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Abstract  

 

Pioneer work has found some signatures of shape memory effect in zirconia based 

ceramics a few decades ago. However, little work has been carried on since then due to 

the brittleness and microcracks in the ceramics. This makes it impossible to observe full 

cycle of shape change and recovery (i.e. shape memory effect). The small magnitude of 

recoverable strain also limits potential engineering application. 

Inspired by the work on shape memory alloys, we propose that when the brittle 

yttria stabilized zirconia (YSZ) are in small volume with high surface area-to-volume 

ratio, the surface can relieve much of the stress concentrated at grain boundaries, 

enabling the occurrence martensitic phase transformation and laying a solid foundation 

for the potential shape memory effect. To prove the hypothesis, we have prepared small 

volume YSZ ceramics with desired crystal phase, signatures of martensitic 

transformation were observed without fracture and the hypothesis was proven. However, 

a large behavior variation was observed in terms of characteristic shape deformation 

properties like transformation stress and recoverable strain, mainly due to the existence of 

grain boundaries in YSZ ceramics with nanoscale grains. 

Our strategy to tackle this challenge was to increase the grain size of the YSZ 

ceramics to enable single crystal ceramic pillars, by introducing extra dopant of titania. 

With the introduction of titania, we managed to develop the yttria-titania doped zirconia 

(YTDZ) ceramics with microscale grains. Characterization of the YTDZ ceramics at 

grain-scale confirmed the tetragonal phase is present, which is desirable for stress-

induced martensitic transformation. 

The study of martensitic transformation temperatures of YTDZ ceramics guides us 

to select suitable compositions for potential shape memory effect. The established 

relationship between martensitic transformation and testing temperatures could be very 

useful when high temperature applications are desired. 

The single crystal YTDZ pillars at microscale demonstrated tremendous 

improvement in fracture strength, enabling robust and reliable shape memory effect, with 

transformation stress as high as 2.6 GPa and transformation strain of 2.6%. More 

importantly, the single crystal structure eliminates the effect of grain boundaries, and 
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therefore allows us to quantitatively study the characteristic shape memory properties by 

decoupling the controlling parameters. 

A systematic study on the single crystal YTDZ pillars revealed that the featuring 

shape memory properties are determined by the thermodynamics of stress-induced 

martensitic transformation. A few controlling parameters such as crystal orientation, 

testing temperature, ceramic dimension and ceramic composition were explored.  

Maps for the featuring shape memory properties were constructed over the crystal 

orientation variation. Such maps suggest that the preferred orientations are different for 

high martensitic transformation stress, high transformation strain or large energy 

dissipation. Therefore, depending on the applications, we are able to use ceramics with 

orientations that maximize the desired properties.  

In addition to crystal orientation, it was discovered that more doping oxides, larger 

ceramic dimensions and higher test temperatures all can increase the critical stress for 

martensitic transformation of zirconia ceramics, and therefore enhance the energy 

dissipation capacity.  

The shape memory ceramics made at micro- and nanoscale could have tremendous 

value for potential applications like sensing, actuation, energy harvesting and conversion, 

and mechanical damping. The scientific understanding of structure-property relationship 

may also serve as a possible solution for similar scaling down effect in other systems and 

as a guide for material selection for various applications in future.  
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Chapter 1  

Introduction 

 

Shape memory material (SMM) is a type of smart material called stimulus-

responsive material
1
, which includes the well-known shape memory alloys 

(SMAs)
2,3

, shape memory polymers
4-7

, shape memory ceramics (SMCs)
8
 and 

the newly emerging shape memory hybrid and composite
9,10

. It has received 

increasing attention due to its unusual properties of shape memory effect, 

with large recoverable strain and high damping energy
11

. One well-known 

group of SMMs is martensitic shape memory materials
12

. This type of 

material can undergo reversible martensitic transformation between two 

distinct phases in response to changes in temperature and/or load 

excursions
13

. Such transformation results in large recoverable shape change 

and the material exhibits special properties of shape memory effect
14

. The 

coupling of shape change in response to temperature and load induced by 

crystallographically reversible martensitic phase transformation is the 

essential feature enabling the exploration of martensitic transformations for 

shape memory properties
15

. 
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1.1 Hypothesis 

 

Since most martensitic SMMs that go through reversible martensitic phase 

transformation are polycrystals, the bulk material is brittle and prone to intergranular 

fracture during transformation
16,17

. It has been discovered that by producing the SMA 

material in microscale and nanoscale, the normally brittle materials can be more ductile 

and can potentially exhibit large reversible shape memory strains
18-20

. Considerable 

researches have revealed that scaling down the material size could dramatically enhance 

the shape memory effect of martensitic shape memory material such as Cu-Al-Ni alloy
21

 

and single crystal Ti alloys
22

. It has been reported that the reversible martensitic phase 

transformation can occur in nanoscale volume for the well-studied SMA system such as 

NiTi-based alloy
23-25

 and Cu-based alloy
26

.  

Although the martensitic transformation in zirconia based ceramics has been well 

known as the foundation of so-called “transformation toughening”
27,28

, pioneer work 

have shown that the essential features of shape memory effect were observed in 

martensitic-forming bulk ceramics such as ceria-doped zirconia
29-32

. However, the 

transformation of ceramics often lead to microcracking due to high stresses concentrated 

at grain boundaries, making it almost impossible to observe the full shape memory effect 

and multiple cycling of shape recovery due to quick declination
33,34

. The small magnitude 

of only 0.42% recoverable strain of SMC also limited the technological application
35

. 

We herein propose that when normally brittle yttria stabilized zirconia (YSZ) 

ceramics are produced in small dimensions with high surface area-to-volume ratio, the 

surface can relieve much of the stress associated with the martensitic phase 

transformation, enabling the possibility of full shape memory effect without experiencing 

cracking
36

. In addition, composition modification could help eliminate the grain 

boundaries where stress is concentrated, and single crystal YSZ ceramics at small volume 

could be achieved. Therefore, brittle fracture can be suppressed and shape memory strain 

can be enhanced, improving the shape memory performance of ceramics. The advantages 

of high hardness grant YSZ ceramics the possibility to sustain much larger stress 

compared to SMAs, serving as candidates for various possible new applications when 

high load is preferred. The single crystal YSZ ceramics also makes it possible to 
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systematically investigate the martensitic transformation related factors that affect the 

performance of shape memory ceramics, offering a reliable and fast assessment on the 

property-structure relationship of YSZ ceramics. The SMCs made by micro- and 

nanoscale ceramics can have tremendous value for potential applications like sensing, 

actuation, energy harvesting and conversion, and mechanical damping.  

1.2 Objectives and Scope 

 

This thesis aims to develop robust shape memory ceramics with fine scale zirconia 

to exhibit properties of high strength and large recoverable strain. The objective can be 

accomplished by firstly proving the hypothesis that reducing the YSZ ceramics size to 

microscale could enable the occurrence of martensitic transformation without 

experiencing fracture. With the hypothesis proven, the YSZ ceramics will be modified to 

enable single crystal structure at small volume, so as to develop reliable shape memory 

ceramics with high strength and ductility. By studying the relationship between structural 

parameters and mechanical properties of zirconia ceramics, we aim to develop a thorough 

understanding of how the ceramic structure is related to shape memory effect. A 

systematic investigation will be conducted regarding the effects of parameters such as 

zirconia diameter and height, grain size, crystal orientation and ceramic composition on 

the properties of recoverable strain and critical stress to trigger transformation. The 

scientific understanding of structure-property relationship may also serve as a possible 

solution for similar scaling down effect in other systems and as a guide for material 

selection for various applications in future.  

1.3 Dissertation Overview 

 

The thesis addresses: 

Chapter 1 presents the basic concepts of shape memory ceramics and the 

challenges currently face by the researcher. The hypothesis has been proposed, and our 

project goal and scope has been outlined. 

Chapter 2 reviews the literature concerning shape memory ceramics. The 
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fundamentals of shape memory effect and its underlining mechanism of martensitic 

transformation are discussed. This chapter also reviews the studies on size effect and 

crystal orientation dependence of shape memory alloys and ceramics. 

Chapter 3 discusses the underlying principles of the synthesis and characterization 

techniques for the study of small volume ceramics. It provides detailed description of 

experimental methodology, including the fabrication of bulk yttria stabilized zirconia 

(YSZ) and yttria-titania doped zirconia (YTDZ) ceramics, micro-machining of small 

volume ceramics and mechanical test conducted to explore the shape memory effect. 

Chapter 4 presents a systematic characterization and comparison between YSZ 

and YTDZ ceramics, including the studies of their microstructure, grain size and 

composition phase. The localized grain-scale characterization of phase and chemical 

composition will be elaborated in preparation for small volume ceramics.  

Chapter 5 investigates and compares the shape memory effect in small volume 

YSZ and YTDZ ceramics. It explores signatures of martensitic transformation during 

compressive loading, from both the load-displacement curve and ceramic morphology. 

This chapter also provides direct assessment of the phase transformation during 

compression with transmission electron microscopy (TEM). 

Chapter 6 addresses the question of characteristic temperatures for martensitic 

transformation, a key property to assess whether a ceramic can have shape memory 

effect. 

Chapter 7 systematically studies the controlling factors of martensitic 

transformation and the resultant shape memory properties, including the crystal 

orientation, test temperature, ceramic dimension and ceramic composition. It provides a 

general assessment on the structure-property relationship in small volume YTDZ 

ceramics. 

Chapter 8 concludes the thesis and addresses the extent to which the hypothesis is 

proven. It also includes some reconnaissance studies on the exploration of dopant for 

YSZ ceramics and potential superelasticity properties. The opportunities and strategies 

for future work are also discussed. 
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1.4 Findings and Outcomes 

 

This research has led to several novel outcomes by: 

 

1. Establishing a novel methodology for the development of single crystal shape 

memory zirconia ceramics at micro/nanoscale. 

2. Obtaining scientific understanding on the effects of dopant on the morphology 

and phase composition of zirconia ceramics. 

3. Studying the characteristic temperatures for martensitic transformation to assess 

the suitability of ceramics for shape memory effect. 

4. Developing systematic understanding on the controlling effects of shape memory 

effect, including the orientation dependence, size effect, composition dependence 

and testing temperature effect. 
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Chapter 2  

Literature Review  

 

This chapter reviews the literature of shape memory materials, with focus on 

the martensitic shape memory alloys and ceramics. Previous research on the 

fundamentals of shape memory effect and its underlining mechanism of 

martensitic transformation are reviewed. This chapter also reviews the 

controlling parameters for characteristic shape memory properties in alloys 

and ceramics, including material dimensions, crystal orientation and testing 

temperatures. 

  

  



Literature Review  Chapter 2 

8 

 

2.1 Overview of Shape Memory Materials 

 

Shape memory materials, as the name implies, refer to materials with the 

capability to remember and recover their shape when the right stimulus is applied
1
. Shape 

memory materials that demonstrate shape memory effect can be directly associated with 

two distinguishably different underlining mechanisms: reversible phase transformation 

for shape memory alloys (SMAs) and ceramics (SMCs)
2
; and dual-segment/domain 

system for shape memory polymers (SMPs)
3
.  

The phase transformation in SMAs and SMCs could be martensitic, viscoelastic, 

ferroelectric or ferromagnetic
4
. The martensitic shape memory effect originates directly 

from the reversible martensitic transformation between the austenite and martensite 

phases, which can be triggered by heat or stress
5
. Some mica glass materials exhibit 

viscoelastic shape memory effect, that is, when the principle crystalline phase is 

dispersed in a continuous glassy phase, the viscous plastic strain developed during 

heating leads to the shape memory effect
6
. The ferroelectric shape memory effect mainly 

arises from the large strain generated as a result of paraelectric, ferroelectric and 

antiferroelectric phase transition
7-9

. The ferromagnetic shape memory effect is magnetic 

responsive and exhibits recoverable lattice distortion when undergoing paramagnetic, 

ferromagnetic and antiferromagnetic transition
10-12

.  

Among all the shape memory mechanisms in SMAs and SMCs, those thermo-

responsive ones originate from martensitic phase transformation are of particular interest 

to us. As the martensitic transformation in these materials can be triggered by external 

load, the materials are able to deform much significantly in a pseudo-elastic manner
13

, i.e. 

the deformation can be fully recovered without introducing permanent structural damage. 

In other words, the shape memory effect can enhance the “ductility” of a material, which 

is of particular importance for brittle materials like ceramics. In the following sections, 

we will review in detail the reversible martensitic phase transformation and shape 

memory effect, including the working principle of martensitic transformation and the 

corresponding thermomechanical behavior
14

. Subsequently, the literature work on 

thermo-responsive SMAs and SMCs with different structures will be discussed, followed 

by the review on the key structure-property parameters in SMAs and SMCs.   
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2.2 Martensitic Transformation induced Shape Memory Effect 

 

Reversible martensitic transformation is a diffusionless, displacive and 

thermoelastic solid-state phase transition
15

. The high temperature austenite phase and low 

temperature martensite phase that go through the transformation have a reproducible 

orientation relationship
16,17

. It involves the coordinated movement of atoms and is 

characterized by a rapid change of crystal structure as shown in Figure 2.1(a), resulting in 

a significant shape change
18

. The martensite (monoclinic) phase in zirconia is the 

equilibrium phase at room temperature and it is defined as the crystal structure formed 

during diffusionless phase transformation, not the product formed by quenching as 

defined in traditional steel systems
19

. On the other hand, the austenite (tetragonal) phase 

is not an equilibrium phase at room temperature. However, after doping with oxides 

(Y2O3 or CeO2), the cation diffusion in zirconia becomes so slow that it has been proven 

particularly difficult to establish equilibrium phases at room temperature. The slow 

diffusion kinetics means that metastable extensions of the phases (tetragonal) can readily 

occur at room temperature and the phase diagram (Figure 2.4) includes the metastable 

tetragonal phase. This transformation can be induced by external stress or change in 

temperature, and involves a significant shear strain and volume change
20

. Martensitic 

transformation has been discovered in many materials, such as metals, metallic alloys,  

ceramics
21

, but only those with reversible transformation and involve large strain (> 3%) 

can potentially lead to shape memory effect
22

.  

 

Figure 2.1 (a) Change in lattice structure during martensitic transformation
1
. (b) Critical stresses 

for transformation as functions of temperature. CM and CA are the slopes of the critical stress 
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curves for the austenite to martensite transformation and the reverse transformation, 

respectively
23

. 

The martensitic transformation is featured by four characteristic temperatures 

during heating and cooling cycles
1
. Upon cooling, the martensitic transformation occurs 

from Ms (martensite start temperature) to Mf (martensite finish temperature); whereas 

upon heating, the reverse martensite transformation starts at As (austenite start 

temperature) and ends at Af (austenite finish temperature). The transformation 

temperatures are related to the externally applied stress
23

, as shown in Figure 2.1(b). The 

thermal-mechanical property of martensitic transformation provides the foundation for 

the study of shape memory effect, with only those with transformation temperatures close 

to the testing temperature can exhibit shape memory effect
1
. 

To enable shape memory effect, the load should be applied at temperature between 

Mf and As, so that the stress-induced martensitic transformation occurs
24

 and causes 

significant deformation
25

 as shown in Figure 2.2(a). Therefore, the deformed material is 

able to recover to its original shape by heating over the phase transformation temperature 

to above Af, at which the reverse martensitic transformation occurs
26

. The ideal stress 

strain curve for shape memory material should be similar to Figure 2.2(b). Upon applying 

of load, the stress should initially show liner relationship against strain, with the slope 

corresponding to the Young’s modulus of the austenite phase. At a critical stress, a sudden 

strain plateau should be observed as the material goes through martensitic transformation 

from austenite phase to martensite phase, resulting in large shape change. If the applied 

stress keeps increasing, the stress-strain relationship becomes liner again until reaching 

the pre-set stress. During unloading, the strain should decreases with stress and achieves 

a large residual strain after the load is totally removed. Upon heating the material to a 

higher temperature (above Af), the martensite phase should go through reverse 

martensitic transformation and recover back to the original austenite phase.  



Literature Review  Chapter 2 

11 

 

 

Figure 2.2 (a) Stress-temperature relationship for shape memory effect, (b) Stress-strain 

relationship for shape memory effect.  

2.3 Thermo-responsive Shape Memory Materials 

2.3.1 Shape memory alloys 

 

Since the discovery of shape memory effect in Ni-Ti alloys in 1963 by Buehler et 

al.
27

, tremendous amount of attention has been drawn to thermo-responsive SMAs
28

. 

Crystalline SMAs have been reported to have the ability to remember their original shape 

after deformation and to recover their shape through heating
1,29,30

. SMAs have been 

recognized as a promising high performance material in the field of shape memory 

applications as a result of their outstanding properties of large recoverable strain and high 

damping energy
31

. Such potential has inspired many detailed studies on the famous 

SMAs including Ti-Ni system alloys
32-34

, copper-based alloys
35-39

, iron based alloys
40,41

 

and intermetallic compounds
42-44

. A thorough understanding of bulk SMAs in terms of 

phenomenon, mechanism and applications have been reviewed by Otsuka
45

 and Sun
1
.  

As has been reviewed by K. Otsuka and X. Ren
46

, Ni-Ti based alloys is the most 

well studied shape memory alloy, due to its good mechanical properties, high ductility, 

good resistance to corrosion/abrasion and high biocompatibility. A typical stress-strain 

behavior of Ni-Ti alloy reported by Miyazaki et al.
47

 is shown in Figure 2.3(a). The alloy 

has high transformation stress up to ~700 MPa and recoverable strain reaching ~7%; with 

both parameters changing with test temperature. One of the key applications for Ni-Ti 
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alloys is in medical field
48

; the good biocompatibility enables them to work in 

cardiovascular and orthopedic applications or as surgical instruments
49

. For non-medical 

applications
50

, Ni-Ti alloys work well as thermal actuators
51

 by converting thermal 

energy into mechanical energy, due to the simple mechanism, clean work condition and 

high power/weight ratio. A thorough review on the applications of shape memory alloys 

has been conducted by Jaronie Mohd Jani et al.
52

, covering almost every important aspect 

of applications for SMAs, especially for Ni-Ti alloys. 

As compared to Ni-Ti alloys, Cu-based alloys are lower cost materials with shape 

memory properties, only that they have lower transformation stress of < 200 MPa
30

, as 

shown in Figure 2.3(b). The good shape memory properties and low cost makes Cu-based 

alloys good candidate in applications such as low thermal expansion (LTD) material
53

. 

Another important application for SMAs in general is passive energy damping, through 

directly converting mechanical energy into thermal energy. 

Despite all the promising applications, SMAs also face some challenges, including 

low actuation stresses (generally less than 1 GPa
54

), low energy efficiency in converting 

heat into mechanical energy, and performance degradation due to microstructure 

evolution, such as creep and oxidation when subjected to high environmental 

temperatures
55

. 

 

Figure 2.3 Stress-strain behavior of (a) Ti-49.8%Ni alloys
52

 at various temperatures and (b) Cu-

1.5%Zn-7.1%Al
30

 at various temperatures. 
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2.3.2 Zirconia based shape memory ceramics 

 

Attention has been drawn to zirconia system when it comes to martensitic shape 

memory ceramics, as zirconia shows outstanding fracture toughness compared to other 

traditional ceramics
56,57

. Under low pressure
58

, zirconia could exist in three phases, 

including cubic phase at temperature above 2370
o
C, tetragonal phase from 1170

o
C to 

2370
o
C, and monoclinic phase at lower temperatures

59
. The large shear and dilatational 

strain introduced from martensitic transformation between tetragonal phase and 

monoclinic phase makes zirconia a good candidate as shape memory ceramics. However, 

the high martensitic transformation temperature (950
o
C to 1170

o
C) and accompanying of 

extensive microcracking during the transition limit the strength and application of pure 

zirconia as shape memory material
60,61

. By manipulating the microstructure and doping in 

zirconia
62

, martensitic transformation could occur at much lower temperatures and 

metastable tetragonal phase could be retained at room temperature
63,64

. By the definition 

of shape memory effect, stabilized zirconia is capable to possess shape memory property 

at room temperature for materials with martensitic transformation temperature close or 

slightly above room temperature
59

.  

It has been conclusively reported that higher doping concentration results in lower 

martensitic transformation temperature
65

. The doping concentration is one key factor in 

determining the martensitic transformation temperature as shown in the phase diagram of 

ZrO2-Y2O3 system
15

 in Figure 2.4(a) and ZrO2-CeO2 system
66

 in Figure 2.4(b). The 

tetragonal zirconia polycrystalline (TZP) contains almost 100% fine-grained tetragonal 

phase. It could either be stabilized by adding small amount of yttria
67

, ceria
68

 or by 

making nanoscale tetragonal grains
69

. Partially stabilized zirconia (PSZ) contains a 

considerable amount of dopant (6-10 mol%) such as magnesia
70,71

 and yttria
72,73

, with a 

microstructure of fine tetragonal grains embedded in large cubic grains. The doping 

stabilization mechanism of zirconia has not been fully understood and one widely 

accepted theory is based on the oxygen vacancies introduced by the doping cations
74

. The 

lower-valence oxides of yttria and ceria disfavor the existence of monoclinic phase and 

help stabilize the more symmetric tetragonal phase and cubic phase
75

. The presence of 

oxygen vacancies accomplished by dopant cations provide local atomic environment that 
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is similar to monoclinic phase (with average coordination number (ACN) =7) but differ 

from the corresponding stoichiometric phase (tetragonal or cubic phase with ACN=8)
76

.  

A few oxides have been found to be effective in stabilizing the tetragonal phase of 

zirconia at room temperature, such as CeO2
77

, MgO
78

 and Y2O3
79

. Among these, Y2O3 is 

considered the most effective stabilizer as less than 4 mol% is sufficient to fully stabilize 

the tetragonal phase
80

. The stress-induced martensitic transformation at crack tip and the 

resultant volume expansion have been discovered to play a critical role in enhancing the 

strength of yttria stabilized tetragonal zirconia polycrystals (Y-TZP)
81

, serving as the 

foundation for “strength toughening” effect in zirconia
67

. However, there is a general lack 

of observations of shape memory effect in YSZ, although it has been reported in the 

related ceria doped zirconia systems for about three decades
82,83

. 

 

Figure 2.4 Phase diagram of (a) Y2O3–ZrO2 system
15

 and (b) CeO2–ZrO2 system
66

. 

Shape memory effect in SMCs has been explored since the discovery of 

martensitic transformation in zirconia, and the first study can be traced back to 1986, 

when Swain et. al reported that 9.4 mol% MgO partially stabilized zirconia (Mg-PSZ) 

ceramics were able to recover a strain of about 0.5% after being heated to 800
°
C

84
. 

Reyes-Morel et. al subsequently reported a comprehensive study on the shape memory 

effect of 12 mol% CeO2 stabilized tetragonal zirconia polycrystals (Ce-TZP), where 
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transformation stress is about 700 MPa and a compressive strain of 1.1% could be 

recovered through heating
82,83

, as shown in Figure 2.5(a). For 3mol% yttria-TZP bulk 

ceramics, a strain of 2.5% is achieved under a maximum uniaxial stress of 3.8 GPa with 

residual strain of 0.5% after unloading
85

, as shown in Figure 2.5(b). 

