparatus with 

its few basic components is shown in Fig. D.1. The advantage of using diamond is twofold: 1) 

diamond in the hardest material known with a high compressive strength and 2) it is transparent 

to different kinds of electromagnetic radiation, including x-ray, visible light and infrared, thereby 

allowing measurement of various properties of materials in-situ under high pressures. This 

property of diamond allows for several in-situ measurements to be carried out in different 

materials under high pressures. In the present study, Raman spectroscopy was utilized to study 

the effects of doping on the pressure-induced phase transformation in β-eucryptite. In situ DAC-

Raman spectroscopy technique is a widely used technique to follow the structural evolution of 

different materials under pressure and temperature, and allows for precise determination of phase 

transition pressures and quantitative information like pressure variation of Raman shift and 

hysteresis of phase transitions.
127-137
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Fig.D.1.    Schematic of diamond anvil cell (DAC) adapted from Eremets
200

 

A. Gaskets 

The main purpose of introducing a gasket in a high pressure cell is to provide a chamber 

for the sample confinement, pressure marker and a pressure medium. The gasket is prepared by 

pre-compressing a metal foil (250 µm – 300 µm thick) between the 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. In the present 

study, stainless steel gaskets (10 mm diameter, 250 µm thick), pre-indented to 90 µm with a hole 

diameter of 250 µm was used.  

B. Pressure medium 

The pressure media play an important role in high pressure experiments by greatly 

reducing the pressure gradient in the gasket-embedded sample chamber and provide a hydrostatic 

pressure on the sample.
150,201

 The reasons to avoid non-hydrostatic pressures are many-fold: 1) 

materials behave differently under non-hydrostatic conditions, for example, it may promote or 

suppress phase transitions and 2) cause difficulties in quantifying the pressure by the commonly 
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used ruby fluorescence technique or internal diffraction standards and therefore the resulting 

behavior of the material cannot be related to experimental conditions. The pressure media used 

in a high-pressure experiment can be a solid, liquid or a gas, but in any case they must be inert to 

the sample, i.e., should not react with the sample during the experiment. In addition, the medium 

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

spectroscopy. The most commonly used pressure media are alkali halides (NaCl, KCl, etc.), 4:1 

methanol-ethanol, 16:3:1 methanol-ethanol-water, mineral oil, silicone oil and inert gases (neon, 

argon, etc.). Alkali halides become transparent and lose its hydrostaticity (i.e., ability to maintain 

uniform pressure in the sample chamber) at very low pressures (~2-3 GPa) and therefore not 

suitable though they are the easiest to use. A 4:1 mixture of methanol-ethanol is the widely used 

pressure medium. It is quasi-hydrostatic to about 9.8 GPa.
150

 When diluted with water to make a 

mixture of 16:3:1 methanol-ethanol-water, the hydrostatic limit is increased to 14.5 GPa.
150

 The 

inert gases are the most reliable pressure media, however, they are the most difficult to work 

with. In the present study, the mixture of 16:3:1 methanol-ethanol-water was used as the pressure 

medium.    

C. Pressure marker 

The development of methods for accurately measuring the pressure in the sample 

chamber was nearly as revolutionary for the field of high pressure as the invention of the DAC 

itself. The ruby fluorescence technique is widely used for pressure measurement in a diamond 

anvil cell.
138-144

 Ruby is the Cr-containing red variety of corundum (Al2O3), where the Cr
3+

 ions 

occupying a percentage of the Al sites. The system Al2O3-Cr2O3 in fact forms a complete solid 

solution between the two oxide phases. The Cr
3+

 (r – 0.064 nm) ion has a slightly larger ionic 

radius than Al
3+

(r – 0.057 nm) and thus, doping of corundum by Cr results in a small expansion 
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of the host lattice and an off center displacement from the central octahedral positions. Under 

laser excitation, a strong fluorescence in the shape of a sharp doublet is observed. The laser 

excites the Cr
3+

 ions from ground state to a higher energy band, from whence they decay non-

radiatively to somewhat lower energy states (slow process that can be neglected). This is the 

process of populating the states above ground state , which then radiatively decay to the ground 

state, emitting a fluorescence that can be detected by a spectrometer. The transition from the two 

lowest energy excited states to the ground state are denoted as R1 and R2 peaks, a pair of high 

intensity fluorescence lines. Under ambient conditions this occurs at,  

 R1 – 4360 1/cm (694.2 nm) 

 R2 – 4390 1/cm (692.8 nm) 

These characteristic lines arising from the electronic transitions of the dopant ions are very 

sensitive to their separation distance in the host crystal and thus vary predictably with pressure. 