However, further deformation exceeding 1.1% strain of ceramics generally 

resulted in microcracking and subsequent microscopic fracture, mainly due to the 

development of internal mismatch stresses between neighboring grains with different 

orientations, where the martensitic transformation occurred incommensurately
86

. For 

zirconia, the martensitic transformation between tetragonal and monoclinic phase 

involves large shear strain of 16% and volume expansion of 3%
15

. The resulted dramatic 

strain evolution and redistribution that occurs upon transformation is the source of 

transformation toughening
87

 in bulk zirconia ceramics, as well as potential shape memory 

properties
84

.   

 

Figure 2.5 (a) Axial stress-strain curve for Ce-TZP under uniaxial compression at room 

temperature, together with temperature-strain curve showing strain recovery on heating
83

. (b) 

Stress-strain curves for Y-TZP. 

2.4 Shape Memory Materials with Various Structures 

 

The low transformation stress in bulk SMAs and brittle nature of bulk SMCs have 

driven the study of shape memory effect in different structures like foams, thin films, 

fibers and microscale structures, with the aim to enhance shape memory effect in 
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applications with different requirements. 

2.4.1 Three-dimension shape memory foams 

 

The promising potential of Ni-Ti alloys as biomedical materials has driven 

researchers to develop porous SMAs to mimic natural bone structure, not only with high 

porosity but also to provide appropriate mechanical support. As been reviewed by Wen et 

al. in 2010
88

, the yield stresses of porous Ni-Ti alloys vary with different processing 

methods but generally decrease with increase in porosity, ranging from 200 MPa to 1700 

MPa. Among all the processing methods, space-holding sintering using another material 

as pore template provides best control over porosity and pore size/shape to develop bone-

resembling structures
89

. A few highly porous Ni-Ti alloys with porosity of 71~ 87% were 

developed with space-holding sintering by Xiong et al.
90

, achieving pore size of  200 ~ 

500 µm as shown in Figure 2.6(a), which is very close to that of  new bone (pore size of 

100 ~ 500 µm). The respective stress-strain behavior of Ni-Ti foam in Figure 2.6(b) 

shows that the transformation strength is < 40 MPa and recoverable strain reaches 7%, 

with strength significantly lower than bulk Ni-Ti alloy but comparable strain. They 

concluded that these highly porous shape memory foams could provide mechanical 

properties comparable to natural bone. However, it was reported recently that the 

significantly larger surface area-to-volume ratio could greatly increase the corrosion 

rate
91

, which is critical for biomedical implant. Despite that, the sponge-like structure of 

shape memory alloys with low weight and high ductility hold significant promise in 

future applications. 
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Figure 2.6 (a) SEM of the porous Ti-Ni alloy foam with 71% porosity. (b) Stress–strain behavior 

of Ti-Ni alloy foam with different porosities. 

Due to the lack of reliable shape memory properties in zirconia, there has been not 

much effort in developing porous ceramic structure for shape memory applications. 

Nevertheless, researchers have explored a few porous zirconia structures for the 

enhancement of thermal conductivity and optical properties
92

. Chen et al.
93

 reported the 

development of porous zirconia for bone tissue engineering scaffolds, to provide high 

porosity and reliable mechanical properties. By combining the processing method of 

template replication with electro-spraying, porous zirconia with pore size of 200 ~ 400 

μm was obtained,  as shown in Figure 2.7(a), with a compressive strength of ~ 3 MPa 

achieved at porosity of ~75%.  For ultra-high porosity zirconia as shown in Figure 2.7(b), 

In-Kook Jun et al.
94

 reported that by using carbon coated polymeric sponge as template, 

the compressive strength can reach ~ 0.85 MPa at porosity of 96%. It seems clear that the 

compressive strength of porous zirconia is less than 1% of condensed bulk zirconia, 

mainly because that the microcracking of brittle zirconia is much more critical in porous 

structure. We suspect that if the porous zirconia could be modified to have shape memory 

effect by doping, the high ductility could significantly enhance its strength and the 

structure could be more useful in applications where mechanical strength is critical. 

 

Figure 2.7 (a) SEM of macroporous structure of zirconia foam developed with template 

replication method with electrospraying
93

 (b) SEM of porous zirconia ceramics fabricated with 

carbon coated polymeric sponge as template
94

. 
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2.4.2 Two-dimension shape memory films 

 

Great effort has been devoted to develop thin film shape memory alloys as it can 

sustain larger stress, tolerate higher strain and survive more cycles without failure 

compared to its bulk form
95,96

. The enhanced properties enable thin film alloys to be 

widely applied in medical devices
97

 and actuated micropumps
98,99

. Thin film Ti-Ni based 

alloys have also been actively investigated as micro-actuators in the rapidly growing field 

of micro-electro-mechanical systems (MEMSs)
100-102

. The fabrication methods of thin 

film alloys include sputtering
34,103-106

, plasma ion plating
107

 and ion beam assisted 

deposition
108

. Most microscale analysis of SMAs are based on thin film with thickness of 

few micrometers
109

, exhibiting both shape memory effect
110-112

 and superelasticity
113,114

. 

A typical Ti-Ni SMA thin film for MEMS applications was reported by Fu et al.
102

, that a 

thin film of Ni-Ti with thickness of ~ 5 μm (Figure 2.8(a)) was deposited on silicon 

cantilever. The cantilever bended during heating as a result of thermal-induced 

martensitic transformation in Ni-Ti thin film, as shown in Figure 2.8(b). The tip 

displacement of cantilever up to 60 mm during transformation temperatures is fairly large 

(Figure 2.8(c)), showing clear shape memory effect in Ni-Ti thin film. The mechanical 

properties of sputter-deposited SMA films were summarized by Akira Ishida and Valery 

Martynov
106

,  that the yield stress could reach 800 MPa with transformation strain up to 

7%, as shown in Figure 2.8(d), which are  close to those of bulk SMAs. 
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Figure 2.8 (a) Cross-section of the annealed Ti-Ni thin film fabricated with sputtering 

deposition
102

, (b) Silicon cantilever deposited with Ni-Ti films bent during heating for MEMS 

applications
102

. (c)  Displacement of the cantilever beam deposited with Ni-Ti film at different 

temperatures
102

. (d) Shape-memory behavior and mechanical properties of a Ti-50%Ni thin film 

with different thickness fabricated with sputtering deposition
106

. 

Though there has not been much work on developing thin film shape memory 

zirconia, the study on traditional zirconia thin film has been rather overwhelming due to 

its excellent electrical properties
115-117

. The most well studied area of thin film zirconia is 

to use yttria-stabilized zirconia (YSZ) as solid-state electrolytes in solid-oxide fuel cells 

(SOFCs)
118

. By spray deposition, the zirconia film with thickness of a few micrometers 

can be deposited on another material
119

, as shown in Figure 2.9(b). Regarding the 

mechanical properties of thin film zirconia, Heiroth et al.
120

 developed a film of YSZ 

with thickness of around 500 nm using pulsed lase deposition (Figure 2.9(b)). They 

discovered that the tetragonal zirconia films exhibited higher fracture toughness than 

cubic zirconia film, and suggested that the stress-induced martensitic transformation in 

tetragonal zirconia contributed to the strength hardening effect in such thin film. This 

work holds significant promise for the potential of shape memory zirconia as thin film, 
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that martensitic transformation could occur in such structure. 

 

Figure 2.9 (a) SEM of the cross-section of yttria stabilized zirconia (YSZ) as electrolyte on the 

pre-calcined substrate
119

. (b) SEM of the surface and cross-section (insets) of tetragonal YSZ
120

.  

2.4.3 One-dimension shape memory fibers 

 

By making SMA into one-dimension fibers with diameter in microscale, the SMA 

was reported to retain the shape memory effect
121

, as shown in Figure 2.10. The 

recoverable strain reaches 4% with the transformation occurs at ~ 400 MPa; both are 

slightly lower than that in bulk and thin film SMAs. However, while embedding these 

fibers in composite materials, they work very well in improving the yield stress and the 

fracture toughness of the matrix materials
122,123

.  

 

Figure 2.10 Stress-strain behavior of NiTiCu SMA wire (with diameter of 150 μm) at different 

test temperatures
121

.  
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As been reviewed by Nespoli et al.
124

, SMA is highly promising to work as mini-

actuators. In addition to using SMA thin films as actuators, another well studied approach 

is to embed one dimensional SMA fibers in composite materials to work as structural 

enhancement as well as actuator. A detailed study conducted by Furuya et al.
122

 revealed 

that by compositing Ni-Ti SMA fibers in Al matrix (Figure 2.11(a) and (b)), the damping 

capacity of the material could be significantly enhanced at temperature lower than 450K, 

as shown in Figure 2.11(c). The reinforcement in energy damping capacity is mainly due 

to the compressive residual stress induced by martensitic transformation in Ni-Ti fibers. 

 

Figure 2.11 (a) Concept of shape memory Ni-Ti fiber /Al composite
122

. (b) SEM of cross section 

of Ni-Ti fiber/ Al matrix composite
122

. (c) Damping capacity of Ni-Ti fibers, unreinforced Al 

matrix and composite at different temperatures
122

.   

 Similar to SMAs, zirconia fibers are very promising to work as composite 

reinforcement material, due to their excellent corrosion resistance, high strength and 

toughness
125,126

. Zirconia fibers could be produced either through electrospinning
127

 or 

sol-gel
128,129

. Liu et al.
130

 managed to fabricate continuous zirconia fibers with diameter 

of 10 ~ 40 μm (Figure 2.12(a)) with length longer than 1 m (Figure 2.12(b)), achieving 

tensile strength up to 2.8 GPa. To increase the surface area-to-volume ratio of yttria 

stabilized zirconia as electrolyte in SOFCs, researches have explored the fabrication of 

hollow zirconia fibers
131,132

. A typical hollow zirconia fiber
133

 could be seen in Figure 

2.12(c), with the hollow structure shown in Figure 2.12(d) and (e). 
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Figure 2.12 (a) SEM of zirconia fibers with (b) length more than 1 m
130

. (c) Picture of yttria 

stabilized zirconia hollow fibers with the SEM shown in (d) and (e)
133

. 

2.4.4 Shape memory micro-pillars 

 

The studies on porous foams, thin films, and fibers in SMAs and zirconia have 

shown that particular structure is critical in changing the mechanical behavior of 

materials. SMAs in the form of porous structure and the thin film could retain the shape 

memory properties to a large extent, and illustrate additional properties like lower density 

and better electrical properties. The mechanical property is affected by both the material 

elastic constants and the material structure which determines the local stress field. The 

local stress field which is related to the surface area-to-volume ratio could largely affect 

the elastic strain energy for martensitic transformation, and ultimately, the shape memory 

properties
134

. In addition to the size effect on fracture strength, the constraint from 

surrounding matrix could play a key role in changing the triggering mechanism of 

martensitic transformation
135

. An extremely case to study the effect of surface area-to-

volume ratio is through microscale pillars or particles with controlled sample dimensions. 

In an effort to produce SMAs with high surface area-to-volume ratio, San Juan et 

al.
136

 have devoted their work to make micro and nanometer scale pillars with focused 

ion beam. Instrumented micro-compression has been conducted on the pillars with 
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diameter of ~ 1 μm. They have demonstrated that micro- and nanoscale pillars of Cu–Al–

Ni SMA possess excellent shape memory property
137

 with recoverable strain up to 7%, as 

shown in Figure 2.13(a), (b) and (c). The mechanical damping energy of nanosize Cu–

Al–Ni SMA was reported to be substantially higher than bulk material, making it highly 

potential for energy damping application
138

, as shown in Figure 2.13(d). The better 

performance of SMAs in the form of single crystal pillars are mainly attributed to the low 

structural defects which makes the structure more conductive to uniform loading and 

leads to higher strength. Ozdemir et al.
139

 further reported with Ni54Fe19Ga27 SMA that 

pillar size is critical for determining the critical stress for phase transformation, as shown 

in Figure 2.13(e).  

The study of microscale SMA pillars has inspired us to explore the size effect in 

polycrystalline zirconia ceramics. In our recent work, we showed that microcracking can 

be mitigated by reducing the sample size to the order of the grain size, thereby forming 

an oligocrystal structure with greater free surface area and fewer grain boundaries
140

. 

Such small volume ceramics allow the release of internal stresses at the free surfaces and 

therefore mitigate cracking. In the 8mol% CeO2 stabilized zirconia system (with a trace 

amount of Y2O3), our research group has demonstrated a recoverable strain up to 8% 

without fracture in the oligocrystal pillars, as shown in Figure 2.14(b). The microscale 

dimension of ceramics is critical to avoid crack right after elastic deformation and enable 

the occurrence of martensitic transformation. 
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Figure 2.13 (a), (b) and (c) Cu-Al-Ni pillar demonstrating shape memory effect with bending
137

. 

(d) Comparison of the stress-strain behavior in bulk single crystals and microscale pillars
138

. (e) 

The transformation stress of Ni54Fe19Ga27 pillars with different pillar diameters
139

. 
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Figure 2.14 (a), (b) and (c) CeO2 doped zirconia demonstrating shape memory effect with 

bending
140

. (d) Stress-strain behavior of CeO2 doped zirconia pillar under compression
140

. 

2.5 Controlling Parameters for Shape Memory Effect 

 

To obtain a full understanding of shape memory effect in SMAs and SMCs, not 

only martensitic transformation need to be observed, but also the controlling parameters 

needs to be understood for the characteristic shape memory properties of transformation 

stress, recoverable strain and transformation temperatures. The quantitative study of 

shape memory effect can be approached by a systematic analysis of the underlining 

mechanism of martensitic transformation. The studies have revealed that, despite the 

material dimensions
134,136

 that have been discussed in section 2.4, crystal orientation
141,142

, 

material composition
143

 and test temperature
141

 all affect the martensitic transformation, 

and should consequently affect the martensitic shape memory effect in ceramics. 
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2.5.1 Crystal orientation dependence of shape memory effect 

 

Due to the difference in crystal symmetry of parent and martensite phases, the 

martensitic transformation is highly dependent on the crystallographic evolution
52

. 

Studies on martensitic transformation behavior in SMAs have revealed that the crystal 

orientation plays a key role to the resulted shape memory behavior in terms of actuation 

stress and recoverable strain
46

. Saburi et al.
54

 reported in 1984 that the shape memory 

effect in Ni-Ti alloy is highly dependent on the crystal orientation, with strain varying 

significantly from 4% to 12%, as shown in Figure 2.15(a). For Cu-Al-Ni alloy, it was 

found that both the critical transformation stress and transformation strain are highly 

dependent on the crystal orientation
141

. The critical stress varies from 0.15 GPa to 0.35 

GPa, while transformation strain varies from 4% to 8% for different crystal orientations, 

as shown in Figure 2.15(b).  

 

Figure 2.15 Orientation dependence of stress-strain curves for martensitic transformation in (a) 

Ni-Ti alloy
54

 and (b) Cu-Al-Ni alloy
141

. 

Since the discovery of stress-induced martensitic transformation in zirconia
144

, 

numerous studies have been devoted to understand the corresponding crystal structure 

transition and the accompanying shape change
15

. The studies of the crystallography 

between the tetragonal and monoclinic phases revealed that the transformation is highly 

anisotropic
20,145

. The transformation in response to externally applied stress therefore 

should be crystallographic dependent, similar to the observation in shape memory alloy
141

. 

Since the current theory that explains the relationship between martensitic transformation 
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and microstructure is based on single crystal alloy systems
146

, the relationship may not be 

applicable to ceramic systems with different crystal structures. The polycrystalline 

ceramic structure further complicates the shape change and fracture behavior, making it a 

challenge to fully understand the shape memory properties that are observed 

experimentally. The pioneer work on zirconia discovered that by fabricating small 

volume oligocrystal pillar, significant shape memory effect can be achieved without 

interfering with the matrix constraint
140,147

. Such an approach opens up the possibility to 

fabricate single crystal pillars and systematically study the martensitic transformation and 

its crystal orientation dependence.  

2.5.2 Test temperature dependence of shape memory effect 

 

According to the Clausius-Clapeyron relationship
148

, the martensitic 

transformation stress (𝜎) is related to testing temperatures (𝑇) by Equation 1: 

𝑑𝜎

𝑑𝑇
= −

∆𝑆

𝜀
= −

∆𝐻

𝑇∙𝜀
                                                                   Equation 1 

where ∆𝑆  and ∆𝐻  are the entropy and enthalpy of transformation, while 𝜀  is the 

transformation strain. It was discovered in Cu-Al-Ni alloy that a higher test temperature 

results in larger transformation stress
141

, as shown in Figure 2.3. Both crystal orientation 

and testing temperatures are found to be critical in determining the stress-strain behavior 

of martensitic SMAs. Due to the similarly of martensitic transformation between zirconia 

and SMAs, shape memory zirconia is expected to display similar phenomenon, which 

will be explored in this thesis. The challenge is to develop single crystal structure for 

generally nanoscale-grain YSZ ceramics to enable the study of crystal orientation, with 

which we can decouple the effect of crystal orientation from the testing temperatures. The 

challenge will be addressed by exploring the oxide additives to increase the grain size 

from nanoscale to microscale, which will be elaborated in Chapter 4. 

2.6 Concluding Remarks 

 

Previous researches on martensitic shape memory materials have been reviewed 

together with the mechanism for shape memory effect and martensitic transformation. 
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Various structures of shape memory alloys and ceramics, including bulk materials, 

porous structure, thin films, fibers and microscale pillars have been discussed on their 

mechanical properties and applications. It was reported that the shape memory effect in 

alloys can be affected by various parameters, including the material dimensions, crystal 

orientations and testing temperatures. This literature work sheds light on the systematic 

understanding of shape memory ceramics for our thesis work.   
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Chapter 3  

Experimental Methodology  

 

This chapter presents the experimental techniques for the development and 

mechanical characterization of small volume shape memory ceramics. It 

involves the discussion on the methodology for the fabrication of bulk yttria 

stabilized zirconia (YSZ) and yttria-titania doped zirconia (YTDZ) ceramics, 

followed by the evaluation on the techniques for the micro-machining and 

mechanical tests of small volume ceramics. A few critical characterization 

techniques to study the microstructures and material compositions of the 

YSZ and YTDZ ceramics will also be elaborated. 
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3.1 Rationale for Experimental Design 

 

The experiments were designed with the aim to prepare and characterize small 

volume shape memory zirconia ceramics. The experiments include two attempts in 

preparing the ceramics and the work flow is illustrated in Figure 3.1. The first attempt 

was to evaluate the shape memory effect in traditional yttria stabilized zirconia (YSZ) 

ceramics, but at small scale. The experimental procedure involves the following steps: 

fabricating bulk zirconia with conventional ceramic processing techniques, characterizing 

the YSZ ceramics to understand the microstructure and relevant composition properties, 

preparing small volume ceramics at microscale, and finally conducting mechanical tests 

on the small volume ceramics to explore the shape memory effect. Once the concept that 

small volume zirconia can demonstrate shape memory effect was proven, the material 

composition was modified, with the attempt to optimize the properties by developing 

single crystal shape memory ceramics. The preliminary work on exploring the suitable 

composition is discussed in detail in Appendix 9.1. A similar experimental procedure was 

employed until a suitable composition was obtained to achieve repeatable and reliable 

shape memory effect. 

 

Figure 3.1 The experimental work flow on studying SMCs properties. 

3.2 Fabrication of Bulk Ceramics 

 

The bulk zirconia ceramics were fabricated with conventional “powder mixing” 

ceramic processing procedure and solid state sintering methods
1
. The synthesis procedure 

of bulk YSZ ceramics is shown in Figure 3.2. The starting powders were purchased from 

well-recognized powder fabrication companies according to numerous literatures. The 
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zirconia powders were purchased from Tosoh, Japan, who is well known for good quality 

of 3 mol% yttria doped zirconia (size = 40 nm, TZ-3Y grade) and pure zirconia (≥99%). 

The doping candidates of yttria (≥99.99%), titania (≥99%), magnesia (≥99.99%), ceria 

(≥99.9%) and niobium pentoxide (≥99.99%) were purchased from Sigma-Aldrich, USA. 

To prepare bulk YSZ ceramics, the ceramic powders were weighed and mixed according 

to molar formula of xY2O3-(100-x)ZrO2. As 8mol% of yttria is enough to fully stabilize 

the zirconia into cubic phase
2
, the doping concentration was controlled to be x = 0 ~ 7 

with 0.005-0.01 as interval, by adding pure zirconia or yttria powders into the TZ-3Y 

powders. The powders were mixed with zirconia milling balls (with three diameters of 1 

mm, 3 mm and 10 mm) and ethanol as milling medium, followed by horizontal ball 

milling for 24 hours to obtain a homogeneous powder mixture. After sieving out the 

milling balls, the mixture was dried at 80
o
C for 48 hours to obtain dry powders. The 

powders were grinded and sieved several times to remove any agglomerates and obtain 

uniformly mixed nanosize powders. The powders were subsequently uniformly mixed 

with 0.35 wt% polyvinyl alcohol (PVA, Mw = 72k) as binder. The mixture was further 

pressed into pellets (weight = 1.5 g, green pellet diameter = 15mm) at 100 MP using a 

hydraulic presser. A cold isostatic press (CIP) was applied at 240 MPa for 3 minutes to 

increase the density of the green pellets.  

The green pellets were pre-sintered to pyrolyze the PVA, in order to reduce the 

production of pores as a result of PVA decomposition during sintering.  A second CIP 

step was conducted at 240 MPa for 3 minutes to further densify the ceramics. The pellets 

were then sintered in air at elevated temperatures of 1500 or 1700
o
C (to explore the effect 

of sintering temperature) for 6 hours at a ramping rate of 5
o
C/minute. Subsequently, the 

sintered pellets were ground to remove the surface layer with a thickness of 500 µm, 

followed by polishing with diamond slurry for 30 minutes. Finally, the polished pellets 

were hot etched at 1450
o
C for 30 minutes. With the hot etching, the grain boundaries 

become visible at microscale but the grain size and morphology can be retained. The 

pellets were then coated with 15 nm of carbon to compensate charging to enable 

morphology imaging and further characterization in  a scanning electron microscope. 
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Figure 3.2 (a) Flow chart of the synthesis procedure for YSZ ceramics. 

3.3 Characterization of Bulk Ceramics 

 

The ceramics characterization involves the study of bulk ceramics in terms of 

microstructure, phase composition, phase transformation temperature, chemical 

composition distribution and crystal orientation with various scientific instruments. 

3.3.1 Microstructure and grain size 

 

The characterization of bulk ceramics starts with detailed microstructural analysis 

of the ceramic surface using field emission scanning electron microscopy (FESEM, JOEL 

7600F). In high vacuum, the field emission of electrons takes place under a high 

electrical field and the contrast of work functions is displayed on the florescent screen, 
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showing the microstructure of samples. All the images were taken at a voltage of 5 kV 

and an emission current of 0.42 nA. The working distance was maintained at 5 mm and 

there is no tilting or rotation involved during the imaging. The magnification for imaging 

ranges from ×50 to ×20000 to view both the morphology and grain structure of the 

ceramics, as shown in Figure 3.3. The surface morphology can qualitatively show 

information on the existence of micro-cracks and grain boundaries, the range of grain size, 

grain shape and pore density. For pure zirconia ceramics shown in Figure 3.3, clear 

grains boundaries can be observed at a magnification higher than ×5000, which can be 

used to calculate the grain size distribution in subsequent section. 

 

Figure 3.3 FESEM images for the surface morphology of pure zirconia ceramics at various 

magnifications. 

The FESEM images were used for the grain size study with image analysis 

software (ImageJ, National Institutes of Health, West Bethesda, MD)
3
. Firstly, the grain 

boundaries on the FESEM image were manually highlighted to be recognized and 

processed by the software ImageJ. The contrast of the images was adjusted to 

differentiate the grain boundaries from other areas and the area within each boundary was 

measured and averaged, as seen in Figure 3.4. Finally the diameter was deduced from the 

area, assuming spherical grains, and the grain size distribution can be analysed. 

 

Figure 3.4 Measurement of grain size with ImageJ. 
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3.3.2 Phase composition  

 

The phase composition of the bulk ceramics at room temperature was collected 

and analyzed by x-ray diffraction (XRD, D8, Bruker) with Cu Kα radiation. The finely 

focused monochromatic beam of X-rays (with wavelength 𝜆 =1.54 nm) bombarded 

towards the sample from an angle θ, and the reflected diffraction patterns were captured 

by the detector at an angle of 2θ. According to Bragg’s Law, 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                                                                                 Equation 2 

where 𝑛 is an integer and 𝑑 is the d-spacing between two constructive crystal planes. 

Once Bragg’s Law is satisfied at certain 2θ, constructive interference can be obtained and 

diffraction peaks with high intensity can be detected. According to the database for the 

positions of characteristic diffraction peaks of zirconia crystals, the measurements were 

performed at room temperature over two different 2θ ranges, 2θ = 25°-90° with step size 

of 0.2
o
/sec

 
as shown in Figure 3.5. 

 

Figure 3.5 Typical XRD spectra of three phases of zirconia (cubic, tetragonal and monoclinic) 

and their characteristic peaks. 
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3.3.3 Martensitic transformation temperature  

 

The martensitic transformation temperatures were obtained with differential 

scanning calorimetry (DSC). DSC is a thermo-analytical technique that can measure the 

variation of the amount of heat required to change the temperature, thus it can identify 

any crystal changes that absorb or emit heat at different temperatures. As reviewed in 

Chapter 2, the occurrence of the reversible martensitic transformation of zirconia is 

always accompanied by heat absorption and release, at temperatures between 25
o
C and 

1000
o
C. Therefore, heat peaks are expected during martensitic transformation and the 

corresponding transformation temperatures can be obtained, as shown in Figure 3.6. 

 

Figure 3.6 Typical DSC curves during the occurrence of martensitic transformation. 

The martensitic transformations were therefore determined by heating the ceramics 

from 25
o
C to 1000

o
C in air with a ramping rate of 10

o
C/min, followed by cooling to room 

temperature at the same rate. This method only works when the martensitic 

transformation occurs at large scale across the whole ceramic, with absorbed or released 

heat high enough to be detected by the calorimetry. For martensitic transformation of 

small volume ceramics at microscale or transformation temperature close to room 

temperature, DSC is not applicable as the accompanied heat is not differentiable from the 

background signal. A more detailed discussion on the characterization of martensitic 

transformation for both bulk and microscale zirconia ceramics will be presented in 

Chapter 4.  
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3.3.4 Chemical composition distribution at grain-scale 

 

As the focus of our project is ceramics at small volume, the grain-scale chemical 

distribution instead of the gross ceramic composition is of higher importance, especially 

when the composition can determine the shape memory behavior, as reviewed in Chapter 

2. The zoomed-in spatial chemical distribution at grain-scale was mapped and 

quantitatively analyzed with electron probe micro-analysis (EPMA, JXA-8500F, JEOL). 

EPMA is an analytical technique that uses focused electrons to produce characteristic x-

rays from the samples within a small volume (typically a few microns). The characteristic 

x-rays with different wavelengths from different elements are detected and used to 

establish the elemental composition of the samples. The EMPA could provide grain-scale 

resolution in terms of chemical distribution. By combining with FESEM, the elemental 

mapping with EPMA can provide composition map of the ceramics at grain-scale, and 

the spot scan can give more accurate composition information at various positions of the 

ceramics. Elemental mapping was conducted for zirconium, yttrium, titanium and oxygen 

of the ceramics, with mapping area of 200 × 200 µm
2
 that covers hundreds of grains. Due 

to the small spot size of EPMA, it can provide more accurate and reliable elemental 

information than EDX (Energy-dispersive X-ray spectroscopy). Here we illustrate one 

typical EPMA elemental mapping with an area of 30 × 40 µm
2
, together with their 

corresponding FESEM and BSE maps, as shown in Figure 3.7. The EPMA map allows 

precise positioning of the scanning area, and we are able to match the grain morphology 

with the elemental map. Therefore with EPMA maps, we are able to confirm whether 

there is elemental segregation across grains or at grain boundaries. A more detailed 

discussion on the chemical distribution of zirconia ceramics will be presented in Chapter 

4.  
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Figure 3.7 Typical EMPA elemental maps of yttria-titania doped zirconia, including the FESEM, 

BSE image, and the titanium, yttrium and titanium mapping. The map is coded in rainbow, with 

more reddish color represents higher concentration of element. 

3.3 5 Crystal orientation  

 

As reviewed in Chapter 2, crystal orientation is expected to affect the martensitic 

transformation behavior. The distribution of crystal orientation at grain-scale was mapped 

with electron backscattered diffraction (EBSD, Edax, USA). At a high voltage of 20 kV 

and a high current of 9.5 nA, the Kikuchi bands that form from the backscattered 

electrons in the FESEM chamber can be detected by the EBSD detector. The Kikuchi 

bands will not only provide information on crystal structure but also the crystal 

orientation. For zirconia ceramics, the obtained Kikuchi bands were indexed with 

monoclinic, tetragonal and cubic zirconia crystals, until a successful indexing is achieved 

with confidence index higher than 0.1. The crystal orientations of grains were obtained 

by mapping across the ceramic surface and indexing to a color map, with an exemplar 

mapping of tetragonal zirconia shown in Figure 3.8. Each color in the EBSD map 

represents a particular orientation in the reduced inverse pole figure of tetragonal zirconia. 

The variation of color indicates that tetragonal crystals in the polycrystalline ceramic are 

randomly distributed and there is no texture in terms of crystal orientation. 
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Figure 3.8 EBSD map of zirconia ceramics and the reduced inverse pole figure of tetragonal 

zirconia. 

3.3.6 Crystal structure evolution and phase composition at grain-scale 

 

As standard XRD and DSC only work for bulk ceramics at macro-scale and there 

is no resolution at grain-scale, the crystal structure of some individual grains was studied 

by synchrotron radiation scanning X-ray micro-diffraction (µXRD) technique
4
 on 

beamline 12.3.2 at the Advanced Light Source, Berkeley, CA.  

The configuration of the µXRD
4
 is illustrated in Figure 3.9. The x-rays with high 

energy were provided by the synchrotron superconducting magnet source, which was 

focused by M1 toroidal mirror at the entrance of the experimental hutch. The beam 

window and roll slits were used to control the x-ray flux to be used for scanning. A 

monochromator is inserted to enable selection between white and monochromatic beam, 

providing a choice between a continued x-ray spectra with various wavelengths and a 

single x-ray wavelength. Subsequently, elliptically bent ultra-smooth mirrors are inserted 

to enable achromatic focusing, allowing submicron x-ray spot size on the sample with x-

ray energy between 5 kV to 22 kV.   
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Figure 3.9 Schematic illustration of the beamline 12.3.2 at the Advanced Light Source, Berkeley, 

CA
4
. 

The samples are placed on a positioning stage with high precision, as shown in 

Figure 3.10(a). The x-ray fluorescence detector is used to precisely locate the microscale 

scanning area. The diffracted x-rays are collected using a DECTRIS Pilatus hybrid pixel 

array detector.  

 

Figure 3.10 (a) Schematic diagram showing the relative positions of sample stage, florescence 

detector and x-ray detector. (b) The diffraction of x-ray and collection of signal with area detector. 
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Small volume zirconia grains were thinned using focus ion beam (FIB). The grains 

were then cut from the bulk ceramics and attached to a Mo or Si substrate using Omni-

Probe
TM

 in the FEI Nova 600i Nanolab FIB/SEM system. With the x-ray fluorescence 

detector, we were able to scan the substrate and locate the zirconia grain using 

fluorescence elemental mapping like Zr and Mo, as shown in Figure 3.11. 

 

 

Figure 3.11 FESEM images and corresponding x-ray florescence mapping of zirconia grains that 

is attached to the Mo substrate. 

With the florescence maps, we can select different positions on the sample and 

shin it with white beam x-ray. The area detector can collect x-ray signals diffracted 

within a large scattering area and the detector dimension can be interpreted as diffraction 

angles of 2θ and ζ, as shown in Figure 3.10(b). For a single crystal Si substrate, it can 

produce a 2D Laue diffraction pattern as shown in Figure 3.12(a), with two directions 

represented by 2θ and ζ. The white spots within the Laue diffraction pattern represent 

planes that produce constructive interference at various wavelengths that satisfy Bragg’s 

Law. Multiple reflections can be satisfied at the same time due to the continuous spectra 

of white beam. The relative positions of the reflections are determined by the shape and 

orientation of the unit cell, and therefore can be used to analyze the crystal structure and 

orientation. The Laue diffraction pattern was analyzed using the XMAS (µXRD analysis 
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software) software package developed by scientist Nobumichi Tamura from Advanced 

Light Source, Berkeley, CA. A successful indexation of Si crystal is illustrated in Figure 

3.12(b) using Si cubic crystal. The interfered plane for each peak can be clearly 

illustrated as well. 

 

Figure 3.12 (a) Laue diffraction of single crystal Si substrate using area x-ray detector and (b) the 

indexed planes that produce constructive interference at white beam.  

The sample stage of μXRD enables the installation of a heating stage that allows 

us to scan the zirconia grain at various temperatures from 25
o
C to 700

o
C. Therefore, we 

were able to study the martensitic transformation temperatures and crystal orientation 

evolution of microscale zirconia grains.  

Some zirconia grains were characterized with transmission electron microscopy 

(TEM, Joel 2010F) and selected area diffraction (SEAD) to study the crystal structure 

and atomic arrangement.  

3.4 Preparation of Small Volume Ceramics 

 

The first step before milling the ceramics into small volume is to select the suitable 

grains to be machined into micro/nano-scale pillars. Prior to the selection, both the EBSD 

and EPMA maps need to be obtained and those with suitable compositions and 
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orientations were chosen. For YSZ ceramics where the grain size is much smaller than 

pillar dimensions, small tetragonal grains were selected with no information on crystal 

orientation. These grains were machined into microscale columnar pillars with focused 

ion beam milling system (FIB, FEI Nova 600i Nanolab), as shown in Figure 3.13. The 

pillar-shaped ceramics are very suitable for subsequent nanomechanical tests and 

stress/strain analysis.  

 

Figure 3.13 The preparation procedure for a pillar, including (a) select tetragonal grain, (b) obtain 

crystal orientation with EBSD, (c) and (d) mill the pillar on the selected grain.  

The FIB is equipped with both electron beam and ion beam, enabling concurrently 

milling and imaging of materials in the chamber (Figure 3.14(a)). The stage was tilted 

52
o
C to align the surface of the ceramics with the ion gun, as shown in Figure 3.14(b). 

The pillar diameter is in the range of hundreds of nanometers to a few micrometers and 

the height is between 3 µm to 6 µm. Each pillar was machined in the center of a crater 

with a diameter of 40 µm and 2 µm in depth as indicated in Figure 3.14(b), to avoid 

possible contact of the surrounding matrix with the compression tip during subsequent 

mechanical tests. 

The quality of pillar is highly dependent on the pre-set milling dimension, ion 

beam current and the properties of the ceramic materials. After a few trials and errors, we 

managed to establish an optimized milling procedure to micro-machine the ceramics into 

pillars with desired size and small tapping angle. Generally, it involves a three-step 

milling procedure that includes creating a large crater at 21 nA, milling to the desired size 

at 0.92 nA and final polishing to reduce tappering at 28 pA.  
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Figure 3.14 (a) Nova 600 Nanolab FIB system, (b) Schematic illustration of relative positions of 

ceramic sample, stage, ion beam and electron beam in Nova 600 Nanolab FIB system. 

3.5 Mechanical Tests of Small Volume Ceramics 

 

The nanomechanical characterization of pillars was performed with nanoindenter 

(TI950 and PI85, Hysitron. Inc. USA). For TI950, the nanoindenter can apply a load up 

to 30mN with precise position control. The pillars were carefully aligned by scanning the 

topography with a 20 µm spherical-conical diamond tip to enable uniaxial compression, 

as schematically illustrated in Figure 3.15(a). The indentation was controlled by load-

control mode with a loading and unloading rate of 50 µN/sec. The data of load and 

concurrent indented depth was recorded in a real-time manner. 
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Figure 3.15 Schematic illustration of relative positions of ceramic pillar with respective to the 

indentation tip in (a) Hysitron TI950 nanoindenter and (b) Hysitron PI85 in-situ nanoindenter. 

Unlike TI950, PI85 is an in-situ nanoindenter that can be installed inside a FESEM 

chamber, enabling the location and approach of the tip with FESEM imaging, as shown 

in Figure 3.15(b). The 2 µm flat-end diamond tip was carefully aligned by scanning 

electron microscopy to enable uniaxial compression, as shown in Figure 3.16.  

 

Figure 3.16 The 2 µm flat-end diamond tip with respect to zirconia sample during 

nanoindentation of  PI85 in-situ nanoindenter, the sample was tilted to 20
o
. 

The in-situ indentation enables the real-time recording of pillar behaviors with 

SEM imaging simultaneously during compression, allowing us to have better control of 

tip-pillar alignment. More importantly, we can monitor the shape deformation during 

martensitic transformation and instantly differentiate phase transformation from plastic 

deformation or fracture. 

3.6 Modification of the Ceramics 

 

The motivation for material modification and the selection of suitable additives 

will be explained in Chapter 4 and 5. Titania has been used as an additive to the YSZ 

ceramics to promote the grain growth. After the modification, the new material system is 

with formula xY2O3-yTiO2-(100-x-y)ZrO2,  with x = 0 ~ 6 and y = 0 ~ 10, by mixing pure 

TiO2 and Y2O3 powders with TZ-3Y powders. A similar bulk ceramic fabrication 

procedure and characterization techniques were employed to understand the properties of 
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the modified ceramics. After characterization, grains with size larger than 8 µm were 

chosen and milled into single crystal pillars with diameter ~ 0.5 ~ 2.5 µm and height of 3 

~ 4 µm using FIB and finally compressed with nanoindenter. The compressed pillars 

were imaged with FESEM at a viewing angle of 52
o
 at different sample rotations to 

record the surface morphology. 

3.7 Characterization on Shape Recovery  

 

To investigate the thermally induced shape recovery capability of the ceramics, the 

compressed pillars were heated to temperatures of 300, 400, 450 and 550
o
C for 30 

minutes in air with a ramping rate of 5
o
C/minute. After each heat treatment temperature, 

the ceramics were coated with 15 nm carbon again and imaged at the same conditions as 

the compressed pillars, to verify whether there is any change in pillar morphology. The 

heat-image process continues from low treatment temperature until a significant shape 

recovery is achieved, with clear surface morphology change. With such, we are able to 

roughly estimate the reverse martensitic transformation temperature for compressed 

pillars.  

3.8 High Temperature Mechanical Tests 

 

Part of the work on high temperature compression of pillars was conducted in MIT 

with nanoindenter (Hysitron TI950) equipped with a heating stage. The ceramic pillars 

and substrate were heated to the temperatures of 50
o
C, 100

o
C, 150

o
C and 200

o
C, and 

micro-compression were conducted at each temperature. Based on the shape recovery 

temperature determined in section 3.7, the ceramics were heat treated after each 

compression and the procedure is illustrated in Figure 3.17. The thermal vibration 

becomes significant at temperature higher than 150
o
C, making it difficult to precisely 

locate the pillar and ensure uniaxial compression test. This is mainly due to the 

temperature gradient along the diamond tip and between tip and pillar. As only the 

ceramic samples were heated in TI950, the diamond tip temperature keeps changing 
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during the approach and indenting process, and large temperature gradient exist along the 

tip, making the thermal vibration much more significant at higher temperature.  

 

 

Figure 3.17 Schematic illustration of experimental procedure for high temperature compression of 

pillars. 

Subsequently, we used Hysitron PI87 in-situ nanoindenter equipped with a heating 

stage to conduct high temperature nanoindentation. In this case, heating blocks were 

attached to both the sample stage and the tip to enable spontaneous heating and minimize 

thermal vibration. Similar to PI85, PI 87 indenter was installed inside a FESEM chamber 

and the FESEM was used to locate the pillar and align the tip. The real-time monitoring 

of tip and sample ensures uniaxial compression test all the time. With PI87, the pillars 

were heated to 400
o
C and compressed to induced martensitic transformation and shape 

deformation, followed by in-situ heating to 650
o
C to achieve reverse martensitic 

transformation temperature to enable in-situ shape recovery. The pillars were maintained 

at 650
o
C and compressed again.  

3.9 Overview of Methodology 

 

The methodology designed for the study of small volume shape memory ceramics 

includes the fabrication and characterization of bulk ceramics, machining of small 

volume ceramics and mechanical tests for shape memory effect. The fabrication of bulk 

ceramics using powders as starting materials was done with a conventional approach. The 

characterization techniques were employed with the aim to learn the microstructure, 

phase composition and martensitic transformation of the ceramics at both bulk scale and 

microscale. The machining of small volume ceramics with precise shape control can be 

achieved effectively with a focused ion beam. The compressive mechanical tests for 

microscale ceramics can be carried out precisely with a nanoindenter, which provides 



Experimental Methodology  Chapter 3 

51 

 

accurate load and displacement control to apply compressive load within 30 mN, high 

enough to reach the transformation stress for shape memory ceramics. High temperature 

nanoindentations were conducted as well to explore the working temperature of zirconia 

as a shape memory material. 

 

Reference: 

 [1] T. H. Yeh, G. E. Kusuma, M. B. Suresh & C. C. Chou. Mater Res Bull. 2010, 45, 318-

323. 

 [2] K. Matsui, H. Yoshida & Y. Ikuhara. Acta Mater. 2008, 56, 1315-1325. 

 [3] C. Igathinathane, L. O. Pordesimo & W. D. Batchelor. Food Res Int. 2009, 42, 76-84. 

 [4] A. S. Budiman, N. Li, Q. Wei, J. K. Baldwin, J. Xiong, H. Luo, D. Trugman, Q. X. Jia, 

N. Tamura, M. Kunz, K. Chen & A. Misra. Thin Solid Films. 2011, 519, 4137-4143. 
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Chapter 4  

Ceramic Characterization* 

 

This chapter discusses the characterization on the morphology and phase 

composition of yttria stabilized zirconia (YSZ) ceramics and the modified 

yttria-titania doped zirconia (YTDZ) ceramics. The effect of titania dopant 

on the ceramics was systematically evaluated, with the aim to obtain 

ceramics that have the suitable phase and grain size to develop single 

crystal shape memory ceramics at small volume. 

 

 

 

 

 

 

 

 

 

 

 

 

*The content of this chapter was published in article: 

Xiao Mei Zeng, Zehui Du, Christopher A Schuh, Nobumichi Tamura, Chee Lip Gan, 

Microstructure, Crystallization and Shape Memory Behavior of Titania and Yttria doped 

Zirconia. Journal of European Ceramic Society, 36, I5, 1277–1283, 2016 
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4.1 Introduction 

 

Shape memory effect in zirconia with significant shape deformation can only be 

achieved by using tetragonal as parent phase, which can be transformed to monoclinic 

phase through stress-induced martensitic transformation during mechanical test. The 

phase composition is therefore the most critical property that needs to be addressed. As 

discussed in Chapter 2, the grain boundaries play an important role in nucleating cracks 

before martensitic transformation can be triggered. The grain size is therefore another 

important parameter that affects the shape memory effect. Hence, the characterization on 

bulk zirconia was focused on its phase composition and morphology, both as bulk and at 

microscale. 

4.2 Yttria-Stabilized Zirconia (YSZ) Ceramics 

 

Though the stress-induced martensitic transformation in YSZ has been well-

studied, as reviewed in Chapter 2, there has been no report discussing on its shape 

memory effect. In the aim to find the most suitable composition for shape memory effect, 

our first attempt was to prepare a series of zirconia with various yttria concentrations and 

conduct a systematic characterization of the key properties that affect the martensitic 

transformation: namely, the phase composition and ceramic morphology. 

4.2.1 Phase composition of YSZ 

 

To investigate the phase composition of YSZ with different yttria concentrations, 

XRD characterizations were conducted and the spectrums are illustrated in Figure 4.1(a). 

The spectrum indicates that the YSZ ceramics are composed of monoclinic, tetragonal 

and cubic phases of zirconia, and no other crystals are formed. As shown in Figure 4.1(a), 

monoclinic(111̅)  and (111)  peaks can be resolved from cubic/tetragonal (111)  peak 

with 2θ = 20-90° scan; whereas cubic (400) peak can be resolved from tetragonal (400) 

and (004) peaks with 2θ = 70-76° scan. The weight fraction of each phase present in the 
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YSZ ceramics can be quantified using the relative intensities of the diffraction peaks
1, 2

. 

The weight fraction of the monoclinic phase, 𝑋𝑚 can be calculated with Equation
3
: 

𝑋𝑚 =  
𝐼(111̅)𝑚 + 𝐼(111)𝑚

𝐼(111̅)𝑚 + 𝐼(111)𝑚 + 𝐼(111)𝑡/𝑐 
                      Equation 3 

where I (111)𝑚 and I(111̅)𝑚 are the integrated intensity from the monoclinic (111) and  

(111̅)  peaks, respectively and I (111)𝑡/𝑐  is the integrated intensity from the 

tetragonal/cubic (111) peak.  

The weight fraction of the cubic phase and tetragonal phase, 𝑋𝑐 , 𝑋𝑡  can be 

calculated using Equation 4 and 5, respectively
3
: 

𝑋𝑐 =  
𝐼(400)𝑐

𝐼(004)𝑡 + 𝐼(400)𝑡 + 𝐼(400)𝑐 
(1 − 𝑋𝑚)       Equation 4 

𝑋𝑡 =  1 − 𝑋𝑚 − 𝑋𝑐                                                  Equation 5 

where I(400)c is the integrated intensity from the cubic (400) peak, I(400)𝑡 and I(004)𝑡 

are the integrated intensity from the tetragonal (400)  and (004) peak, respectively.  

The calculated weight fractions of monoclinic/tetragonal/cubic phase of YSZ 

ceramics as a function of yttria content are shown in Figure 4.1(b). It is indicated that the 

ceramics are dominated by monoclinic phase with yttria ≤ 2 mol%, implying that no 

tetragonal phase could be stabilized to room temperature. The tetragonal phase started to 

appear at 2.5 mol% and dramatically increases to a maximum of 80wt% at 3 mol% of 

yttria, followed by a gradual decrease to around 20 wt% when yttria content is 7 mol%. 

The cubic phase can be observed at 3 mol% yttria and it gradually increases at a steady 

rate to 82 wt% for 7 mol% of yttria, which is consistent with literatures stating that 8 mol% 

yttria doped ZrO2 is 100% cubic phase
4,5

. 
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Figure 4.1 (a) The XRD spectrum of YSZ ceramics with 0 ~6 mol% of yttria sintered at 1700
o
C 

at a scan range of 25°-90° and a high resolution scan at 2θ = 70-76°. (b) The calculated weight 

fraction of monoclinic, tetragonal and cubic phase of YSZ ceramics sintered at 1700
o
C. 