This relationship between an observed line shift in fluorescence and the state of stress can be 

described by the tensorial equation
139-141

,  

         
                                                                                                                                 (D.1) 

where     and    
  are the piezospectroscopic coefficients and the stress state respectively. For 

ruby fluorescence, the piezospectroscopic coefficients have been determined to be 7.59 cm
-1

/GPa 

and 7.61 cm
-1

/GPa for R1 and R2 peaks respectively.
141

 At room temperature under hydrostatic 

conditions, the R1 and R2 lines nearly shift by the same amount (~7.6 cm
-1

/GPa) and does not 

change shape (i.e., R1-R2 line separation remains the same). Under non-hydrostatic conditions, 

significant line broadening and peak splitting is observed.
138,143

 Though the R1-R2 peaks shift 

irrespective of the state of stress, it has been shown that R2 line shift is more indicative of the 
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pressure (viz., hydrostatic compression), while the R1 line shift is sensitive to inhomogeneous 

strain (i.e., deviatoric stress). Thus, the R2 line shift was used to determine the pressures in the 

current study. However, since the range of pressures explored in the current study is relatively 

low, only negligible difference was observed between the pressures calculated using R1 and R2 

line shifts. Fig. D.2 (a) and (b) show the typical ruby fluorescence spectrum obtained in the 

current study for without pressure and at 1 GPa respectively. The peak positions were 

determined by fitting a Lorentzian function to obtained spectra as shown in the Figure.  

 

Fig. D.2.    Typical ruby fluorescence spectra obtained in the current study at (a) No 

Pressure and (b) 1.08 GPa. The pressures were determined according to Eq. (D.1).  

 

D. Types of DAC’s 

In the DAC, a sample is placed between two flat faces of opposing diamond anvils and 

the pressure is generated in the sample when a force is applied on these anvils. The DAC’s can 

be classified into different types depending on type of force generating and anvil alignment 
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mechanisms.
193,194,197,198,200

 Depending on the type of force generating mechanism, the two main 

classes of DAC’s are 

 Screw/bolt driven DAC 

 Pneumatic driven DAC 

In the screw/bolt driven DAC, the pressure is introduced by screwing 3 or 4 bolts in sequence 

which tightens the piston and cylinder together and the load is transferred to the tip of the 

diamonds. These cells are relatively small and light and are designed with a large conical 

opening. This makes them suitable for XRD analyzes, as it allows for larger collection of the 

emitted x-rays.  

In a pneumatic system, a gas-membrane is used to generate the force on the anvils. A gas-

membrane type DAC was used for the experiments in this study. In this DAC, the force on the 

piston is generated by a pressurized inert gas which pushes on an annular membrane. The 

pressure membrane assembly is screwed onto the DAC, replacing the manual pressure adjusting 

screws. A metered amount of inert gas is then introduced, which causes the membrane to expand 

and thereby tightening the cell and generating the pressure. It permits fine control and adjustment 

of the force applied to the anvils and also allows remote application of pressure without the need 

to dismount the cell from the instrument, a major advantage when performing synchrotron 

experiments. Another benefit of gas-membrane driven DAC’s is that the gas-membrane presses 

the piston towards one another in a more uniform manner, thereby avoiding uneven distribution 

of loads on the anvils and extending its working lifetime. The gas-membrane type DAC (Model: 

Diacell HeliosDAC A59000, EasyLab Technologies Ltd., Berkshire, UK) used in the present 



 
141 

 

study is shown in Fig. D.3. Fig.D.4 shows the experimental setup of in situ diamond anvil cell-

Raman spectroscopy used in the current study. 

 

Fig. D.3.    Gas-membrane type Diacell HeliosDAC pressure cell used 

 in the present study 

 

Fig. D.4.    Experimental setup of in situ DAC-Raman spectroscopy 
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APPENDIX E 

10YSZ – β-EUCRYPTITE COMPOSITES 

E.1 Thermal Residual Stress Calculations 

Residual thermal stresses form in ceramic composites during processing, owing to the 

thermo-mechanical mismatch between the matrix and the inclusions. In brittle materials, the 

stresses that develop during cooling from the sintering temperature may be comparable to the 

fracture strengths of the material. Accordingly, these residual thermal stresses must be 

considered in the material design and various applications. These residual stresses have always 

been of interest from both the strengthening
174,182

 and weakening
178,181

 perspectives. Calculation 

of the thermoelastic micromechanical residual stresses in highly anisotropic non-cubic 

polycrystalline materials and in multiphase composite materials has been a subject of study for 

several decades.
172,178,182,202-209

 The analysis used to calculate the micromechanical stresses is 

based on the studies of Eshelby
202,203

 and Mori and Tanaka
204

. Eshelby
202,203

 in the 1950’s 

analyzed this problem by considering the situation of an ellipsoidal inclusion in an infinite 

isotropic matrix and obtained solutions for the stress field and strain energy of the ellipsoidal 

inclusion. Though this solution was valid only for a single particle in an infinite isotropic matrix, 

they represent a satisfactory approximation at low particle concentrations. Subsequent studies 

have modified the Eshelby’s model to a) determine the average stresses in the matrix for a 

composite material
204

 b) account for finite volume fraction of particulates in the matrix
204

 and c) 

incorporate anisotropy in the thermal expansion and elastic properties of the inclusion and/or 

matrix.
172,208

 In the current study, the model of Hsueh and Becher
172

 which describes the residual 
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thermal stresses in ceramic composites for ellipsoidal inclusions was used to determine the 

stresses in composites with β-eucryptite as the second phase. 

The model considers an isotropic CTE for the matrix and an anisotropic CTE (different 

CTE in the axial and radial directions) for the particulate, as is the case with β-eucryptite. Both 

the matrix and the inclusion were assumed to be linear elastic with isotropic elastic constants.  

Hsueh and Becher adopted the modified Eshelby model to obtain the residual stresses in the 

matrix and the particulates. The Eshelby model can be described by a sequence of imaginary 

cutting, straining and welding operations described below. A schematic is shown in Fig. E.1.  

 During cooling, the inclusion is subject to mismatch strains arising due to ∆α*∆T. In the 

Eshelby approach, the inclusion is first cut and removed from the matrix before cooling. 

After cooling the inclusion is subject to the above mismatch strains, defined as 

“transformation strains” (ε
T
) in the Eshelby model.  

 Since the inclusion has changed shape, it cannot be replaced directly into the hole in the 

matrix. In order to return the inclusion to the matrix, surface tractions are applied on the 

inclusion to compensate for the transformation strain. The stress is now zero in the 

matrix, but exists in the inclusions due to the applied surface tractions.  

 To remove the applied surface tractions, an equal and opposite layer of body force is 

applied at the interface between the matrix and the inclusion which, in turn, induces 

strains in both the inclusion and the matrix (defined as “constrained strains” (ε
C
)). The 

stresses in the matrix result solely from these constrained strains, whereas the stresses in 

the inclusion result from both the constrained and transformation strains.  
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Fig. E.1.    Schematic showing the sequence of operations in the Eshelby model 

 

The constrained strains result from compensating the transformation strain in the inclusion. The 

relation between the two strains (related by the Eshelby tensor, which is a function of the aspect 

ratio of the inclusions and the Poisson’s ratio of the matrix) is given by the Eshelby model for the 

case of a single ellipsoidal inclusion in an infinite isotropic matrix with similar elastic constants 

for both the matrix and the inclusion. In reality however, there exists a finite volume fraction of 

inclusions and the elastic constants are also different for the matrix and inclusions. Hence, the 

need for modifications in the Eshelby model as introduced by Mori and Tanaka. Using this 

modified approach, Hsueh and Becher obtained simple analytical solutions for the average 

stresses in the inclusion and matrix by assuming a specific shape of inclusions (e.g. spherical, 

disc-shaped or fiber-shaped). The solutions for stresses in the inclusion and matrix are given by 
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where νm and Em are the Poisson’s ratio and Young’s modulus of the matrix and ε
T
 and ε

C
 are the 

transformation and constrained strains as described previously. The average stress in the 

inclusion (  ) is then expressed as, 

   
        

 
                                                                                                                              (E.3) 

The average stress in the matrix (   ) can be represented as,  

    
     

    
                                                                                                                                  (E.4) 

where Vp is the volume fraction of particulates in the matrix. Using the above equations, the 

thermal residual stresses in the composites of β-eucryptite were calculated in order to evaluate 

the suitability of different matrix systems (e.g., alumina, zirconia, silicon carbide, silicon nitride, 

rutile, magnesia). The primary requirement for the matrix material is to have a sufficiently higher 