4.2.2 Ceramic morphology of YSZ 

 

The ceramic microstructures were examined with FESEM. As zirconia with yttria 

between 2.5 and 5 mol% contains significant amount of tetragonal phase, here we only 

show three compositions in Figure 4.2 with representative morphologies of tetragonal 

zirconia. The surface after hot-etching is found relatively flat and grains are dense and 

crack-free. An increase of annealing temperature from 1500
o
C to 1700

o
C could coarsen 

the grains but the grain size remains mostly at submicron scale. Typical YSZ generally 
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has submicron grains
6
, mainly due to the large ionic radius of yttrium. The low diffusion 

rate of yttrium in zirconium matrix results in a low grain growth rate.  

 

Figure 4.2 FESEM images of YSZ ceramics with 2.5mol%, 3mol% and 3.5mol% yttria at 

sintering temperatures of 1500
o
C and 1700

o
C. 

4.3 Motivation for System Modification 

 

The submicron grains of YSZ are much smaller than the typical pillar size (a few 

micrometers), meaning that the small volume pillar we propose to fabricate will contain 

many small grains and grain boundaries are inevitable. Though the high surface-to-

volume ratio of the pillar could help release the concentrated stress during deformation, 

the possibility of cracking due to grain boundaries could still suppress the martensitic 

transformation and make the shape memory effect unreliable and unrepeatable. To 

explore the shape memory effect of conventional YSZ, we need to either prepare 

commensurately much smaller sample in submicron scale size or increase the YSZ grain 

size from submicron to micron scale without suppressing the martensitic transformation 

behavior. As preparing submicron pillars with good shape control using FIB was found 

very challenging and time consuming, here we employ the alternative approach by 

exploring methods to increase the grain size of YSZ to a few microns. 
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In addition to the effect of sintering temperature as observed in Figure 4.2, it was 

found that the grain growth of zirconia can also be controlled by the dopant material
7
. 

Some literatures have reported that by sintering at very high temperatures of around 

2500
o
C (skull sintering), very large grains can be obtained

8
 but sophisticated furnace is 

required. Others discovered that by doping with some additives such as MgO, CeO2, 

Nb2O5, or TiO2, the grain size can also be significantly increased when sintering at much 

lower temperatures
9-11

. Here we employ the second approach of introducing extra doping 

additives as there are lower requirements on experimental set-up and it is a more energy-

saving process for future real-life applications. Four candidates of MgO, Nb2O5, CeO2 

and TiO2 were explored and TiO2 was found to be the most suitable dopant. MgO helped 

to promote the grain growth significantly but it further stabilized the tetragonal phase into 

cubic phase, making the material not useful for shape memory effect. When Nb2O5 was 

introduced into YSZ, the ceramic grew in a way that it crushed into particles during 

sintering, making it not suitable for fabricating bulk ceramics. CeO2 was found not 

suitable either as it evaporated very fast at 1700
o
C, making it difficult to control the 

doping concentration. By adding 5 mol% TiO2 into YSZ, the oxide remained very stable 

at high sintering temperatures. We discovered that not only the grains were grown much 

larger, but also the tetragonal phase was retained. The modified YSZ ceramics with 

titania are called yttria-titania doped zirconia (YTDZ) ceramics. 

4.4 Yttria-Titania Doped Zirconia (YTDZ) 

 

With the preliminary results and information from literature work
12

, we fabricated 

YTDZ ternary system with varied concentrations of both dopants, and systematically 

characterized the phase composition, ceramic morphology and spatial chemical 

distribution. The YTDZ ceramics were compared to the YSZ binary system and the effect 

of titania doping was evaluated. 

4.4.1 Ceramic morphology of YTDZ 
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To have a full understanding of the effect of titania doping on the YTDZ ceramics 

as well as the mutual effect between titania and yttria, we varied the titania concentration 

from 0 to 10 mol% and yttria concentration from 2 to 4 mol%. The representative 

microstructures of xY2O3-yTiO2-ZrO2 are shown in Figure 4.3.  

 

Figure 4.3 The microstructure of YTDZ with different concentration of titania and yttria. 

The hot-etching process enables us to observe very clear grain boundaries and the 

ceramics are very dense with no visible pores. By comparing the SEM images of YSZ 

and YTSZ ceramics, it seems that titania could significantly affect the grain size, whereas 

the effect of yttria is less obvious. With the introduction of a small amount of titania, the 

grain size is increased from submicron to a few microns. The microscale grains would 
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enable us to fabricate single crystal pillars on the ceramics without grain boundaries. The 

single crystal structure will not only improve the mechanical performance of the pillars 

but also make it possible for the study of the role of crystal orientation on the shape 

memory effect in YTDZ ceramics. 

The measured grain sizes of xY2O3-5TiO2-ZrO2 ternary system as well as the 

xY2O3-ZrO2 binary system are shown in Figure 4.4(a). Comparing the two systems of 

YSZ (black dots) and YTSZ (blue dots), by adding 5 mol% TiO2, the grain size of xY2O3-

5TiO2-ZrO2 system is significantly increased, from an average of 0.5µm for 2 to 4 mol% 

of Y2O3 to 3.1 µm at the same sintering temperature. Compared to the study in literature 

of 10 mol% TiO2 sintered at 1400
o
C

13
, we found that 5 mol% of TiO2 works similarly in 

promoting grain growth at a higher temperature of 1700
o
C, but did not react with ZrO2 to 

form the undesired ZrTiO4 compounds with ZrO2. Figure 4.4(a) also shows the effect of 

Y2O3 on the grain growth in the Y2O3-ZrO2 binary system. Though the phase changes 

with Y2O3 concentration, the grain size remains relatively constant in the range of 0.4 - 

0.5 µm for ceramics sintered at 1500
o
C. An increase in sintering temperature (red dots) 

can help the grains to grow up to 0.55 µm, as also suggested in Figure 4.2, but the effect 

is much less significant as compared to TiO2.  

To get a more quantitative understanding of the TiO2 effect on the grain growth of 

the ceramics, the average grain size as a function of TiO2 concentration is plotted in 

Figure 4.4(b).  By varying the TiO2 concentration while maintaining the Y2O3 content, 

the grain size increases linearly to 4 µm with TiO2 for doping up to 5mol%. This 

observation complies with literature that TiO2 is a grain growth promoter in YSZ 

system
13,14

, as it can improve the growth kinetics during sintering. The grain size remains 

relative constant with further doping of TiO2, most probably because the TiO2 saturates in 

the Y2O3-TiO2-ZrO2 solid solution before reaching 10 mol%, since the solubility of TiO2 

in Y-TZP is expected to be lower than 13 mol% at 1700
o
C

15,16
.   
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Figure 4.4 Average grain size of (a) Y2O3-ZrO2 and xY2O3-5TiO2-ZrO2 doped with various 

amount of Y2O3, sintered at both 1500
o
C and 1700

o
C. (b) 3Y2O3-yTiO2-ZrO2 with different 

amount of TiO2 and sintered at 1700
o
C. 

4.4.2 Phase composition of YTDZ 

 

Similar to YSZ system, YTDZ system was characterized with XRD, with a 

scanning range of 2θ = 25-90° and a fine scanning with 2θ = 70-76°. The spectrums for 

xY2O3-5TiO2-ZrO2 with x varying from 2 to 4 mol% are shown in Figure 4.5. All the 
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characteristic peaks for monoclinic, tetragonal and cubic are observed in these 

compositions, similar to what was presented in Figure 4.1. 

 

Figure 4.5 XRD spectrum for ternary xY2O3-5TiO2-ZrO2 system.  

Similar analysis of the weight fraction for each phase was conducted according to 

Equations 3-5, as shown in Figure 4.6. The results have revealed that by alloying the 

binary system with a small amount of TiO2, the phase composition is slightly altered.  

TiO2 doping is found to be very effective in stabilizing the tetragonal phase and 

suppressing the formation of cubic phase. By adding 5 mol% of TiO2 into the Y2O3-ZrO2 

ceramics, the fraction of tetragonal phase significantly increases. According to Figure 4.6, 

the maximum fraction of 92 wt% of tetragonal phase can be obtained at 2.5Y2O3-5TiO2-

ZrO2. When the Y2O3 concentration increases to 3-4 mol%, the weight fraction of 

tetragonal phase remains above 85 wt% and the cubic phase is only ~10-15 wt%.  Since 

Y2O3-5TiO2-ZrO2 ternary system consists of higher amount of tetragonal phase over a 

larger range of Y2O3 concentration, it can be a promising candidate as a shape memory 

ceramics. 
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Figure 4.6 The calculated weight fraction (wt%) of monoclinic, tetragonal and cubic phases of 

YTDZ system and its comparison with YSZ system. 
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4.4.3 Lattice parameter of YTDZ 

 

The lattice constants of both YSZ and YTDZ systems were obtained according to 

the precise position of some characteristic peaks in the XRD spectrum. The calculated 

lattice parameters of tetragonal and cubic phases are shown in Figure 4.7(a). It is worth 

noting that for both tetragonal and cubic phases, the effect of Y2O3 doping on lattice 

constants of zirconia is negligible. This can be attributed to the segregation of yttria in the 

ceramics, as will be presented and discussed in subsequent sections.  

 

Figure 4.7 (a) Lattice parameters of tetragonal and cubic phases for both YSZ and YTDZ systems. 

(b) Lattice constants and tetragonality of the tetragonal phase in Y2O3-TiO2-ZrO2 as a function of 

TiO2 concentration.  

For YSZ ceramics, the lattice constants are at = 5.103±0.002 Å, ct = 5.187±0.002 Å 

for tetragonal phase and ac = 5.145±0.003 Å for cubic phase. These lattice constants are 

in good agreement with the tetragonal 2Y2O3-ZrO2 ceramics reported in literature (a = 

5.1003 Å, c = 5.1866 Å)
17,18

 as well as theoretically calculated data in pure zirconia (a = 

5.105 Å, c = 5.20 Å)
19

 and experimentally prepared undoped tetragonal zirconia (a = 

5.084 Å, c = 5.182 Å)
20

. With 5 mol% titania doping, the lattice constants of both 

tetragonal phase and cubic phase are slightly smaller than that of YSZ systems. The 

lattice constants in YTDZ systems are at = 5.093±0.002 Å, ct = 5.184±0.001 Å for 

tetragonal phase and ac = 5.117±0.003 Å for cubic phase. This can be attributed to the 

smaller ionic diameter of titanium (0.074  nm) than zirconium (0.084 nm)
11

/ 
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With a variation of TiO2 concentration, we observed a change of lattice constants 

in 3Y2O3-yTiO2-ZrO2 ceramics as shown in Figure 4.7(b). The tetragonal lattice constant 

at keeps decreasing, while ct increases with TiO2 concentration from 2 to 10 mol%, 

resulting in the increase of tetragonality (ct/at) of zirconia. This result follows the 

Vegard’s law of solid solution
15

. 

4.4.4 Elemental heterogeneity of YTDZ 

 

It has been reported that the solubility of Y2O3 in tetragonal zirconia is lower than  

3mol% when sintered at 1400
o
C and it can further decrease at higher sintering 

temperature
21

.  We therefore suspect that segregation of yttrium may have occurred in the 

as-prepared YSZ and YTDZ ceramics since both systems were sintered at 1700
o
C.   

Furthermore, as the focus of the project is to study zirconia at microscale, the local 

properties at grain-scale are of more interest to us than the bulk properties. In order to 

obtain single crystal tetragonal pillars that demonstrate the desired shape memory effect, 

we need to determine the phase composition for each particular grain and understand how 

different elements are distributed across grains. In addition, the information on crystal 

orientation needs to be obtained for the tetragonal grain inside the polycrystalline bulk 

YTDZ ceramics. As concluded by the XRD analysis that for zirconia with Y2O3 higher 

than 2.5 mol%, the bulk YTDZ ceramics are always composed of a mixture of tetragonal 

and cubic phases. Therefore, a finer characterization on the bulk ceramics with the focus 

on grain-scale properties was conducted, to determine the elemental distribution and 

phase composition of grains of interest. 

As yttria is the stabilizer, the phase distribution should be directly related to the 

distribution of yttrium cations inside the zirconium cation matrix. It was reported that 

signatures of yttrium inhomogeneity has been found in the Y2O3-ZrO2 system
6
, especially 

when it is exposed to high sintering temperatures for a long time. Here we explore the 

elemental distribution at grain-scale, with the goal to reveal the relationship between the 

elemental distribution and phase segregation, with the focus on the ternary YTDZ system 

with both Y2O3 and TiO2 as dopants.  
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Electron probe micro-analyzer (EPMA) that has spatial elemental resolution of 

submicron was employed and chemical mapping of yttrium, titanium and zirconium were 

conducted on the surface of both YSZ and YTDZ ceramics. Figure 4.8 illustrates an 

exemplar mapping conducted on 3Y2O3-5TiO2-ZrO2 ceramics, together with 

corresponding SEM image. Two distinct elemental compositions of yttrium were 

identified in general, that is the “high yttrium regions” (HYR) (in yellow) and “low 

yttrium regions” (LYR) (in blue). By comparing the SEM image with the yttrium map, 

we can see that yttrium cations are segregated at grain-scale, into LYR and HYR domains. 

Different from what Schelling observed that the yttrium tends to localize at grain 

boundaries,
6
 the yttrium segregation in YTDZ ceramics occurs in a grain-wise fashion. 

Due to the very low solubility of yttrium in tetragonal crystal, the excess yttrium tends to 

accumulate in certain grains and forms cubic phase. The phase is determined according to 

the quantitative yttria composition in both HYR and LYR, which will be elaborated in 

Figure 4.10(a). The titanium map is quite homogeneous as compared to yttrium as 

titanium solubility in tetragonal zirconia is higher than 5 mol%. The zirconium map 

shows slight color contrast with a pattern similar to yttrium distribution. 

 

Figure 4.8 EMPA mapping of 3Y2O3-5TiO2-ZrO2 ceramics, with the SEM image and elemental 

distribution of Yttrium, Titatnium and Zirconium at the corresponding area. The color is coded to 

be rainbow, with reddish colour represents higher concentration. 

To study the effect of TiO2 on yttrium segregation, samples with and without 

titania (i.e. 3Y2O3-ZrO2, 2.5Y2O3-5TiO2-ZrO2, 3Y2O3-5TiO2-ZrO2 and 4Y2O3-5TiO2-
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ZrO2) were mapped across an area of a few hundred µm
2
, as shown in Figure 4.9. These 

ceramics all exhibit yttrium segregation of HYR and LYR, with patterns relatively 

consistent for different global compositions. The yttrium segregation in ternary YTDZ 

ceramics is found to have a much coarser length scale, with typical domain areas of ~ 4 

µm
2
 for both HYR and LYR, compared with a domain area ~ 1 µm

2
 in binary YSZ 

ceramics. The sizes of domain areas for both YSZ and YTDZ systems are in good 

agreement with the corresponding grain size, confirming that yttrium elemental 

segregation is accompanied with the grain growth of the ceramics. It is also clear that the 

area fraction of HYR with respect to LYR is larger for YTDZ with more Y2O3. 

 

Figure 4.9 EMPA mapping of yttrium in (a) 3Y2O3-ZrO2, (b) 3Y2O3-5TiO2-ZrO2, (c) 2.5Y2O3-

5TiO2-ZrO2, (d) 4Y2O3-5TiO2-ZrO2 ceramics. 
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In addition to the mapping, EMPA enables quantitative spot analysis with a better 

accuracy of the weight fraction for each element. The corresponding local Y2O3 mole 

percentage of both LYR and HYR are shown in Figure 4.10(a). The spot analysis 

suggests that the HYR generally have ~ 5 mol% Y2O3, which can be easily distinguished 

from the LYR of ~ 2 mol% Y2O3. As the YTDZ ceramics in Figure 4.9 consist of a 

mixture of tetragonal and cubic phase, the HYR with 5 mol% is most likely to be cubic 

phase due to the low solubility of Y2O3 in tetragonal zirconia
21

.  

 

Figure 4.10 (a) Localized concentration of Y2O3 for high yttrium region (HYR) and low yttrium 

region (LYR) and (b) phase composition of HYR and LYR for xY2O3-5TiO2-ZrO2. 
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Therefore, the phase partition is directly resulted from yttrium segregation, 

whereas the excess yttrium cations in LYR were expelled from tetragonal crystals to 

grains with HYR and formed cubic crystals. The ratio between LYR and HYR is actually 

the phase composition ratio between the tetragonal and cubic phases. Assuming that the 

spatial distribution of yttrium is homogeneous across the whole ceramic, the volume 

fraction of tetragonal and cubic phase is the same as the area fraction, as plotted in Figure 

4.10(b). It is clear that the YTDZ ceramics are dominated by tetragonal phase for Y2O3 

higher than 2.5 mol%, which is in good agreement with the results from XRD analysis. 

When the global Y2O3 doping level increases from 2.5 to 4 mol%, the volume fraction of 

tetragonal phase drops from ~84 to ~62 vol%, accompanied by the increase of cubic 

phase from ~16 to ~38 vol%. 

4.4.5 Phase composition at grain-scale 

 

As tetragonal grains are of our interest, it is necessary to confirm that the grains in 

LYR are indeed tetragonal crystals. To enable a fine phase analysis on LYR grains, a 

single grain was first taken out from the 3Y2O3-5TiO2-ZrO2 ceramics using Omni-

Probe
TM

 in the FEI Nova 600i Nanolab FIB/SEM system. The grain was analyzed using 

two techniques: X-ray micro-diffraction (µXRD) and transmission electron microscopy 

(TEM). 

To enable analysis with µXRD, the selected grain in the LYR was first attached to 

a TEM grid, as shown in Figure 4.11(a). The grain was subsequently scanned with high 

resolution synchrotron radiation scanning using µXRD. The obtained Laue diffraction 

orientation map is shown in Figure 4.11(b), and the color evolution is an indication of the 

mis-orientation across the grain. As the difference between the red and dark purple 

regions is only about 0.1, the LYR grain is confirmed to be single crystal. Each pixel in 

the map represents a Laue diffraction pattern on different areas of the grain, as in Figure 

4.11(c). By indexing the sharp spots in the diffraction pattern with the lattice parameters 

obtained in section 4.3.3, we confirmed that the grain is of tetragonal zirconia (Figure 

4.11(d)). Such µXRD analysis was conducted on many LYR grains and only tetragonal 



Ceramic Characterization  Chapter 4 

70 

 

phase has been identified. It is therefore confirmed that the grains in LYR are tetragonal 

crystals, which can be further machined into small volume tetragonal pillars.   

 

Figure 4.11 (a) SEM image of the grain cut from the LYR region, (b) the orientation map of the 

grain, (c) the corresponding Laue diffraction pattern and (d) its indexed peaks. 

The TEM characterization of LYR grain can provide more details on the lattice 

arrangement and dislocations of the as-prepared grain. Thus, the grain was further 

thinned into lamellae as shown in Figure 4.12(a), to enable TEM and selected area 

electron diffraction (SEAD).  
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Figure 4.12 (a) A cross-section view of one section of Pillar 3 under TEM after cutting (inserted 

image is the view of the whole pillar area). (b) Magnified High resolution TEM image of selected 

area on pillar. (c) The Fast Fourier Transform (FFT) spectra of the crystal with a zone axis of 

[11̅1̅]. (d) The atomic arrangement of cations matched with the unit cell with lattice parameter of 

a = 5.103, c = 5.187. 

A high-resolution image was taken in the top region of the pillar (Figure 4.12(b)), 

showing crystalline structure of YSZ ceramics. It is clear that the crystals are nicely 

structured without any visible large scale dislocations. Based on the diffraction pattern 

across the lamellae (Figure 4.12(c)), the crystal was indexed as a tetragonal phase aligned 

along the zone axis of [11̅1̅]. A part of the Figure 4.12(b) was magnified (Figure 4.12(d)) 

and it can be seen that the atomic arrangement of cations matches perfectly with the 

theoretical calculated unit cell of tetragonal zirconia crystal, with lattice parameters of a = 

5.103 and c = 5.187 projected in [11̅1̅] direction. The imaging confirms that the as-milled 

YSZ pillar is composed of single crystal tetragonal zirconia. 
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4.5 Concluding Remarks 

 

We have successfully prepared the conventional binary YSZ ceramics and the 

modified YTDZ ternary ceramics in bulk form. Characterization techniques of XRD, 

FESEM, EPMA, µXRD and EBSD have been used to study the bulk ceramics. The 

microstructure and phase composition of the two systems have been compared and 

discussed. The introduction of TiO2 enabled meaningful characterization of spatial 

elemental distribution and crystal orientation for YTDZ ceramics, making it possible to 

prepare single crystal tetragonal pillars with known orientations. A few conclusions can 

be drawn as follows: 

1) With the introduction of 5 mol% TiO2, the grain size of tetragonal zirconia is 

significantly increased from submicron (in conventional YSZ ceramics) to microscale (in 

YTDZ ceramics). 

  2) With Y2O3 doping higher than 2.5 mol%, both YSZ and YTDZ ceramics have 

been stabilized with a majority of tetragonal phase, which is the desired parent crystal for 

stress-induced martensitic transformation and potential shape memory effect. 

3) Yttria segregation is present inside the grains of both the YSZ and YTDZ 

ceramics. The YTDZ ceramics comprised of a mixture of tetragonal phase with ~ 2 mol% 

Y2O3 and cubic phase with ~ 5 mol% Y2O3. 
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Chapter 5  

Martensitic Transformation Temperatures* 

 

As reviewed in Chapter 2, the characteristic martensitic transformation 

temperatures (As, Af, Ms, Mf) of zirconia, and their relationship with the 

testing temperature, is critical to assess their suitability for the stress-

induced martensitic transformation and the resultant shape memory effect. 

For zirconia to exhibit shape memory effect, its composition must be 

controlled so that the transformation temperatures are within the range of 

testing conditions. This chapter will present our work on the exploration of 

the martensitic transformation temperatures for YTDZ ceramics, so as to 

select the suitable candidates for mechanically responsive shape memory 

effect. 

 

 

 

 

 

 

 

 

 

 

 

*The content of this chapter was drafted into manuscript: 

Xiao Mei Zeng, Zehui Du, Nobumichi Tamura, Qing Liu, Chee Lip Gan, In-situ studies 

on martensitic transformation and high-temperature shape memory effect in small volume 

zirconia. Acta Materialia, in submission. 
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5.1 Martensitic Transformation Temperatures in Bulk YTDZ 

 

As the martensitic transformation can be thermally induced, differential scanning 

calorimetry (DSC) analysis was used to determine the four characteristic temperatures (As, 

Af, Ms, Mf). The ceramics were heated up from 25
o
C to 1000

o
C in air at a ramp rate of 

10
o
C/min and cooled down at the same rate. The exothermic peaks during heating and the 

endothermic peaks during cooling were diagnosed as occurrence of reverse and forward 

martensitic transformations, respectively
1
. For YSZ ceramics, we were unable to 

determine the transformation temperature as the peaks were not obvious enough to be 

differentiated from the background, mainly due to wider spread transformation 

temperature in small grains. For YTDZ ceramics with much larger grains, the DSC tests 

were conducted on seven xY2O3-5TiO2-ZrO2 ceramics with x varying from 0.5 to 3.5 

mol%. The corresponding heating and cooling curves are shown in Figure 5.1. 

 

Figure 5.1 DSC curves during heating and cooling of xY2O3-5TiO2-ZrO2 ceramics with x varying 

from 0.5 to 3.5 mol%.  

Three ceramics with 0.5, 1 and 1.5 mol% of Y2O3 exhibited strong transformation 

peaks during both heating and cooling. The transformations took place within a 

temperature range of 80
o
C, suggesting that the whole bulk ceramics transformed within 
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~8 minutes. The four characteristic temperatures As, Af, Ms, Mf  of all three ceramics are 

lower than the transformation temperature of pure zirconia (1170
o
C)

2
.  

The transformation temperatures were extracted and plotted against the Y2O3 

doping concentration in Figure 5.2. It is obvious that the transformation temperatures 

decrease linearly with Y2O3 doping in the ceramics, as Y2O3 can stabilize the tetragonal 

phase to lower temperatures. The linear relationship is very useful to extrapolate the As, 

Af, Ms, Mf of those ceramics with Y2O3 higher than 1.5mol%, where no transformation 

peak was detected in bulk ceramics due to constraint from the matrix, which will be 

elaborated in section 5.2.1. 

 

Figure 5.2 The transformation temperatures (As, Af, Ms, Mf) with respect to the Y2O3 concentration 

in xY2O3-5TiO2-ZrO2 ceramics.  

Based on the trend lines (dotted lines in Figure 5.2), the ceramics doped with 3 to 

3.5 mol% Y2O3 ought to have the transformation close to room temperature (25°C). 

Hence if the mechanical test is carried out at room temperature, the ceramics doped with 

3.5 mol% Y2O3 or lower should exhibit shape memory effect, while the ceramics doped 

by 4 mol% and above should exhibit superelasticity. However, it was discovered by 

Ohmichi that the solubility of  Y2O3 in tetragonal zirconia is lower than 3 mol% when 

sintered at 1400
o
C and it can further decrease at higher sintering temperature.

3
 Such 
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discovery suggests that the segregation of yttrium discussed in section 4.3.4 is related to 

the even lower solubility of Y2O3 in tetragonal zirconia for both YSZ and YTDZ systems 

sintered at 1700
o
C.  

The work on DSC, which tells the heat absorption/release and transformation 

temperature, can be used to calculate the transformation enthalpy. The enthalpy for 

martensitic transformation is the area within each endothermic peak in Figure 5.1 in the 

unit of J/g. The enthalpy for unit volume ( 𝛥𝐻𝑡→𝑚 , kJ/cm
3
) can be calculated by 

multiplying the area with the theoretical density (6.081 g/cm
3
, using measured lattice 

parameters: a = 5.093 Å, c = 5.184 Å) and molar mass (123.1 g/mol) of tetragonal 

zirconia, and was plotted in Figure 5.3. As the trend follows a linear line, the expected 

transformation enthalpy for 2Y2O3-5TiO2-ZrO2 is about 0.1 kJ/cm
3
. 

 

Figure 5.3 The martensitic transformation enthalpy with respect to the Y2O3 concentration in 

xY2O3-5TiO2-ZrO2 ceramics.  

5.2 Martensitic Transformation Temperatures at Grain-scale 

 

As discussed in section 5.1, DSC characterization of the bulk zirconia was unable 

to determine the thermal-induced phase transformation for zirconia with more than 2 mol% 

yttria. With the capability to confirm the phase composition at microscale, µXRD can be 

used for the study of thermally induced phase transformation of particular grains.  
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5.2.1 Thermal-induced phase transformation  

 

When equipped with a heating block, the ceramics can be in-situ heated from 25
o
C 

to 550
o
C while scanning with µXRD. Figure 5.4 illustrates the diffraction patterns of an 

exemplar grain of 2Y2O3-5TiO2-ZrO2 ceramics at temperatures of 300
o
C and 550

o
C 

during heating. Each image consists of two sets of patterns, one from the Si substrate 

(used to mount the grain, the pattern is highlighted by pink circles) and the other from the 

zirconia (highlighted by green/orange circles). The diffraction patterns of zirconia at the 

two temperatures are very different, and they can be indexed as tetragonal and 

monoclinic crystals, respectively. Such observation suggests that the µXRD diffraction 

pattern can provide direct information on phase transformation during heating and 

cooling. The phase transformation and its characteristic temperatures of 2Y2O3-5TiO2-

ZrO2 ceramics can therefore be determined. 

 

Figure 5.4 Diffraction patterns of single grain of 2Y2O3-5TiO2-ZrO2 ceramics at temperatures of 

(a) 300
o
C and (b) 550

o
C and the corresponding crystal structures that are successfully indexed. 
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Figure 5.5 illustrates the phase map of a single-crystal grain evolution at different 

temperatures, starting from tetragonal phase at room temperature. Each pixel in the map 

represents a diffraction pattern on different areas of the grain, which is indexed using 

both tetragonal and monoclinic crystals. The colors represent the number of indexed 

peaks and a more reddish color means a higher number of indexed peaks. A successful 

indexing of more than 10 peaks in the pattern is considered valid, which otherwise is 

denoted as black in the map.  

 

Figure 5.5 Maps of tetragonal and monoclinic crystals for single crystal 2Y2O3-5TiO2-ZrO2 grain 

during heating from 25
o
C to 650

o
C and the corresponding cooling process. 

According to Figure 5.5, majority of the grains were tetragonal phase at room 

temperature. When temperature went higher, the grain was better indexed as monoclinic 

phase, with only monoclinic and no tetragonal phase being indexed between 259
o
C and 

435
o
C. Starting from 476

o
C, the monoclinic phase transformed to tetragonal phase, with 

larger and larger areas of the grain better indexed as tetragonal phase. At 546
o
C, the 

martensitic transformation was completed and the grain was mostly tetragonal phase 
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again. During cooling, the transformation was reversed; with the grain transforming back 

to monoclinic phase from 397
o
C and retained as monoclinic until room temperature. The 

grain went through three transformation processes during a cycle of heating and cooling, 

indicating that the reversible martensitic transformation occurred in this range. 

By calculating the colored areas of tetragonal and monoclinic maps, we are able to 

construct the relationship between phase composition and temperatures, as shown in 

Figure 5.6. The change in phase composition over the temperature range shows clearly 

that there are three transformation processes, while the four characteristic martensitic 

transformation temperatures (As, Af ,Ms ,Mf) can be obtained from the latter two. 

Therefore, for zirconia with composition of 2Y2O3-5TiO2-ZrO2, the four temperatures are 

476
o
C for As, 546

o
C for Af, 397

o
C for Ms, 311

o
C for Mf.  

 

Figure 5.6 The phase compositions of monoclinic and tetragonal phases for single crystal 2Y2O3-

5TiO2-ZrO2 grain during heating from 25
o
C to 650

o
C and the corresponding cooling process. 

These grains, in the as-produced or pristine condition, were prepared through a 

high temperature firing and subsequent cooling. At compositions such as studied here, 

where the martensitic (monoclinic) transformation temperatures are quite low, it is 
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common to metastably retain the high-temperature austenite phase 
4,5

, and that is exactly 

what is observed in Figure 5.5. At room temperature, the samples begin in the tetragonal 

phase, and revert to the equilibrium martensite phase upon heating to a temperature 

sufficient to overcome kinetic barriers to the equilibration, in this case, just over 100 ºC 

or so. The subsequent transformations that were observed are thermodynamic, and 

characteristics of the expected martensitic transformation. 

With the µXRD analysis, Figure 5.2 can be modified to Figure 5.7 and it is clear 

that the transformation temperatures at 2 mol% of yttria follow the trend predicted by 

DSC. As for 2Y2O3-5TiO2-ZrO2, the martensitic transformation from tetragonal to 

monoclinic phase can be thermal-induced at temperatures between 300
o
C and 400

o
C, 

while at room temperature, an external stress lower than the fracture strength of ceramics 

should be able to stress induce the transformation and enable the material to exhibit shape 

memory effect. 
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Figure 5.7 The transformation temperatures (As, Af, Ms, Mf) with respect to the Y2O3 concentration 

in xY2O3-5TiO2-ZrO2 ceramics using the DSC data and µXRD analysis. 

5.2.2 Crystal orientation relationship during transformation 

 

In addition to the phase composition, µXRD also provides quantitative information 

on the crystal orientation for both monoclinic and tetragonal phases. The crystal 

orientation maps were constructed at each temperature during the heating and cooling 

cycle, as shown in Figure 5.8. The single red color in the tetragonal map at room 

temperature represents one single crystal tetragonal grain. While the temperature was 

increased from room temperature to 200
o
C, the crystal was partially transformed to 

monoclinic phase, but not as a single crystal, as the blue and yellow regions represent two 

different crystal orientations. Further heating up suggests that the grain remained as the 

same monoclinic orientations between 259
o
C to 435

o
C. After the reverse martensitic 

transformation at 476
o
C, the tetragonal map with red color reappeared, suggesting that 

the tetragonal orientation remained the same after transforming to monoclinic and back. 

Similar phenomenon was observed during cooling, with the same monoclinic orientations 

observed. Such repetition of color suggests that not only the transformation is reversible, 

but also the crystal orientation is reversible. 
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Figure 5.8 Crystal orientation maps of tetragonal and monoclinic phases for single crystal 2Y2O3-

5TiO2-ZrO2 grain during heating from 25
o
C to 650

o
C and the corresponding cooling process. 

The exact crystal orientations of both tetragonal and monoclinic phases are shown 

in Figure 5.9. The red tetragonal crystal at 25
o
C and 546

o
C had similar orientations of [-

1.61 2.08 0.64] and [-1.60 2.10 0.61]. The blue and yellow monoclinic crystals at 435
o
C 

and 133
o
C share similar crystal orientations of [-0.24 0.59 1.73], [1.85 0.59 0.53] and 

[0.28 -0.57 1.82], [1.85 0.60 0.53]. When projecting from different orientations, their 

positions in the pole figure changed. It was found that both monoclinic variants fall on 

the same location at [010] direction and their positions were exchanged at [100] and [001] 

directions. Therefore the two monoclinic structures were related by 90
o
 rotation around 

[010]. The positions of tetragonal crystal in [001] and [110] pole figures were the same as 

the monoclinic crystal in [010] and [100]/[001] pole figures, respectively. Such 

relationship suggests that the transformation occurred according to correspondence B, i.e. 

c-axis of tetragonal unit cell becomes b-axis of monoclinic unit cell. The axis are related 
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by [010](monoclinic) // [001](tetragonal), [100](monoclinic) or [001](monoclinic) // 

[110](tetragonal). 

 

Figure 5.9 Crystal orientation of both tetragonal phase and monoclinic phase at different 

temperature, and the corresponding pole figures. 

5.3 Concluding Remarks 

 

Systematic analysis was conducted on the characteristic martensitic transformation 

temperatures of YTDZ ceramics. It was discovered that when tetragonal phase is present 

in the bulk ceramics, DSC is not capable to pick up any useful signals. The µXRD 

analysis is thus very helpful in conducting detailed study on macroscale grains for both 

martensitic transformation temperature and crystal orientation evolution. Two 

conclusions can be drawn as follows: 

1) The martensitic transformation temperatures have been established with respect 

to Y2O3 concentration and it provides a valid prediction of composition for shape 

memory effect in YTDZ ceramics. 

2) The thermal induced martensitic transformation is characterized with µXRD, 

with the crystal orientation found reversible during the transformation, providing the 
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foundation for the study on the dependence of shape memory effect on crystal orientation 

dependence in YTDZ ceramics in Chapter 7. 
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Chapter 6  

Shape Memory Effect at Small Volume* 

 

With the systematic studies on the ceramic compositions, microstructure and 

martensitic transformation temperature in the previous chapters, here we 

fabricate ceramics at microscale and study the shape memory effect of both 

YSZ and YTDZ ceramic systems. The deformation behaviour of single 

crystal YTDZ ceramics will be discussed, as a comparison to the polycrystal 

YSZ ceramics. It is the first demonstration of shape memory effect with 

significant crack-free deformation and high transformation stress in YTDZ 

ceramics to the best of our knowledge. Direct investigation on the phase 

changes during the shape memory behaviour will also be presented. 
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orientation dependence of stress-induced martensitic transformation in shape memory 

zirconia. Acta Materialia, 116, 124-135, 2016. 
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6.1 Shape Memory Effect at Small Scale – Proof of Concept 

 

Stress-induced martensitic transformation between tetragonal and monoclinic 

phase, which is the foundation of potential shape memory effect in zirconia, has been 

well recognized as reviewed in Chapter 2. However, conventional polycrystal ceramics 

are brittle and not resilient to the transformation, as cracks generally render them useless 

as shape memory materials. The cracks normally nucleate at grain boundaries due to the 

ultrahigh internal stress that accumulate in the constraint matrix when external stress is 

applied. The shape memory effect is only possible when the internal stress can somehow 

be relaxed. The first attempt of this project was to reduce the size of the ceramics, so as to 

significantly enhance the surface-to-volume ratio. Creating free surface can be very 

effective in removing matrix constraint and releasing internal energy. The hypothesis is 

that, by making the ceramics at small volume, the stress that they can sustain is high 

enough for martensitic transformation to occur without experiencing cracking. This 

hypothesis is evaluated by preparing and studying the small volume YSZ ceramics.  

6.1.1 Proof of concept 

 

To explore the shape memory effect in small volume YSZ ceramics, cylindrical 

pillars, which have the simplest geometry for analysis, were milled from the bulk surface 

using a focus ion beam system. As YSZ ceramics generally have submicron grains, a 

microscale pillar will always consist of a few grains. Dozens of pillars were milled at 

random locations on the surface of 3Y2O3-ZrO2 ceramics and compressed uniaxially with 

a nanoindenter. The typical load-displacement curves of five pillars with the same size 

are presented in Figure 6.1. All pillars behaved elastically initially when a compressive 

load was applied. Some pillars fractured right after elastic deformation (P1 & P2), 

behaving similarly to bulk ceramics. Others survived much larger deformation without 

fracture (P3, P4 & P5) and the flat displacement plateau (indicated with grey arrows) are 

signatures of martensitic transformation. Once the load was released, some pillars 

managed to recover the deformation fully (P3) or partially (P4), while other did not 

recover at all (P5).  
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Figure 6.1 The load-displacement curves for various pillars milled from 3Y2O3-ZrO2 ceramics. 

The inserted FESEM images are of P5 (size 0.5 µm × 4 µm) before and after indentation test and 

the bending effect can be observed.  

The residual displacement after unloading indicates a permanent shape change. 

The large residual displacement of P5 enables us to observe the obvious shape change in 

the SEM images, as seen in Figure 6.1. The significant bending of P5 without fracture 

was due to the martensitic transformation from tetragonal to monoclinic phase, and such 

deformation is not possible in bulk YSZ ceramics. This result proves the hypothesis that 

the reduction of ceramic volume to microscale could potentially enable the occurrence of 

martensitic transformation and therefore shape deformation in YSZ ceramics. 

6.1.2 Challenges of YSZ ceramics 

 

Although signatures of martensitic transformation has been observed in YSZ 

ceramics, proving the hypothesis that reducing the ceramic volume can aid in the 

relaxation of internal stress, the behavior of each pillar varies significantly, from fracture 
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without deformation to large deformation. Such large variation is mainly due to the 

existence of grain boundaries, where there is still internal stress concentrated. The 

randomly distributed grain boundaries interact with the applied load, and micro-cracks 

could still nucleate, just that these micro-cracks would not propagate as fast as that in 

bulk ceramics. A general observation is that, martensitic transformation takes place at a 

compressive stress much lower than the fracture strength. As the critical stress for 

martensitic transformation varies significantly with orientations, only those 

transformations with critical stresses lower than the fracture strength of the 

polycrystalline pillar can take place. It is also worth noting that there might still be some 

permanent damage and even micro-cracks in the pillar even when martensitic 

transformation occurs, as evidenced by the non-linearly elastic curve of P5. These 

permanent damages could prohibit the pillars to have complete shape recovery when heat 

treated and thus lead to degradation of shape memory effect. All these observations 

suggest that the small volume YSZ ceramic system needs to be modified, to enable 

repeatable and reliable shape memory effect. The analysis of grain boundaries shed light 

on the direction of how the YSZ can be modified.  

Our proposed solution is to prepare single crystal pillar to remove grain boundaries 

completely. Thus the fracture strength can be significantly increased to be higher than the 

martensitic transformation stress, regardless of the crystal orientation of the pillar. Our 

second hypothesis is: By developing single crystal YTDZ pillars at microscale, we can 

have robust shape memory ceramics with reliable shape memory effect that is tunable by 

crystal orientation, ceramic dimensions, ceramic composition and testing temperature. 

In Chapter 4, we discussed in detail that introduction of TiO2 into the YSZ 

ceramics can significantly increase the grain size and enable the fabrication of single 

crystal micro-pillars. In this chapter, the shape memory effect of the modified YTDZ 

ceramics were prepared and studied systematically. 

6.2 Shape Memory Effect in YTDZ 

 

The preparation of single crystal YTDZ pillars is achieved by milling on the 

selected tetragonal grain with known crystal orientation, as shown in Figure 3.13(a) and 
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(b). The desired pillar size is with diameter of 1 µm and height of 3 to 4 µm. As the grain 

size is larger than the desired pillar size, the possibility of avoiding any grain boundaries 

during the micromachining process with FIB is thus high. All the YTDZ pillars were 

carefully milled to ensure a good quality cylinder with very small tapering angle as 

shown in Figure 3.13(c) and (d). The flat pillar top enables good contact with the conical-

spherical indenter tip, to allow good mutual alignment during the compression tests. As 

discussed in Chapter 4, for studies of martensitic transformation at room temperature, the 

composition must be tuned to bring the tetragonal/monoclinic transformation 

temperatures into the range of ambient conditions, and the ability to retain the austenitic 

tetragonal phase at room temperature is specifically desired.  According to the results 

from EPMA and DSC, the suitable local composition for the study of shape memory 

effect in pillars is 2Y2O3-5TiO2-ZrO2.  

After the compression test, the pillars were heat treated to recovery the shape 

deformation. The load-displacement curve of a typical YTDZ pillar is shown in Figure 

6.2, together with one pillar from a binary 3Y2O3-ZrO2 ceramic for comparison. The 

behavior of YTDZ and YSZ pillars are very different, although both are tetragonal phase 

and capable of stress-induced martensitic transformation. The YTDZ pillar shows large 

apparent deformation, sustaining ~ 800 nm of displacement without failure. The rapid 

burst of large displacement is a signature of the martensitic transformation. For the two 

pillars of the same size, the YTDZ pillar could transform at a stress higher than the 

fracture strength of YSZ pillar. This observation suggests that the fracture strength is also 

enhanced by avoiding the grain boundaries, just as expected. The linear elastic behavior 

of YTDZ pillar is a result of being a perfect single crystal.  

The substantial residual displacement after release of load is consistent with the 

bending of the as-deformed pillar as observed in the SEM image. To examine whether 

the pillar can recover the deformation, it was heated to 500
o
C for 30 min. The SEM 

image after heat treatment shows that the pillar has almost fully recovered its shape. Such 

significant deformation and full recovery behavior of the pillar proves the hypothesis that 

small volume YTDZ ceramics have robust shape memory effect.  
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Figure 6.2 Load-displacement curves of 3Y2O3-ZrO2 and 3Y2O3-5TiO2-ZrO2 pillars, and the 

corresponding SEM images before and after micro-compression, and after heating at 500
o
C. 

6.3 Stress-Strain Behavior of YTDZ pillars 

 

Next, to enable quantitative analysis of the shape memory behavior in the single 

crystal YTDZ system, the two characteristic properties of transformation stress and 

transformation strain are defined.  

To account for tapering effect in each pillar, the critical stress for martensitic 

transformation (𝜎𝑐) was calculated based on the effective pillar diameter (𝑑𝑒) and can be 

expressed as:  

 𝜎𝑐 =
4𝐹

𝜋(𝑑𝑒)2
                                                                    Equation 6 

 𝑑𝑒 = (
𝑑𝑡

2+𝑑𝑡𝑑𝑏+𝑑𝑏
2

3
)

1

2
                                                   Equation 7 

where F is the critical compressive load; 𝑑𝑡 and 𝑑𝑏 are the measured diameters at top and 

bottom of the pillar, respectively. The effective diameter is used so that the actual volume 

of the tapered pillar is equated with an ideal cylindrical pillar with the same height. 

Therefore, the area within the stress-strain curve equals to the area under the load-

displacement curve divided by the actual pillar volume.  
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The deformation strain can be expressed in terms of uniaxial strain (𝜀𝑢 ) that 

corresponds to the change of height, and shear strain (𝜀𝑠) that corresponds to the lateral 

deformation of the pillar. The strains are calculated as: 

 𝜀𝑢 =
ℎ𝑑𝑖𝑠

𝐻0
                                                                        Equation 8 

 𝜀𝑠 =
𝑙𝑑𝑖𝑠

𝐻0
                                                                         Equation 9 

where 𝐻0 is the initial height of the pillar; ℎ𝑑𝑖𝑠 is the compressed uniaxial displacement 

from the load-displacement curve; 𝑙𝑑𝑖𝑠  is the measured lateral displacement from the 

SEM images. 

Here we report two representative pillars with different transformation behavior 

and transformation stress. 

6.3.1 Single-burst transformation in YTDZ pillars 

 

As shown in Figure 6.3(a), Pillar 1 with top surface orientation of (120) was 

compressed uniaxially to a maximum load of 3000 µN and the resultant load-

displacement curve is plotted in Figure 6.3(e). After the elastic compression, Pillar 1 went 

through a large single-step displacement plateau, which corresponds to the martensitic 

transformation from tetragonal to monoclinic phase as shown in Figure 6.3(e). The 

corresponding stress-strain curve was calculated according to Equations 6 and 8, and is 

indicated in Figure 6.3(e).  Pillar 1 attained a maximum uniaxial strain of 5.2%, of which 

around 2.8% can be attributed to the plateau which formed within 0.015 s at a critical 

stress of 2.3 GPa.  

The as-deformed morphology of Pillar 1 is shown in Figure 6.3(b) and a large 

shear distortion away from the compression axis is found. However, the top portion of the 

pillar where the tip was in contact remained flat and perpendicular to the compression 

axis; the shape change seen in this pillar is not due to bending from off-axial loading, but 

rather is a result of the mandatory transformation shear associated with the martensitic 

transformation. The transformation appears to have occurred monolithically across all of 

its unconstrained volume in a single martensite domain which is consistent with the 

observation of a single displacement burst in Figure 6.3(e). 
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Figure 6.3 SEM images of Pillar 1 when (a) freshly milled, (b) after compression, (c) after 

heating at 450
o
C and (d) after heating at 550

o
C. The viewing angle is 52

o
. (e) The load-

displacement and stress-strain curve of Pillar 1 during compression and unloading. 

Martensitic transformations are reversible upon heating to a temperature higher 

than the austenite finish temperature. The thermally induced shape recovery of Pillar 1 

was examined by first heating to 450
o
C, where no recovery was observed (Figure 6.3(c)). 

With subsequent heating to 550
o
C, the pillar became erect again and the single martensite 
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domain completely disappeared in a single step reverse transformation effecting shape 

recovery (Figure 6.3(d)). The austenite reversion temperature is between 450
o
C and 

550
o
C. 