CTE than β-eucryptite so as to produce a hydrostatic stress in the particulate of the same/higher 

magnitude as that observed to induce the high-pressure transformation in loose β-eucryptite 

powders (occurring at a hydrostatic pressure of about 800 MPa
6,15,18,22

). The matrix should also 

have a high strength, so as to withstand the resulting tensile stresses in the matrix. Finally, there 

should not be any reaction between the matrix and particulate during sintering. A spherical 

inclusion shape (particle diameter of 2 µm) was assumed for all β-eucryptite particulates for the 

present calculations. The thermal stresses were calculated for the composites (containing 5 vol% 

to 20 vol% of β-eucryptite) being cooled from 1000°C to room temperature (∆T=975°C). The 

relevant material properties used in the calculations is shown in Table E.1 and the results of the 

thermal stresses in composites of β-eucryptite with different matrix systems are presented in 

Table E.2.                                   
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Table E.1.    Elastic properties of β-eucryptite and different matrix systems 

Material Young’s modulus, E 

(GPa) 

Poisson’s ratio, ν  CTE, α  

(x10
-6

 /°C) 

β-eucryptite 128
‡88

   0.31
‡88

 αa=αb = 8.21
8
 

αc = -17.6
8
  

10 mol% Yttria-stabilized 

Zirconia (10YSZ) 

 

220
‡210

   

 

0.28
‡210

 

 

10.5
‡211

 

Monoclinic Zirconia 200
212

 0.28 7.5
213

 

Alumina (Al2O3) 416
214

 0.23
214

 8.1
214

 

Silicon carbide (α-SiC) 415
215

 0.16
215

 5.0
215

 

Silicon nitride (Si3N4) 314
216

 0.25
217

 3.4
216

 

Rutile (TiO2) 320
218

 0.25
218

 9
219

 

Magnesia (MgO) 300
220

 0.17
220

 15.5
221
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Table E.2.     Thermal residual stresses for composites of β-eucryptite (5 vol% to 20 vol%) 

with different matrix systems (calculated according to Eqns. E.1 – E.4) 

Material Average stress in the  

particulate (β-eucryptite), 

     (MPa) 

Average stress in the  

matrix, 

     (MPa) 

 5 vol% 10 vol% 15 vol% 20 vol% 5 vol% 10 vol% 15 vol% 20 vol% 

10 mol% Yttria-

stabilized Zirconia 

(10YSZ) 

- 974 - 930 - 886 - 841 51 103 156 210 

Monoclinic 

Zirconia 

- 671 - 640 - 608 - 576 35 71 107 144 

Alumina (Al2O3) - 1126 - 1088 - 1048 - 1006 59 121 185 252 

Silicon carbide  

(α-SiC) 

- 841 - 810 - 777 - 743 44 90 137 186 

Silicon nitride 

(Si3N4) 

- 431 - 414 - 397 - 379 23 46 70 95 

Rutile (TiO2) - 1076 - 1034 - 992 - 947 57 115 175 237 

Magnesia (MgO) - 2140 - 2043 - 1945 - 1846 113 227 343 461 
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From the results shown in Table E.2, it is clear that only composites with 10YSZ or alumina or 

rutile or magnesia as the matrix produce sufficiently high hydrostatic stresses in β-eucryptite so 

as to induce a pressure-induced phase transformation. Rutile and magnesia have low tensile 

strengths (~60 MPa) and therefore cannot withstand the resulting tensile stresses in the matrix. 

Alumina reacts with β-eucryptite at high temperatures, and therefore cannot be utilized as the 

matrix material for the present application. Therefore, cubic zirconia based on 10 mol% yttria-

stabilized zirconia (10YSZ) was chosen as the candidate matrix for the present application. 

E.2 Processing of 10YSZ-β-eucryptite Composites 

The particle size measurements of pure 10YSZ and -eucryptite were carried out using a 

Microtrac S3500 Particle Size Analyzer (Microtrac, York, PA 17404, USA) as described in 

Section 2.2. The mean particle size of pure 10YSZ and -eucryptite was determined to be about 

0.4 µm and 1.5 µm respectively (Fig. E.2).  