6.3.2 Multi-burst transformation in YTDZ pillars 

 

Most of the pillars tested behaved similarly to Pillar 1, whereas a few behaved 

quite differently. Pillar 2, with similar size but a different surface orientation of (203) was 

milled as shown in Figure 6.4(a). A similar uniaxial compression cycle was applied with 

a maximum load of 1200 µN and the resultant load-displacement curve is plotted in 

Figure 6.4(e). The displacement response of Pillar 2 was a sequential multi-step 

displacement plateau, which is markedly different from the single-step response of Pillar 

1. After linear elastic deformation, the clear sequence of multi-step displacement bursts 

was observed beginning at a stress of ~0.65 GPa, resulting in a maximum uniaxial strain 

of 4.2%, of which 2.5% was unrecovered after unloading.  

Examination of the as-deformed pillar geometry in Figure 6.4(b) shows that 

shearing had occurred as multiple inclined transformation domains, a behavior that is 

quite different than that observed in Pillar 1. The dozen or so stripes observed on the 

lateral surface of the compressed pillar indicate the presence of multiple layers of variant, 

as has been observed in metallic SMA pillars during stress-induced martensitic 

transformation.
1,2

 It is envisioned that each of the variant pairs is produced sequentially in 

response to the stress, and each might be responsible for a single displacement burst or 

serration in the load-displacement curve in Figure 6.4(e); the number of discernible bursts 

seems to reasonably match the number of discernible variant pairs on the surface of the 

deformed pillar.  

Pillar 2 was first heated at 400
o
C, after which a number of the martensite variants 

in the top portion of the pillar disappeared, presumably reverted to austenite phase 

(Figure 6.4(c)). One variant near the top and those located at the bottom of the pillar 

remained, but subsequently disappeared upon further heating to 550°C (Figure 6.4(d)). 

The disappearance of the striped pattern on the pillar indicates a shape recovery by multi-

step reverse martensitic transformation.  
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Figure 6.4 SEM images of Pillar 2 when (a) freshly milled, (b) after uniaxial compression, (c) 

after heating at 400
o
C and (d) after heating at 550

o
C. The viewing angle is 52

o
. (e) The load-

displacement and stress-strain curve of Pillar 2 during compression and unloading. 

6.3.3 Patterns of martensitic transformation in pillars 

 

As shown in Figure 6.3 and Figure 6.4, compression and heat treatment led to 

significant shape change and recovery in both pillars, demonstrating shape memory in 

single crystal YTDZ ceramics. However, the results in a broad sense mirror those of our 
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group’s prior work on other zirconia based ceramics
3
, and hence we believe that the small 

sample size and the single crystal structure contribute to the ability of these samples to 

accommodate the transformation strains without cracking. It is interesting to note that the 

YSZ is known for exhibiting especially rapid, autocatalytic bursts of martensitic 

transformation as compared with, e.g. Ce-doped zirconia
4
, so it is encouraging to see the 

shape change successfully accommodated in YTDZ, which is a modified YSZ.  

The reduction of YSZ dimension not only results in the elimination of cracks, but 

also affects the martensitic transformation behavior. Looking at the cylindrical surfaces 

of both pillars, the strips signify the habit plane
5
, which is the interface between the 

transformed variant and the parent tetragonal crystal. Figure 6.5 schematically illustrates 

the habit planes with respect to the pillar geometries of the as-deformed Pillar 1 and Pillar 

2. Despite the fact that Pillar 1 involves a single variant/single domain transformation 

while Pillar 2 exhibits multiple discrete transformation bursts, they both formed plate-

type martensite with parallel habit planes at both ends. Unlike the pyramid-type 

martensite that is commonly observed in bulk zirconia and involves self-accommodation, 

the formation of plate-type martensite is preferred at places of less matrix constraint like 

sample edges.
6
 The resultant difference in habit plane between pyramid-type and plate-

type martensite
6
 suggests that the martensitic transformation behaviour is related to the 

matrix constraint. For defect-free single crystals, the transformation tends to nucleate at 

the free surfaces;
7
 whereas in polycrystalline zirconia, the grain boundaries and triple-

junctions have been widely recognized as martensite nucleation sites, due to the highly 

concentrated stress.
8
 Therefore, the resulting orientation dependence of transformation 

behavior for the small volume pillar should be different from that of bulk zirconia. A 

systematic study of the orientation dependence of small volume shape memory zirconia 

will be discussed in Chapter 7.  

Though the exact mechanism for the multi-burst transformation in Pillar 2 remains 

unclear to us, the physical constraints could offer a reasonable explanation. Unlike the 

thermally induced transformation that normally involves self-accommodation to adjust to 

matrix constraint, it is less preferred for stress-induced transformation at surface to form 

twinned variants
6
, especially for pillars with large surface-to-volume ratio. In addition to 

the fact that the transformation takes place in a sequential manner, we propose that the 
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self-accommodation by spontaneous twining is not likely the mechanism for the 

behaviour of pillar 2. During the martensitic transformation, the pillar tends to shear in 

directions perpendicular to the compression axis, while the friction from the pillar top 

constrained it from shearing freely. The competing mechanism should account for the 

different responses recorded for Pillar 1 and 2, which are otherwise quite comparable in 

terms of geometry and composition. For Pillar 1, majority of the body can shear during 

one transformation without exceeding the physical constraint; whereas for Pillar 2, only a 

small portion of the body can transform each time. Looking at Pillar 2 after the stress-free 

heat treatment at 400
o
C in Figure 6.4(c), the free top surface allows the pillar to shear as 

it should be during the transformation and some chevron pattern disappeared 

 

Figure 6.5 Schematic illustration of habit plane with respect to the pillar geometry and 

compression axis. 

6.3.4 Partial transformation of pillars 

 

Another interesting observation from Figure 6.3 and 6.4 is that only a portion of 

each single crystal pillar is transformed. As the pillars are not completely constraint-free 

ceramics, we believe the physical constraints at the top and bottom of the pillar could 

contribute to the shape deformation behavior. The partial transformation becomes 

important when calculating the transformation strain. The measured strain over the 

plateau was calculated with respect to the whole pillar in Figure 6.3(e) and thus needs to 
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be adjusted by dividing the actual plateau length with the actual transformed body. The 

true transformation strain of Pillar 1 is 3.46%, higher than the estimated 2.8% in Figure 

6.3(e). The sequential transformation pattern of Pillar 2 further complicates the 

calculation for the strain along compression axis. Taking each step of plateau in Figure 

6.3(e) as one single transformation, the cumulative plateau displacement is 81.80 nm, 

much smaller than the residual displacement of 115.33 nm. The partially transformation 

also suggests that the elastic behavior during unloading should reflect a mixed property 

of tetragonal and monoclinic phases. 

6.3.5 Transformation stress of YTDZ pillars 

 

One major difference between Pillar 1 and 2 is the large variation in critical stress 

for transformation. The critical stress of 2.3 GPa for Pillar 2 is four times higher 

compared to that in Pillar 1, suggesting that [203] is a soft direction for the martensitic 

transformation as compared to [120]. The martensitic transformation from the tetragonal 

phase to the monoclinic phase occurs along the habit plane, by shearing the tetragonal 

face into one of the 3 correspondences A, B and C
9
. According to the Clausius-Clapeyron 

relationship
10

, the magnitude of the transformation stress along the habit plane is 

inversely related to the shape strain. As the shape strain for correspondence B and C is a 

constant of 0.1640, whereas correspondence A is unlikely in yttria stabilized zirconia
4
,  

the magnitude of transformation stress can be assumed to be constant for both 

correspondence B and C. The difference in the critical stress along the compression axis 

can be explained by its alignment with the habit plane. To mechanically induce the 

transformation, the applied stress along the compression axis should reach the critical 

point where its resolved component along the habit plane exceeds the transformation 

stress
2
. Therefore, the externally required critical stress should be inversely related to 

sin𝛼 , where 𝛼  is the angle between the normal of the inclined habit plane and the 

compression axis. This complies with the observation in Figure 6.5, that Pillar 1 with 

high critical stress has a small 𝛼1(24.5𝑜); whereas Pillar 2 with a smaller critical stress 

has a larger 𝛼2(40.5𝑜).  A systematic study on the orientation effect on transformation 

stress will be elaborated in Chapter 7. 
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6.4 Martensitic Transformation in YTDZ pillars 

 

In the previous discussion, we diagnosed the displacement plateau as the signature 

of martensitic transformation, as there is no other competing mechanism that can 

generate such a large strain burst. There has been no evidence supporting the theory that 

the shape recovery was due to the reverse martensitic transformation. However, the single 

crystal structure of the pillar allows a direct proof of such transformation behavior with 

transmission electron microscopy (TEM) and selected area electron diffraction (SEAD) 

characterizations.   

One pillar (Pillar 3) was therefore prepared to investigate the crystallographic 

changes that accompany the martensitic transformation using TEM. Pillar 3 was 

machined on the same YTDZ ceramics with the same method as Pillar 1 and Pillar 2 

(Figure 6.6(a)). It was subjected to a uniaxial compression with same configuration as 

Pillar 1 and Pillar 2. It behaved very similarly to Pillar 1 (Figure 6.6(b)), with a large one-

step displacement plateau and significant body shearing was observed. The compressed 

Pillar 3 was then cut into lamellae and imaged by TEM. Electron diffraction was 

performed across the whole area of the lamellae and two sets of SAED pattern were 

obtained. The pattern in the center was best indexed as monoclinic phase with a zone axis 

of [101]m, whereas the pattern at the bottom was indexed as tetragonal phase with a zone 

axis of [111]t. The index suggests that Pillar 3 went through a partial transformation; with 

the bottom section remained as tetragonal phase. Considering the 45 degree rotation 

between monoclinic and tetragonal unit cell as shown in Figure 6.7, direction [111]t is 

parallel with [101]m. That is, the c-axis of tetragonal unit remains to be c-axis in 

monoclinic unit cell. Such lattice analysis suggests that the two zone axes are aligned in 

direction, meaning the transformation occurs in correspondence C. 

The imaged lamellae was then heat treated at 550
o
C (same heating conditions as 

Pillar 1 and Pillar 2) and imaged by TEM again. The film was found straightened after 

heat treatment (Figure 6.6(c)) and the diffraction pattern was best indexed as tetragonal 

phase with a zone axis of [112̅].  
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Figure 6.6 (a) Pillar 3 before and after compression, together with a cross-section view of Pillar 3 

after cutting into lamellae and the corresponding SAED patterns at two positions. (b) Load-

displacement (stress-strain) curve of Pillar 3 during compression. (c) Cross-section view of Pillar 

3 lamellae after heat treatment with the corresponding SAED pattern. 

The observance of monoclinic phase in the compressed pillar suggests that the 

tetragonal zirconia went through martensitic transformation during compression. It 

directly proves our hypothesis that the strain plateaus in the aforementioned stress-strain 

curves and the shape change of the pillars are induced by martensitic transformation. The 

identification of tetragonal phase after heat treatment in the same pillar provides 

straightforward evidence that the recovery of the pillar shape is induced by reverse 

martensitic transformation. Thus the TEM characterization provides a clear and accurate 

understanding of the stress-induced martensitic transformation and heat-induced reverse 
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martensitic transformation associated with shape deformation and recovery in shape 

memory ceramics.    

 

Figure 6.7 Unit cells of (a) monoclinic phase and (b) tetragonal phase, and the zone axis 

corresponding to the SAED pattern in the center and bottom of the indented Pillar 3. 

6.5 Comparison with Shape Memory Alloys 

 

With the above observations, the shape memory behaviors of single crystal YSZ 

ceramics can be very diverse. The critical stress for initiating martensitic transformations 

varied in a large range of 0.65 - 2.3 GPa whereas deformation strain of 6-11% was 

achieved. The critical stress and strain of both pillars are plotted in Figure 6.8, together 

with the data from many well-recognized shape memory alloys such as the Ni-Ti alloy, 

Cu-Al-based alloy and Fe-Ni based alloys and bulk shape memory ceramics
1,3,11-19

. Shape 

memory alloys can have transformation strain of 1% to 13.5%, whereas the 

transformation stress is limited to less than 0.8 GPa. On the other hand, bulk zirconia 

ceramics such as Ce-TZP, Mg-TZP and YSZ have demonstrated a significantly higher 

critical stress, varying in the range of 1 - 3.2 GPa. However, the brittleness of such bulk 

ceramics limited their strain to be less than 1%. The single crystal YSZ micro pillars we 

presented here combine the outstanding properties of both the shape memory ceramics 

and alloys, such as ultrahigh critical stress and large recoverable strain, thereby 

representing a different class of shape memory materials with potential large output 

energy. 
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Figure 6.8 The transformation stress and strain of our YSZ ceramic as compared to various shape 

memory alloys and ceramics at room temperature
1,3,11-19

. (□: Bulk materials. ○: samples in 

submicron scales. Solid shape: shape memory alloys, hollow shape: shape memory ceramics).  

6.6 Concluding Remarks 

 

In conclusion, our studies have demonstrated that YSZ ceramics can exhibit robust 

shape memory behavior by having a large surface area to volume ratio structure. By 

fabricating single crystal micro-pillars, they could be significantly deformed without 

fracture during compression, demonstrating the characteristic shape memory effect with 

large recoverable shear strains (up to 11%) and extremely high transformation stresses 

(up to 2.3 GPa). TEM characterization verified the underlying phase transformations, 

including reversible martensitic transformation between tetragonal and monoclinic phases. 

The critical stress measured depends very sensitively upon the orientation difference 

between the crystal and the habit plane, which will be further evaluated in Chapter 7. 

Compression axis that is more parallel to habit plane normal shows a higher critical stress 

that those less aligned. In either case, though, shape recovery was achieved within a 

narrow range of temperature between 400-550
o
C. 
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Chapter 7  

Thermodynamics of Shape Memory Effect* 

 

In shape memory ceramics, understanding of the control parameters for the 

characteristic shape memory properties is based on their underlying 

mechanism of stress-induced martensitic transformation. The occurrence of 

martensitic transformation is determined by the Gibbs energy change during 

transformation, which includes change in the chemical energy, surface 

energy, strain energy and externally applied energy. Therefore, the 

deformation behaviour of the YTDZ ceramics should be directly linked to 

these energies, which are controlled by the crystal orientation, ceramic 

composition, matrix constraint, ceramic dimensions and testing temperature. 

In this chapter, we will systematically explore the effects of these parameters 

on the characteristic shape memory properties for YTDZ ceramics, with the 

aim to establish the relationship between property and structure for shape 

memory ceramics. 

 

 

 

 

 

 

 

 

*The content of this chapter was published in article: 

Xiao Mei Zeng, Alan Lai, Zehui Du, Christopher A Schuh, Chee Lip Gan, Crystal 

orientation dependence of stress-induced martensitic transformation in shape memory 

zirconia. Acta Materialia, 116, 124-135, 2016 
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7.1 Free Energy for Martensitic Transformation 

 

The martensitic transformation from tetragonal to monoclinic phase occurs by 

shearing one of the tetragonal faces along one of the four directions, resulting in 12 

possible variants. According to Becher
1
, the free energy change (∆𝐺𝑡→𝑚)  of stress-

induced martensitic transformation is composed of changes in chemical free energy ∆𝐺𝑐, 

strain energy ∆𝑈𝑒 , surface energy ∆𝑈𝑠  and externally applied energy ∆𝑈𝑒𝑥 , and is 

described as
1
:  

∆𝐺𝑡→𝑚 = −∆𝐺𝑐 + ∆𝑈𝑒 + ∆𝑈𝑠 − ∆𝑈𝑒𝑥                                   Equation 10 

The chemical free energy ∆𝐺𝑐 is dependent on the temperature and composition as: 

∆𝐺𝑐 = 𝛥𝑆𝑡→𝑚(𝑇𝑜 − 𝑇) =
𝛥𝐻𝑡→𝑚(𝑇𝑜−𝑇)

𝑇0
                          Equation 11 

where 𝛥𝑆𝑡→𝑚 and 𝛥𝐻𝑡→𝑚 are the change in transformation entropy and enthalpy per unit 

volume, respectively, which are determined by the material composition, 𝑇 is the testing 

temperature, and 𝑇0 is the equilibrium transformation temperature for tetragonal zirconia. 

The strain energy change ∆𝑈𝑒  represents the elastic energy that is stored in the bulk 

region, in and around the transformed zone. The surface energy change ∆𝑈𝑠 is the change 

in energy associated with the surface during transformation. The externally applied 

energy for the stress-induced transformation is  

∆𝑈𝑒𝑥 = 𝜏𝑡𝑟𝑎𝑛𝑠Δ𝜀                                                                        Equation 12 

whereas 𝜏𝑡𝑟𝑎𝑛𝑠 is the transformation shear stress and Δ𝜀 is the volumetric transformation 

strain. For transformation to occur, the following equation should be satisfied: 

∆𝐺𝑡→𝑚 = −
𝛥𝐻𝑡→𝑚

(𝑇𝑜−𝑇)

𝑇0
+ ∆𝑈𝑒 + ∆𝑈𝑠  − 𝜏𝑡𝑟𝑎𝑛𝑠Δ𝜀 ≤ 0     Equation13 

Therefore, for stress-induced martensitic transformation in zirconia, the 

transformation shear stress 𝜏𝑡𝑟𝑎𝑛𝑠 is dependent on ceramic composition, matrix constraint, 

surface energy change and volumetric transformation strain, which can be expressed as: 

𝜎𝑡𝑟𝑎𝑛𝑠 ≥
−𝛥𝐻𝑡→𝑚(𝑇𝑜−𝑇)+∆𝑈𝑒+∆𝑈𝑠

Δ𝜀∙𝑇𝑜
                                           Equation 14 

The martensitic transformation shear stress is defined along the shear plane during 

the transformation. However, depending on how the applied compressive stress is 
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resolved onto the transformation shear planes, the critical transformation stress in the 

compression axis could vary significantly. The relationship can be explained using the 

analysis of Schmid factor (SF)
2
, which is highly crystal orientation dependent. The 

transformation from tetragonal to monoclinic zirconia occurs by shearing one of the 

tetragonal faces in the direction of one of the tetragonal basis vectors and this 

combination of shear plane and shear direction can be used to calculate the Schmid factor 

for all of the 12 possible monoclinic variants. The required transformation stress to be 

applied in the compression axis (𝜎𝑐𝑜𝑚𝑝 ) is related to the transformation shear stress 

(𝜏𝑡𝑟𝑎𝑛𝑠) through Schmid factor
2
: 

𝜎𝑐𝑜𝑚𝑝 =
𝜏𝑡𝑟𝑎𝑛𝑠

𝑆𝑐ℎ𝑚𝑖𝑑 𝐹𝑎𝑐𝑡𝑜𝑟
=

𝜏𝑡𝑟𝑎𝑛𝑠

𝑐𝑜𝑠𝜒∙𝑐𝑜𝑠𝜆
=

−𝛥𝐻𝑡→𝑚(𝑇𝑜−𝑇)+∆𝑈𝑒+∆𝑈𝑠

𝑐𝑜𝑠𝜒∙𝑐𝑜𝑠𝜆∙Δ𝜀∙𝑇𝑜
     Equation 15 

where χ is the angle between the shear plane and the compression axis and λ is the angle 

between the shear direction and the compression axis; 𝑆𝐹 = 𝑐𝑜𝑠𝜒 ∙ 𝑐𝑜𝑠𝜆 is the Schmid 

factor. The relationship can be directly derived from Figure 7.1. 𝑐𝑜𝑠𝜆  represents the 

magnitude of resolved unit force vector in the shear direction, whereas 𝑐𝑜𝑠𝜒 accounts for 

the change in area to calculate the stress from resolved force vector.  

 

Figure 7.1 Schematic illustration of relationship between applied stress in compression axis 

(𝜎𝑐𝑜𝑚𝑝 ), the transformation shear stress ((𝜏𝑡𝑟𝑎𝑛𝑠 ) and Schmid factor (𝑐𝑜𝑠𝜒 ∙ 𝑐𝑜𝑠𝜆) during 

compression of a pillar. 
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For microscale YTDZ pillars, ∆𝑈𝑒  is expected to be very small since there is 

limited bulk material to store elastic energy and mismatch strains are accommodated at 

free surfaces. The value for volumetric transformation strain (Δ𝜀) can be determined from 

the crystallography of the transformation. In yttria stabilized zirconia, Δ𝜀  has been 

reported as 4%, by Becher
1
. Therefore, Equation 15 can be rephrased as: 

𝜎𝑐𝑜𝑚𝑝 =
−𝛥𝐻𝑡→𝑚(𝑇𝑜−𝑇)+∆𝑈𝑒+∆𝑈𝑠

𝑆𝐹∙Δ𝜀∙𝑇𝑜
                    Equation 16 

The critical stress for transformation in compression axis is therefore dependent on 

the crystalline orientation (SF), composition (𝛥𝐻𝑡→𝑚, 𝑇𝑜), test temperature (𝑇) and pillar 

size (∆𝑈𝑠). The effect of the four parameters will be discussed one by one in this chapter. 

For zirconia with composition of 2Y2O3-5TiO2-ZrO2, which will be studied in this 

chapter, the transformation enthalpy (𝛥𝐻𝑡→𝑚) has been calculated to be 0.1 kJ/cm
3
 in 

section 5.1, and the transformation temperature (𝑇𝑜 ) is around 700K as discussed in 

section 6.3.2. The transformation strain (Δ𝜀 ) is a constant of 16.4% as reported by 

Chevalier et. al
3
. These values will be used to calculate the transformation stress in the 

following sections. The remaining three variables of ∆𝑈𝑠 , SF, T will be determined 

experimentally to calculate the transformation stress. 

7.2 Crystal Orientation Dependence of Shape Memory Effect 

 

In order to explore the orientation dependence of martensitic transformation, 

dozens of pillars with same elemental composition (2Y2O3-5TiO2-ZrO2), same phase 

(tetragonal), similar size (1 µm×3~4 µm) but different crystalline orientations were 

prepared. The pillar dimensions and orientation are listed in Table 7.1.  

 

Table 7.1 Dimensions and orientations of all the pillars in this work. 

Pillar 

Number 

Pillar Dimensions Orientation (hkl) 
Orientation (Euler 

Angles) 

Diameter 

(μm) 

Height 

(μm) 
h k l E1 E2 E3 

1 1.24 4.58 0.56 0.04 0.82 284.7 44.6 319.0 

2 1.23 3.85 0.47 0.88 0.07 177.1 92.2 17.5 

3 1.18 3.51 0.43 0.07 0.90 3.1 145.8 305.8 
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5 1.18 3.25 0.58 0.10 0.81 194.3 46.4 234.6 

6 1.17 3.54 0.46 0.14 0.87 83.8 141.5 118.4 

8 1.19 3.38 0.16 0.13 0.98 183.0 161.9 172.0 

18 1.17 3.35 0.72 0.21 0.66 53.1 121.5 298.8 

20 1.17 3.32 0.79 0.20 0.59 75.0 116.6 300.9 

21 1.17 3.19 0.14 0.40 0.91 249.6 33.9 205.5 

23 1.17 3.22 0.75 0.17 0.64 257.9 60.2 147.4 

26 1.17 3.81 0.19 0.37 0.91 245.1 32.8 197.4 

30 1.18 3.32 0.67 0.53 0.52 135.4 113.4 0.3 

34 1.17 3.35 0.60 0.45 0.66 300.0 59.3 352.2 

35 1.17 3.45 0.65 0.48 0.59 99.2 117.1 351.2 

38 1.18 3.62 0.39 0.71 0.58 264.8 63.3 16.4 

39 1.18 3.38 0.52 0.51 0.68 261.9 45.0 179.0 

40 1.17 3.70 0.79 0.15 0.60 97.3 117.5 359.2 

41 1.17 3.60 0.93 0.17 0.33 67.5 103.8 304.9 

42 1.18 3.75 0.11 0.72 0.68 186.7 57.0 234.1 

4 1.17 3.62 0.18 0.06 0.98 232.5 15.4 296.3 

12 1.16 2.66 0.73 0.64 0.26 72.5 100.6 356.7 

17 1.19 3.60 0.12 0.90 0.42 243.0 72.1 52.6 

22 1.17 3.63 0.34 0.92 0.19 105.2 97.5 384.5 

24 1.14 3.62 0.07 0.08 0.99 157.4 8.8 184.6 

25 1.12 3.46 0.14 0.16 0.98 184.8 16.8 183.7 

37 1.19 3.65 0.41 0.40 0.82 91.4 103.7 353.4 

 

The corresponding micro-compression data was gathered from the pillars with 

different crystal orientations. Among all the indented pillars, Figure 7.2 shows the pillars 

with signatures of martensitic transformation. Their orientations are plotted on the 001 

tetragonal reduced inverse pole figure together with the associated load-displacement 

curves. Each position on the inverse pole figure represents a different orientation of the 

tetragonal crystal. A diverse deformation response is observed; with the magnitude of 

displacement and the critical load for transformation varying with orientations. The 

critical load for transformation varies from 0.7 to 3 mN, while the plateau displacement 

ranges from 50 to 200 nm. 
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Figure 7.2 Load-displacement curves of YTDZ pillars that went through martensitic 

transformation, and their crystal orientations on the 001 tetragonal reduced inverse pole figure. 

In contrast to pillars that transformed, some pillars do not show any displacement 

plateau before they fractured, and the corresponding load-displacement curves are also 

plotted on the 001 tetragonal reduced inverse pole figure in Figure 7.3. Besides those 

pillars that directly fractured, some pillars went through a displacement plateau before 

fracture, but the critical load for plateau is very close to the fracture load. As in these 

cases, it is difficult to exam the surface morphology of the fractured pillars, thus we 

cannot be sure whether the plateau is due to the martensitic transformation or permanent 

plastic deformation. Therefore, they are not included in subsequent analysis for 

transformation stress and transformation strain. The pillars that fractured tend to locate 

close to the (001) and (100) plane. A symmetric theory explaining the phenomenon based 

on the difference in the crystal orientation is presented in subsequent sections. 
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Figure 7.3 Load-displacement curves of YTDZ pillars that fractured, and their crystal orientations 

on the 001 tetragonal reduced inverse pole figure. 

The experimentally measured loading modulus, transformations stresses and 

transformation strain of the micro-pillars varied substantially across all orientations, 

which are summarized in Table 7.2.  

 

Table 7.2 Table of transformation percentage, critical transformation stress, transformation strain, 

loading modulus and dissipated energy of dozens of pillars of various crystal orientations 

obtained from the load-displacement curves. 
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Pillar 

Number 

Transformatio

n Percentage 

(ftrans) 

Loading Modulus 

(GPa) 

Experiment  -  Theory 

Transformati

on Stress 

(GPa) 

Transformati

on Strain (%) 

Dissipated 

Energy  

(MJ/m3) 

1 87 58.9 168.5 0.65 2.99 18.35 

2 69 136.8 286.6 2.32 3.34 63.31 

3 75 70.0 176.5 1.20 3.60 37.47 

5 65 52.3 169.0 0.81 3.93 33.12 

6 100 77.4 172.2 1.04 4.25 33.27 

8 47 102.7 211.6 2.60 1.53 72.63 

18 68 67.3 164.7 0.81 4.25 29.99 

20 49 87.9 193.3 1.30 3.02 34.66 

21 51 76.1 174.8 1.24 4.60 49.17 

23 86 69.1 188.4 1.11 3.68 33.93 

26 50 66.7 175.8 0.71 4.59 26.88 

30 84 78.7 171.8 0.71 6.21 34.13 

34 76 72.5 169.8 0.62 6.48 29.40 

35 76 69.3 197.9 0.78 5.47 32.35 

38 74 68.5 201.9 0.83 5.46 33.95 

39 79 60.6 170.5 0.58 6.30 27.30 

40 28 70.3 198.2 0.67 2.22 17.54 

41 49 55.6 214.2 0.62 1.81 11.98 

42 71 80.0 184.73 0.78 4.79 29.45 

4 Fractured 75.4 218.9 2.46 / / 

12 Fractured 145.4 235.0 3.18 / / 

17 Fractured 78.1 195.8 3.57 / / 

22 Fractured 129.5 249.1 2.76 / / 

24 Fractured 156.2 236.1 3.10 / / 

25 Fractured 124.5 215.3 2.29 / / 

37 Fractured 132.0 254.0 3.61 / / 

 

7.2.1 Crystal orientation dependence of elastic modulus 

 

The experimentally measured Young’s modulus of tetragonal pillar is obtained 

from the slope of elastic region of loading cycle on the load-displacement curve in Figure 

7.2, as well as based on the pillar dimensions in Table 7.1. 

According to Sneddon
4
, the diamond tip and the zirconia substrate can be  

considered as elastic half space during the nanoindentation of cylinder pillars. The 

measured indentation depth ∆ℎ includes all the elastic deformation from the tip, pillar and 

substrate, and is calculated based on the following equation
5
: 

∆ℎ = ∆ℎ𝑝𝑖𝑙𝑙𝑎𝑟 + ∆ℎ𝑡𝑖𝑝 + ∆ℎ𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒                                     Equation 17 
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where ∆ℎ𝑝𝑖𝑙𝑙𝑎𝑟  is the actual deformation of the pillar; ∆ℎ𝑡𝑖𝑝  and ∆ℎ𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒  are the 

elastic deformation of diamond tip and zirconia substrate, respectively. The compliance 

of half space elastic tip (𝑆𝑡𝑖𝑝) and substrate (𝑆𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) are calculated as: 

𝑆𝑡𝑖𝑝 =
(1−𝜈𝑡𝑖𝑝

2)√𝜋

2𝐸𝑡𝑖𝑝√𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡
=

(1−𝜈𝑡𝑖𝑝
2)√𝜋

2𝐸𝑡𝑖𝑝
√𝜋𝑑𝑡𝑜𝑝

2

4

=
(1−𝜈𝑡𝑖𝑝

2)

𝐸𝑡𝑖𝑝𝑑𝑡𝑜𝑝
               Equation 18 

 and similarly     𝑆𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 =
(1−𝜈𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

2)

𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒𝑑𝑏𝑜𝑡𝑡𝑜𝑚
;                               Equation 19 

where 𝜈𝑡𝑖𝑝 and 𝜈𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 are the Poisson’s ratio of tip (diamond) and substrate; 𝐸𝑡𝑖𝑝 and 

𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 are the Young’s modulus of tip and polycrystalline zirconia substrate; 𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡 

is the contact area between tip-pillar or pillar-substrate in Equation 18 and 19, 

respectively; 𝑑𝑡𝑜𝑝  and 𝑑𝑏𝑜𝑡𝑡𝑜𝑚  are the diameter of pillar at the top and bottom, 

respectively. Therefore, ∆ℎ𝑡𝑖𝑝 and ∆ℎ𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 are calculated to be: 

∆ℎ𝑡𝑖𝑝 = 𝑆𝑡𝑖𝑝𝐹 =
(1−𝜈𝑡𝑖𝑝

2)𝐹

𝐸𝑡𝑖𝑝𝑑𝑡𝑜𝑝
                                                    Equation 20 

and similarly     ∆ℎ𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 =
(1−𝜈2)𝐹

𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒𝑑𝑏𝑜𝑡𝑡𝑜𝑚
;                             Equation 21 

where 𝐹 is the applied compressive load. Therefore the actual pillar displacement is: 

∆ℎ𝑝𝑖𝑙𝑙𝑎𝑟 = ∆ℎ −
(1−𝜈2)𝐹

𝐸𝑡𝑖𝑝𝑑𝑡𝑜𝑝
−

(1−𝜈𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
2)𝐹

𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒𝑑𝑏𝑜𝑡𝑡𝑜𝑚
                        Equation 22 

The Young’s modulus of tetragonal pillar (𝐸𝑝𝑖𝑙𝑙𝑎𝑟) is thus given by the following 

relationship
5
: 

𝐸𝑝𝑖𝑙𝑙𝑎𝑟 =
𝜎𝑝𝑖𝑙𝑙𝑎𝑟

𝜀𝑝𝑖𝑙𝑙𝑎𝑟
=

4𝐹𝐻𝑝𝑖𝑙𝑙𝑎𝑟

𝜋∆ℎ𝑝𝑖𝑙𝑙𝑎𝑟(
𝑑𝑡𝑜𝑝

2+𝑑𝑡𝑜𝑝𝑑𝑏𝑜𝑡𝑡𝑜𝑚+𝑑𝑏𝑜𝑡𝑡𝑜𝑚
2

3
)

      Equation 23 

The theoretically expected Young’s modulus of a single crystal can be found from 

the compliance tensor using the elastic constants of the material.  

For the theoretical prediction, the x, y, z are denoted by 1, 2, 3, and the unprimed 

symbols are used to differentiate the pillar crystal axis system from the laboratory axis 

system. According to Nye
6
, both the stress and strain are second-rank tensors and they are 

related as: 

𝜀′33 = 𝑠′3333𝜎′33                                                                             Equation 24 
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where 𝜎′33 is the applied stress in z-axis, 𝜀′33 is the measured strain in z-axis, and 𝑠′3333 

is the corresponding compliance. Finding the compliance of a given orientation is done 

by rotating the standard compliance tensor into the specified crystal frame using the full 

Einstein tensor notation, where the 𝑎𝑖𝑗  terms represent the components of a rotation 

matrix. The compliance is related to the single crystal elastic compliances 𝑠𝑚𝑛𝑜𝑝 

according to the transformation law of 
6
: 

𝑠′
3333 = 𝑎3𝑚𝑎3𝑛𝑎3𝑜𝑎3𝑝𝑠𝑚𝑛𝑜𝑝   (𝑚, 𝑛, 𝑜, 𝑝 = 1,2,3)                   Equation 25 

By taking abbreviation and applying the tetragonal crystal symmetry,  𝑠′
3333  can be 

expressed as: 

𝑠′
3333 =

1

𝐸33
= (𝑎31

4 + 𝑎32
4)𝑠11 + (2𝑎31

2𝑎32
2)𝑠12 + (2𝑎31

2𝑎33
2 + 2𝑎32

2𝑎33
2)𝑠13 +

(𝑎33
4)𝑠33 + (𝑎32

2𝑎33
2 + 𝑎31

2𝑎33
2)𝑠44 + (𝑎31

2𝑎32
2)𝑠66          Equation 26 

where 𝑎𝑖𝑗 can be calculated according to the Euler angle (𝜙𝜃𝜓): 

𝑎𝑖𝑗 = [

𝑎11 𝑎12 𝑎13

𝑎21 𝑎22 𝑎23

𝑎31 𝑎32 𝑎33

] = [−
𝑐𝜓 𝑠𝜓 0
𝑠𝜓 𝑐𝜓 0
0 0 1

] [
1 0 0
0 𝑐𝜃 𝑠𝜃
0 −𝑠𝜃 𝑐𝜃

] [
𝑐𝜙 𝑠𝜙 0

−𝑠𝜙 𝑐𝜙 0
0 0 1

] =

[

𝑐𝜓𝑐𝜙 − 𝑠𝜓𝑐𝜃𝑠𝜙 𝑐𝜓𝑠𝜙 + 𝑠𝜓𝑐𝜃𝑐𝜙 𝑠𝜓𝑠𝜃
−𝑠𝜓𝑐𝜙 − 𝑐𝜓𝑐𝜃𝑠𝜙 −𝑠𝜓𝑠𝜙 + 𝑐𝜓𝑐𝜃𝑐𝜙 𝑐𝜓𝑠𝜃

𝑠𝜃𝑠𝜙 −𝑠𝜃𝑐𝜙 𝑐𝜃
]                    Equation 27 

Therefore, the Young’s modulus of tetragonal zirconia E33 can be calculated for 

various orientations (ϕθψ), taking the compliances s11, s33, s44, s66, s12, s13 according to 

Kisi
7
. 

Both the experimental and theoretical moduli of tetragonal zirconia are plotted in 

Figure 7.4. The dashed blue line represents the ideal case of equality between 

experimental and theoretical values, whereas the dashed black line is a rough linear 

estimation on the experimental value.  

The theoretical prediction varies from 164.7 to 286.6 GPa, with an average of 

200.6 GPa. The average modulus is very close to the Young’s modulus of polycrystalline 

tetragonal zirconia of 192 GPa reported in literature
7
, The experimentally measured 

modulus has an average of 90.1 GPa and ranges from 67.3 to 136.8 GPa. The measured 

modulus seems to follow a similar ascending trend as the theoretical prediction, but with 

a significantly lower magnitude and some noise. While the measured modulus is 

reasonably correlated with the theoretical value, there is better quantitative agreement at 
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higher moduli. We attribute the experimental variation to several aspects of the micro-

compression testing such as substrate and tip compliance, minor misalignments, 

indentation compliance at the point of contact of the tip; these are all known deficiencies 

of microcompression testing and the present apparently high compliance is in line with 

results from the field on other materials
7
.  

 

Figure 7.4 The correlation between theoretical and measured Young’s modulus of tetragonal 

zirconia for all the pillars.  

The experimentally obtained Young’s modulus of tetragonal pillars was plotted in 

the tetragonal 001 inverse pole figure, as shown in Figure 7.5. As expected, the loading 

modulus is highly anisotropic. Pillars with orientations close to (111) and (101) have 

much lower moduli of between 50 to 90 GPa, as compared to pillars close to (001) and 

(100) which have much higher moduli, for both transformation and fractured pillars.  
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Figure 7.5 The measured Young’s modulus of tetragonal pillars in the tetragonal 001 inverse pole 

figure. The open circles indicate pillars that transformed without breaking, black solid dots 

indicate pillars that did not transform or broke without transforming. 

It is to be noted that for all the tested pillars, the unloading modulus is higher than 

the loading modulus, which seems contradictory to the literature that Young’s modulus of 

monoclinic zirconia is smaller than that of tetragonal phase for polycrystal zirconia
8
. In 

the case of single crystal pillars shown here, the comparison between the loading 

modulus and unloading modulus cannot be solely based on the difference between the 

modulus of the tetragonal and monoclinic phase. After the compression, the single crystal 

pillar experienced a partial transformation (which will be discussed in detail in section 

7.2.2), resulting in a pillar consisting a mixture of tetragonal and monoclinic crystals 

under maximum loading. Therefore, the unloading modulus reflects the elastic behavior 

of a mixed crystal consisting both monoclinic and tetragonal phase, rather than just the 

monoclinic phase. The author believes that it is possible that the unloading modulus is 

higher than the loading modulus due to the pinning effect of structure defects such as 
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interface and dislocations formed in the pillars after compression. Such finding has been 

recently reported by Du. et al.
9
. 

7.2.2 Crystal orientation dependence of transformation stress 

 

Since the compression tests were all carried out at room temperature on pillars 

with same chemical composition and similar size, ΔSt→m , T0 , ∆𝑈𝑒 , ∆𝑈𝑠  and T  in 

Equation 16 can be assumed to be constant, though the exact value of ΔSt→m,∆𝑈𝑒,  ∆𝑈𝑠, 

T0 are difficult to determine for micro-pillars as it involves the surface energy of pillars. 

Therefore, 𝜎𝑐𝑜𝑚𝑝=
−𝛥𝐻𝑡→𝑚(𝑇𝑜−𝑇)+∆𝑈𝑒+∆𝑈𝑠

𝑆𝐹∙Δ𝜀∙𝑇𝑜
                    Equation 16 can be rewritten 

as 

σcomp =
−𝛥𝑆𝑡→𝑚(𝑇𝑜−𝑇)+∆𝑈𝑒+∆𝑈𝑠

𝑐𝑜𝑠𝜒∗𝑐𝑜𝑠𝜆∗𝛥𝜀
=

A

cosχ∗cosλ
=

A

SF
                            Equation 28 

where 𝐴 =
−𝛥𝑆𝑡→𝑚(𝑇𝑜−𝑇)+∆𝑈𝑒+∆𝑈𝑠

𝛥𝜀
=

0.1∙(700−298)+∆𝑈𝑒+∆𝑈𝑠

0.164∙700
= 0.35 +

∆𝑈𝑒+∆𝑈𝑠

114.8
. 

The measured transformation stress (σcomp,meas) in actual compression test should 

be the lowest possible σcomp, meaning that the variant with the largest Schmid Factor 

(SFmax) is always preferred. The measured transformation stress of certain orientation 

can be expressed as, 

σcomp,meas ≥ (σcomp)
min

= A ∙
1

(cosχ∗cosλ)max
= A ∙

1

SFmax
  Equation 29 

This equation suggests that, in theory, the measured transformation stress should 

be linearly related to SFmax
−1

, and its orientation dependence can be studied indirectly 

with Schmid Factor.  

The theoretical calculation of maximum inverse of Schmid factor (SFmax
−1

) is 

done in collaboration with Mr. Alan Lai from MIT
*
 and will not be discussed here. The 

discussion has been published in a paper accepted for publication in Acta Materialia.  

Figure 7.6 graphically presents the measured critical transformation stress 

(σcomp,meas) for pillars with various orientations in the tetragonal 001 inverse pole figure, 

                                                 
*
 Alan Lai is a collaborator for the work of orientation dependence on shape memory effect in YTDZ 

pillars. 
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together with the measured fracture stress for pillars that fractured. It is clear that the 

transformation stress is highly orientation dependent. Those pillars that transformed at 

stress lower than 1 GPa tend to be located in orientations close to (101). The critical 

stress increases when their orientation get closer to (110) and (111) planes. The fractured 

pillars are most likely to be observed for orientations near (001) and (100).  

 

 

Figure 7.6 The experimentally measured transformation stress (σcomp,meas ) of pillars in the 

tetragonal 001 inverse pole figure. The open circles indicate pillars that transformed without 

breaking, black solid dots indicate pillars that did not transform or broke without transforming. 

7.2.3 Crystal orientation dependence of transformation strain 

 

A defining feature of the mechanical response of a shape memory material is the 

strain plateau caused by the rapid phase transformation, and such plateaus are observed in 

many of the specimens tested in this work. However, observations of the as-compressed 

single crystal pillars suggested that they are usually partially transformed, and this must 

be accounted for when carrying out strain calculations as shown in Figure 7.7. 
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Figure 7.7 Illustration of calculated transformation fraction (ftrans) of YTDZ pillars. 

Instead of applying the standard strain calculation that uses the original pillar 

height and assumes full transformation, the transformation strain ( ∆εcomp,meas ) is 

calculated based only on the transformed fraction (ftrans ) of the as-deformed pillars 

according to the scanning electron microscopy analysis, 

∆𝜀𝑡𝑟𝑎𝑛𝑠,𝑚𝑒𝑎𝑠 =
∆ℎ𝑝𝑙𝑎𝑡𝑒𝑎𝑢,𝑚𝑒𝑎𝑠

𝑓𝑡𝑟𝑎𝑛𝑠∙𝐻𝑝𝑖𝑙𝑙𝑎𝑟,
                 Equation 30 

where ∆hplateau,meas is the displacement measured in the plateau region.  

The experimentally obtained transformation strain is presented in the tetragonal 

001 inverse pole figure, as seen in Figure 7.8. There is a large extent of possible strains 

ranging from 0.58% to 5.17% and the strain is clearly orientation dependent. Most of the 

pillars have strain in the range of 3% to 4%, which is comparable to shape memory 

alloys.
10

 The transformation strains are found to have quite an opposite trend to the 

transformation stress. Those pillars that transformed at larger strain tend to be located in 

orientations close to (101) and (111). The theory of transformation strain can be 

calculated based on the shape strain or lattice deformation matrix
2
. As been discussed in 

section 7.1, transformation strain (Δ𝜀 ) in shear direction is a constant of 16.4% as 

reported by Chevalier et. al
3
. The transformation strain in the compressive axis is the 



Thermodynamics of Shape Memory Effect                                                           Chapter 7 

120 

 

magnitude of resolved transformation strain vector ( Δ𝜀 ) in shear direction. The 

theoretical strain for each pillar is calculated based on the same monoclinic variant as 

used in transformation stress calculation, both having the maximum inverse of Schmid 

factor (SFmax
−1

). The detailed theoretical calculation was done in collaboration with 

Alan Lai from MIT, so the details will not be elaborated here. 

 

Figure 7.8 The experimentally measured transformation strain (∆εtrans,meas) of pillars in the 

tetragonal 001 inverse pole figure. The open circles indicate pillars that transformed without 

breaking, black solid dots indicate pillars that did not transform or broke without transforming. 

7.2.4 Crystal orientation dependence of energy dissipation 

 

Besides the transformation stress and strain, the capability of the pillars to 

dissipated energy during compressive loading is another critical property for shape 

memory ceramics. Experimentally, we estimate the energy dissipation by calculating the 

area under the load-displacement curves, giving the total energy absorbed during 

compression. To normalize this value and provide a better comparison across all the 
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pillars, the total energy was divided by the transformed volume of each pillar to give the 

energy dissipated per transformed volume.  The data, plotted in Figure 7.9 on the 001 

inverse pole figure, shows a wide range of energy absorption from 12 - 73 MJ/m
3
. The 

averaged dissipated energy is around 30 MJ/m
3
, clustered in the center while the largest 

values tend to be closer to the edges. The larger dissipated energy reflects a good 

combination of higher transformation stress and larger transformation strain close to the 

edges, which can be reflected by Figure 7.6 and 7.8. This could indicate that for certain 

orientations, additional energy is required to either nucleate the transformation on their 

surfaces or to pass through those surfaces, potentially making such orientations ideal for 

energy dissipation applications. 

 

Figure 7.9 The energy dissipated of pillars during compression in the tetragonal 001 

inverse pole figure. The open circles indicate pillars that transformed without breaking, 

black solid dots indicate pillars that did not transform or broke without transforming. 

7.3 Temperature Dependence of Shape Memory Effect 
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According to Equation 14, the martensitic transformation behavior is related to the 

testing temperature T. Their relationship can be explored by compressing the same pillar 

at different temperatures, thus the parameters of composition (ΔSt→m, To), pillar size 

(∆Us ) and crystalline orientation (cosχ ∗ cosλ ) can be considered as constants, and 

Equation 16 can be rewritten as: 

σcomp =
−ΔSt→m(To−T)+∆𝑈𝑒+∆Us

cosχ∗cosλ∗Δε
= B ∙ T + C                         Equation 31 

where constant B =
ΔSt→m∙SFmax

−1

Δε
= 8.711 ∙ 10−4 ∙ SFmax

−1
, and constant 

C =
−ΔSt→mTo+∆𝑈𝑒+∆Us

Δε
∙ SFmax

−1 = (6.1∆Us + 6.1 ∆𝑈𝑒 − 0.61) ∙ SFmax
−1

. 

The calculation is based on the values discussed in the last paragraph in section 7.1.  