 

                                         (a)                                                              (b) 

   Fig. E.2.    Particle size analysis of (a) as received TOSOH 10YSZ and (b) pure  

                                        β-eucryptite powder after ball milling 

 

Composite powders were made by mixing appropriate amounts of 10YSZ and -eucryptite and 

ball-milling in an alcohol medium with a suitable dispersant for a specific time to achieve a 
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uniform dispersion of -eucryptite in 10YSZ. As thermal stresses of large magnitude are 

expected in these composites, dispersion of -eucryptite in 10YSZ is critical to achieve a crack-

free sample. Several dispersants were explored (Darvan C (R. T. Vanderbilt Company, Inc., 

Norwalk, CT, USA), Darvan C-N (R. T. Vanderbilt Company, Inc., Norwalk, CT, USA) and 

Targon 1128 (BK Giulini GmbH Werk, Ladenburg, Germany)). Composite powders were also 

made by ball-milling in a non-polar medium (e.g. hexane) for 24 hours. The powder was 

separated from the alcohol/hexane by rotary evaporation and sintering using a hot press as 

indicated in Section 6.4. It was found that all the dispersants resulted in a poor dispersion of -

eucryptite in 10YSZ, as evidenced by the presence of several macroscopic features and cracking 

as shown in Fig. E.3. The corresponding SEM micrograph of the fracture surface showing non-

uniform dispersion is also presented in Fig. E.3. Uniform dispersion was best achieved by 

milling in a hexane medium and resulting pellet was dense, homogeneous and crack-free as 

shown in Fig. E.4.   

 

                        (a)                                           (b)                                                  (c) 

Fig. E.3.    10YSZ–20 vol. % -eucryptite composite pellet obtained after hot pressing of 

powders obtained by milling 10YSZ and -eucryptite in alcohol with Darvan C-N 

dispersant (a) Macro image of pellet (b) Optical micrograph showing the cracking on the 

composite and (c) backscatter scanning electron micrograph of fracture surface showing 

inhomogeneous dispersion of -eucryptite (black) in 10YSZ (white)

20 mm 500 µm 

400 µm 

400 µm 
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Fig. E.4.    10YSZ–20 vol. % -eucryptite composite pellet obtained after hot pressing of 

powders obtained by milling 10YSZ and -eucryptite in hexane medium (a) Macro image 

of pellet (b) backscatter scanning electron micrograph of fracture surface. No cracking was 

observed and the fracture surface showed a homogeneous dispersion of -eucryptite 

(black) in 10YSZ (white) 

 

E.3 Thermal Expansion Measurements 

The thermal expansion measurements were performed on pure 10YSZ and 10YSZ-β-

eucryptite composite specimens of dimensions 4 mm x 4 mm x 12–15 mm using a Netzsch DIL 

402C vacuum tight horizontal pushrod dilatometer fitted with a Netzsch TA SC 414/3 

temperature controller (Netzsch Instruments, MA 01803 USA). The measurements were 

performed at a heating and cooling rate of 2°C/min between room temperature and 1000°C. The 

expansion behavior of the ceramic specimens was monitored during the heating and cooling 

cycles, according to ASTM C1470-06.
65

 An alumina sample holder and pushrod were used with 

cubic zirconia (based on 10 mol% yttria stabilized zirconia) spacers to prevent reaction between 

β-eucryptite and alumina. A constant force of 0.3 N was applied to the specimen cross-section 

during the measurements. An alumina specimen was used as a reference standard to perform a 

calibration prior to performing the tests on all the samples. 

The dilatometric curves of the different specimens from room temperature to 1000°C are 

shown in Fig. E.5. The linear thermal expansion may be represented as 

25 mm 10 µm 
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                                                                                                                                    (E.5) 

from which the coefficient of thermal expansion (CTE), α, can be calculated as,  

      
 

  
 
  

  
                                                                                                                             (E.6) 

where        ,    is the room temperature, T is the temperature of testing,    is the 

specimen length at room temperature, and L is the length at the tested temperature. Pure 10YSZ 

and 10YSZ- β-eucryptite composites exhibited a positive linear expansion over the temperature 

ranges (25°C-1000°C) examined. A slight decrease in CTE was observed with the addition of β-

eucryptite to the matrix, as can be seen from the thermal behavior shown in Fig.5.7. No thermal 

hysteresis was observed for all the samples indicating an absence of inherent microcracking 

which is typically observed in pure β-eucryptite ceramics.
26

 The experiment was repeated at the 

end of the first cooling cycle and no change in the shrinkage behavior was observed. The repeat 

cycle is shown by dotted lines in Fig. E.5. 

 

Fig. E.5.    The thermal expansion behavior of pure β-eucryptite, pure 10YSZ and 

10YSZ-β-eucryptite composites between room temperature and 1000°C. Two successive 

cycles from room temperature to 1000°C was measured for each specimen. Addition of β-

eucryptite to 10YSZ results in a marginal decrease of the thermal behavior 
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