As the slope for transformation stress versus temperature equation is directly 

controlled by SFmax
−1

, the stress map constructed in section 7.3.3 and Figure 7.6 can be 

considered as an indication of the slope map for temperature effect, that is how sensitive 

the stress to temperature it is for various crystal orientations.  

In order to justify the relationship predicted by Equation 29, a few pillars with 

composition of 2Y2O3-5TiO2-ZrO2 were tested with nanoindenter, to study the 

martensitic transformation behavior at different temperatures and two pillars (Pillar 13 

and Pillar 19) with typical behaviors are reported here. The pillars were compressed at 

room temperature (25
o
C) until signatures of martensitic transformation was observed. 

The indented pillar was imaged to confirm shape deformation, followed by heat treatment 

at 500
o
C for 2 hours to enable inverse martensitic transformation and shape recovery, as 

shown in Figure 7.10(a) and Figure 7.11(a). Once it was confirmed with SEM that the 

shape was recovered, the pillar was heated up to a higher temperature of 100
o
C. Similar 

compressive load was applied again at 100
o
C to induce another cycle of martensitic 

transformation. Figure 7.10(b) shows the load-displacement curves of pillar P13 

compressed at 25
o
C and 100

o
C. The pillar exhibited shape memory effect at 25

o
C with a 

transformation load of 0.74 mN and displacement plateau of 760 nm. Significant bending 

without fracture was observed after the compression. The heat treatment recovered most 

of the bending. When the pillar was heated and compressed again at 100
o
C, no 

transformation plateau was observed until it fractured at 2.05 mN. Such behavior 
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suggests that the transformation stress for Pillar 13 at 100
o
C is higher than its fracture 

strength, and therefore is higher than its transformation stress at 25
o
C. This observation 

complies with the analysis of Equation 31, as constant B should be positive and 

transformation stress should increase with testing temperature.  

 

Figure 7.10 (a) FESEM images of P13 ([66.3, 119.3, 266.2]) taken before and after each 

indentation and heat treatment. (b) The load-displacement behavior of P13 at 25
o
C and 100

o
C. 

Pillar 19, as shown in Figure 7.11, was tested with similar procedure to Pillar 13. 

However, this pillar demonstrated similar load-displacement behavior at both 25
o
C and 

100
o
C, as shown in Figure 7.11(b). The critical load for martensitic transformation at 

100
o
C is 1.1 mN, significantly higher than 0.58 mN at 25

o
C. The transformation strain 
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plateau is about 40 nm in displacement for both loading cycles. From the FESEM images 

taken before and after each micro-compression (Figure 7.11(a)), it is clear that the pillar 

was not bent or damaged during loading/heating cycles.  

 

Figure 7.11 (a) FESEM images of P19 ([246.5, 288.8, 290.6]) taken before and after each 

indentation and heat treatment. (b) The load-displacement behavior of P19 at 25
o
C and 100

o
C. 

By calculating the critical stress of the P13 and P19 pillars, the stress-temperature 

relationship is plotted in Figure 7.12. The data follows the rule that the critical stress is 

larger at higher temperatures. As the SFmax
−1

 for P13 and P19 are 2.653 and 2.601, 

respectively, the stress for P13 is expected to be more sensitive to temperature than P19. 

This complies with the observation that the slope for P13 is higher than P19, which led to 

fracture of P13 but transformation of P19 at room temperature. It is to be noted that the 
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actual slope of transformation stress for P13 should be higher than the slope in Figure 

7.12 plotted based on fracture stress.  

By extracting the plot to intersect with x axis, it can be estimated that Ms 

(martensite starting temperature) is around -75
o
C. As the XRD pattern has confirmed that 

the ceramics are fully tetragonal at room temperature, it is in agreement with the 

estimated Ms temperature. As the fracture stress of pillars could be smaller than 2 GPa, 

the probability of pillar fracture before reaching the critical transformation stress 

significantly increases when temperature is higher than 100
o
C. Pillars with crystal 

orientations of lower SFmax
−1

 are expected to survive higher temperature than those of 

higher SFmax
−1

.  

The two Schmid factors (0.377 and 0.384), which differ by less than 2%, alone 

does not explain the large difference in the slope in Figure 7.12, some other factors might 

as well contribute to the difference in behavior of P13 and P19. Clearly P13 experienced 

bending instead of pure compression, which could affect the martensitic transformation 

stress and therefore the slope in Figure 7.12. Nevertheless, the behaviors of P13 and P19 

both demonstrate that temperature is a critical parameter in controlling the behavior of 

shape memory ceramics. 

 

Figure 7.12 The transformation stress as a function of temperatures for YTDZ pillars.  
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Different from P13 and P19, a few pillars were tested with in-situ nanoindenter 

PI87, where real-time monitoring of shape deformation and recovery was achieved 

during one heating cycle. For the pillar to transform at higher temperatures, P7 with much 

smaller SFmax
−1

 (2.185), and diameter of 2 μm was heated to 400
o
C before compression 

was conducted, as shown in Figure 7.13(a). Large displacement plateau was observed 

when the pillar was compressed at 400
o
C (Figure 7.13(b)), with clear stripes seen in the 

FESEM images. Such stripes disappeared with subsequent heating to 650
o
C, confirming 

that martensitic transformation was stress-induced at 400
o
C and inverse martensitic 

transformation was thermal-induced between 400
o
C and 650

o
C. With in-situ 

nanoindentation, for the first time we directly observed the shape deformation and 

recovery for pillars with composition of 2Y2O3-5TiO2-ZrO2.  
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Figure 7.13 (a) FESEM images of P7 ([231.5, 47.4, 23.3]) taken at different temperatures before 

and after in-situ nanoindentation. (b) The load-displacement behavior of P7 at 400
o
C and 650

o
C. 

Another cycle of nano-compression was conducted on P7 at 650
o
C, and it is clear 

from the SEM image that crystal plane slip had occurred, with large plastic deformation 

observed from the load-displacement curve. It seems that up to 400
o
C, martensitic 

transformation is preferred; while at 650
o
C, plastic slip is preferred.  

Similar crystal slip behavior was observed when compressed at 650
o
C for another 

pillar (P4) as shown in Figure 7.14. It is very clear from the SEM image that the slip of 

crystal occurred at an angle of 45
o
. This observation complies with the Schmid Law that 

the resolved stress along the plane 45
o
 with respect to the compression axis is the 

maximum, and it serves as the primary slip plane where the crystal began to plastically 

deform. Large residual displacements of higher than 700 nm were obtained for both 

pillars, suggesting that plastic slip can be obtained in traditional brittle ceramic materials 

at high temperature.  

It is to be noted here that, in spite of the fact that the plastic slips within the crystal 

contribute significantly to the large plastic deformation in single crystal pillars, it should 

not be confused with the superplasticity property that has been extensively discussed in 

polycrystalline zirconia. As reported by Wakai et al.
11

 and Nieh et al.
12

, the 

superplasticity refers to large plastic deformation that is mainly due to the plastic flow of 

ultra-fine grains in the polycrystalline fine-grained ceramics. Though both the plastic slip 

inside single crystal and plastic flow between fine grains could result in large plastic 

deformation, their origin and working mechanism are very different. 
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Figure 7.14 FESEM images of P4 taken at different temperatures before and after in-situ 

nanoindentation, and the load-displacement behavior at 650
o
C. 

The in-situ study of pillar behaviors at high temperatures can help us identify the 

upper temperature limit for zirconia ceramics as shape memory materials. The 

competition between martensitic transformation, crystal slip and fracture during 

compression determines whether shape memory effect, plastic slip or fracture can be 

expected. It is clear that temperature plays a key role in determining the crystal behavior 

under stress, not only in terms of the critical stress for transformation, but also whether 

the crystal can transform before slip strength or fracture strength is reached.  

7.4 Size Dependence of Shape Memory Effect 

 

The size dependence of shape memory effect from bulk zirconia to microscale 

pillars has been discussed in Chapter 5, where grain boundaries play a significant role in 
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determining the shape memory behavior. Here we focus on the size dependence of 

transformation behavior for single crystal pillars at microscale.  

To justify that, three groups of pillars with same composition (2Y2O3-5TiO2-ZrO2), 

three sets of crystal orientations and different dimensions were prepared and indented, 

and the stress-strain curves are shown in Figure 7.15(a), (b) and (c). The pillar diameters 

range from 0.8 μm to 2.5 μm, so as to ensure single crystal structure. All the pillars 

experienced one clean transformation plateau, with no clear steps observed. It is clear that 

the transformation is highly affected by the diameter of pillars, with larger diameter 

requiring higher stress to transform.  

 

Figure 7.15 The stress-strain behaviours of pillars with diameters ranging from 0.8 μm to 2.5 μm 

and crystal orientations of (a) [258.8, 42.7, 334.4], (b) [266.4, 18.9, 198], (c) [257.9, 60.2, 147.4]. 

This observation agrees with the results reported in our earlier work
13

, that 

transformation stress increases with pillar size for zirconia pillars without orientation 

control. However, this is of opposite trend to those in shape memory metals
14,15

. The 

difference in the trend is attributed to the elastic energy (∆𝑈𝑒 ) in Equation 15. The 

Young’s modulus of zirconia (~ 200 GPa) is much higher as compared to Cu-Ni-Al shape 

memory alloy
16

. Chen and Schuh
14

 showed that for Cu-Ni-Al shape memory alloys with 

Young’s modulus of 26 GPa, the critical stress could increase by ~20 MPa as the pillar 
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diameter increased to a “bulk” response. With an order of magnitude higher modulus, it is 

reasonable to expect hundreds of MPa increase in transformation stress of zirconia 

ceramics at bulk size scales. This issue will require further study, but it does point to 

unique possible size effects in shape memory ceramics as a class.  

According to Equation 15, the martensitic transformation behavior of single crystal 

material is directly related to the change of elastic strain energy ∆Ue , which can be 

expressed as
17

: 

∆Ue = 𝑉 ∙ 𝑆𝐸 

where V is the volume of the transformed monoclinic variant, SE is the strain 

energy per unit volume which is dependent on the shear modulus, Poisson’s ratio, elastic 

constant, transformation strain and monoclinic variant shape
17

. Though it is rather 

complicated to determine the absolute value for SE, it can be considered as a constant for 

micro-pillars.  

The size dependence of shape memory effect therefore can be explored by 

compressing pillars with same crystal orientation ( cosχ ∗ cosλ ), same composition 

(ΔSt→m, To), but different size and Equation 16 can be rewritten as: 

σcomp =
−ΔSt→m(To−T)+𝑉∙𝑆𝐸+∆Us

cosχ∗cosλ∗Δε
= B ∙ V + C                   Equation 32 

where constant B =
𝑆𝐸

cosχ∗cosλ∗Δε
=

𝑆𝐸

0.16
∙ SFmax

−1
 and constant C =

−ΔSt→m(To−T)+∆Us

cosχ∗cosλ∗Δε
= −(0.35 +

∆Us

0.16
) ∙ SFmax

−1
. 

Since 𝑆𝐸  is a positive constant, both the slope and intersect of Equation 32 is 

linearly controlled by SFmax
−1

. Similar to what has been observed in section 7.3 for 

temperature effect, the crystal orientation map of stress (Figure 7.6) in section 7.2.2 can 

be used for the slope map and intersect map in the relationship between transformation 

stress and size. 

By plotting the transformation stress with respect to pillar diameter, a clear linear 

relationship is observed, though the slope of the lines appears to be different for different 

crystal orientations, as shown in Figure 7.16. Pillars with a higher SFmax
−1

 have a higher 

slope but lower intersect (red line), as compared to pillars with lower SFmax
−1

. This 

observation complies nicely with Equation 32, that the slope should be positively related 
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to SFmax
−1

 whereas the intersect should be negatively related to SFmax
−1

. A more 

detailed trend of the slope and intersect stress-size relationship should be referred to the 

orientation map in section 7.2.3, which is directly related to SFmax
−1

. 

 

Figure 7.16 The critical transformation stress as a function of pillar diameter for pillars with three 

different crystal orientations. 

It is to be noted that the surface energy (∆Us) in Equation 32 are known to be 

influenced by the interaction of martensite with sample surfaces, it seems possible that by 

extension surface energy might also affect by the size of pillar. We are not aware of 

significant discussion of this issue for shape memory ceramics, and clearly more work is 

needed in the future.  

7.5 Composition Dependence of Shape Memory Effect 

 

The change in ceramics composition will affect the martensitic transformation 

through the change of enthalpy ΔHt→m. It has been discussed clearly in Chapter 4 that for 
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YTDZ ceramics, the tetragonal grains always have composition of 2Y2O3-5TiO2-ZrO2, 

while the excess yttrium falls into cubic grains with composition of 5Y2O3-5TiO2-ZrO2. 

As the cubic to tetragonal transformation does not involve significant shape strain, the 

deformation is not significant enough to cause shape memory effect, and therefore of less 

interest for this project. As the interest is on the composition dependence of shape 

memory effect for tetragonal pillars, we explored another zirconia system doped with 

ceria, for which a variety of ceria doping concentration can result in tetragonal pillars.  

Zirconia with composition of xCeO2-0.5Y2O3-ZrO2 was prepared with x varying 

from 7.5mol% to 9.5mol%. Fives pillars with same dimensions, same crystal orientation 

but different composition were fabricated and tested at room temperature, to decouple the 

composition effect from other critical parameters according to Equation 15.  

Figure 7.17 shows the load-displacement curves of the five pillars with (011) 

orientation. Most of the pillars have the load-displacement curves with the characteristic 

of martensitic transformation of large strain plateau. The transformation load tends to 

increase with doping concentration. It should be noted that when the Ce% is about 9.0 

mol% or higher, it is hard to observe the strain plateau induced by martensitic 

transformation. When the load was further increased to 2000 µm or higher, the pillars 

tend to be broken. This indicates that the critical stress for martensitic transformation 

becomes higher than the fracture strength of the pillars. This phenomenon is not only 

observed in the (011) oriented pillars, but also for other oriented pillars which are not 

reported here.  
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Figure 7.17 The load-displacement curves of (011) oriented pillars with different CeO2%. 

The calculated critical stress as a function of ceria concentration has been plotted 

in Figure 7.18. There is a clear trend that the critical stresses increases from 0.5 GPa to 

~1.6 GPa with ceria concentration increasing from 7.5 mol% to ~9.0 mol%. This 

observation complies with the theory that higher energy is required for martensitic 

transformation when tetragonal zirconia is more stabilized by doping with more ceria. 

 

Figure 7.18 Critical stress of martensitic transformation for the CeO2-Y2O3-ZrO2 ceramics with 

different concentration of CeO2. (x: indicate the pillar is broken) 

7.6 Concluding Remarks 

 

By controlling the pillar properties and testing environment, we have managed to 

decouple the parameters of crystal orientation, test temperature, ceramic composition and 

ceramic size, on the effect of shape memory behavior for zirconia-based ceramics.  A 

systematically study was conducted to explore the effect of each parameter one by one, 

with the focus on the dependence of crystal orientation. A few conclusions can be down 

as follows: 

(1) The shape memory effect of single crystal YTDZ pillars is highly dependent on 

the crystal orientation of pillar with respect to the compression axis.  

(2) The Schmid factor is directly related to the martensitic transformation stresses. 

Pillars with orientations close to (110) and (101) planes are the easiest for transformation 
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with lowest stress required.  Pillars with orientations close to (100) and (001) planes tend 

to fracture before reaching the theoretical transformation stress. 

(3) The orientation map of stress not only predicts the orientation dependence of 

zirconia behavior, but indirectly indicates the sensitivity of zirconia to temperature and 

size.  

(4) The transformation strain and Young’s modulus of tetragonal pillars are both 

orientation dependent, though the dependence behavior is quite complicated. 

(5) The martensitic transformation stress increases significantly with testing 

temperature, caution is required for high temperature applications so as not to exceed the 

fracture strength of around 3 GPa.  

(6) The ceramic size at small scale could also affect the transformation behavior, 

while pillars with higher surface-to-volume ratio tend to transform at slightly lower stress. 

(7) The composition could affect the transformation stress, but such effect is not 

obvious in YTDZ system. Higher doping concentration of stabilizer CeO2 results in 

higher transformation stress. 

The study of martensitic transformation suggests that the transformation behavior 

is dependent on the crystal orientation, test temperature, ceramic composition and 

ceramic dimensions, just as predicted by Equation 13. The crystal orientation and test 

temperature are found to be the two most critical parameters in determining the 

martensitic transformation stress. 
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Chapter 8  

Impact & Future Work 

 

This chapter discusses the implication of the research on small volume 

shape memory ceramics. It draws together the threads of the thesis work by 

proving the hypothesis of size effect and crystal structure effect. It also 

includes some reconnaissance studies of material selection for shape 

memory ceramics. The future work regarding the exploration of 

superelasticity in YTDZ ceramics and shape memory effect in particles are 

discussed. 
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8.1 Summary and Implications 

 

In summary, the work presented in this thesis has demonstrated that microscale 

yttria stabilized zirconia (YSZ) is a very promising shape memory ceramic material. 

Compared to bulk ceramics, remarkable property enhancement has been achieved in 

terms of substantially larger recoverable strain at high transformation stress as a result of 

martensitic transformation. The YSZ pillars deform at a critical stress much higher than 

shape memory alloys, enabling much larger damping capacity for potential applications.  

Through the thoughtful study of the bulk ceramics presented in Chapter 4, we 

developed a deep scientific understanding of the dopant material and its concentration 

that have a deterministic effect on the morphology, phase composition and grain size 

distribution of the ceramics. Zirconia ceramics can be stabilized into tetragonal phase at 

room temperature by yttria, while the grain size can be significantly increased by 

introducing grain promoter titania. It is shown that yttrium atoms are not uniformly 

distributed in bulk zirconia ceramics and there is a significant elemental partition in the 

areas consisting of tetragonal phase and cubic phase. The elemental segregation urges the 

study of localized phase and composition at grain-scale of the yttria-titania doped 

zirconia (YTDZ) .The methodology discussed in Chapter 3 enables fabrication of 

polycrystal YSZ pillars and single crystal YTDZ pillars. 

The shape memory effect with large transformation stress and strain has been 

discovered for both YSZ and YTDZ pillars. However, the reliability of shape memory 

effect of single crystal YTDZ pillars is much better than that of YSZ pillars. The large 

deformation was found to be directly induced by the reversible martensitic transformation.  

The effect of crystal orientation on the shape memory effect of YTDZ pillars has 

been investigated, together with the effect of testing temperatures, ceramic compositions 

and ceramic dimensions. A critical assessment of shape memory properties has been 

conducted in terms of Young’s modulus, critical stress and transformation strain. The 

property maps have been constructed to provide guidance for applications. In addition, 

the test temperature, ceramic composition and dimension were all found to affect the 

transformation stress of shape memory YTDZ pillars. 
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8.1.1 Proven of hypothesis 

 

With the aim to develop robust shape memory zirconia ceramics that is 

conventionally brittle, the thesis includes the understanding and proof of two 

hypothesizes. The first step is to increase the fracture strength of the ceramics, so that the 

stress-induced martensitic transformation, which is the underlying mechanism for shape 

memory effect, can occur before fracture. Based on literature work, the first hypothesis is 

proposed to be: by making the ceramics at small volume, the stress they can sustain is 

high enough that martensitic transformation could occur without experiencing crack. 

This hypothesis is evaluated by studying the conventional brittle YSZ ceramics at small 

volume. The results of mechanical tests show that at small scale, YSZ ceramics can 

undergo martensitic transformation without producing cracks, suggesting that the fracture 

strength is higher than transformation stress. These studies prove that the size effect is 

critical for the fracture strength of YSZ ceramics and thus the first hypothesis is 

successfully demonstrated by experiments. They lay the foundation for further 

exploration of shape memory effect in small volume zirconia.  

However, the occurrence of martensitic transformation in YSZ ceramics does not 

guarantee its shape memory effect. The grain boundaries and the resultant crystal 

mismatch in the small volume YSZ ceramics introduce uncertainty to the mechanical 

behaviors, prohibiting repeatable and reliable stress-induced martensitic transformation. 

In the attempt to address the problems caused by grain boundaries, we explored a few 

dopant candidates that can increase the grain size to fabricate single crystal ceramics at 

small volume. This work is motivated by the second hypothesis: By developing single 

crystal YTDZ pillars at microscale, we can achieve robust shape memory ceramics with 

reliable shape memory effect that is tunable by crystal orientation, ceramic dimensions, 

ceramic compositions and testing temperatures. In the exploration of dopant candidates, 

titania was found to be the most suitable dopant in YSZ ceramics, as it can significantly 

increase the grain size without altering other properties of the ceramics. The modified 

YTDZ ceramics (with two dopants of yttria and titania in zirconia) are more complicated 

systems as compared to YSZ ceramics. Therefore, a systematic study was carried out to 

investigate the effect of both dopants and their relationship with each other. It was found 
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that zirconia with 2mol% yttria and 5 mol% titania has the desired tetragonal phase with 

sufficiently large grain size for the fabrication of single crystal ceramics. The relationship 

between material composition and crystal phase are of critical importance to determine 

the suitable composition for zirconia to function as shape memory materials.  

In addition to the properties at room temperature, the YTDZ ceramics were studied 

at higher temperatures for its martensitic transformation. By correlating the martensitic 

transformation temperatures with the testing temperature, we are able to establish the 

transformation temperature-composition relationship for YTDZ systems. Such 

relationship could predict the behavior of zirconia at different temperatures and guide the 

selection of suitable compositions for various application temperatures. The small 

volume single crystal ceramics were fabricated and mechanically compressed to study the 

stress-induced martensitic transformations. It was found that the ceramics could sustain 

significant deformation without cracking, and such deformation could be recovered 

through inverse martensitic transformation. These results show that the single crystal 

YTDZ ceramics could successfully exhibit shape memory effect, supporting the second 

hypothesis.  

8.1.2 Scientific significance 

 

The single crystal ceramics allow the decoupling of different controlling 

parameters that determine the shape memory effect of YTDZ and aids us to explore the 

underling mechanism one by one. We have established a scientific understanding of the 

key parameters for shape memory YTDZ materials, including crystal orientation, material 

composition, ceramics size and testing temperature. 

Firstly, a detailed study was conducted to investigate the crystal orientation 

dependence of YTDZ ceramics on the shape memory effect. It was discovered that there 

is a significant orientation dependence in terms of Young’s modulus of tetragonal 

zirconia, critical stress, transformation strain and energy dissipation. The magnitude of 

Young’s modulus of tetragonal zirconia varies with orientation from 50 GPa to 250 GPa. 

The highly tunable stiffness means that the single crystal YTDZ could be as soft as many 

metals or as rigid as many ceramics, depending on the orientation of mechanical 
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deformation. Both the magnitude of critical transformation stress and recoverable strain 

vary significantly with crystal orientation, covering stress of 0.6 ~ 4 GPa and strain of 1.5% 

~ 6.5%. As long as the ceramic transforms, the energy damping capacity is much higher 

than that of shape memory alloys. The extremely high tunability of shape memory 

properties makes the ceramics widely open for various applications with different desired 

properties. It was also discovered that the ceramics could be completely brittle like 

traditional ceramics in some orientations, but in such cases, the fracture stress could go 

up to 8 GPa and be much higher than traditional bulk ceramics. Therefore, the study of 

orientation dependence of shape memory properties is of critical significance for 

knowing the material performance in practical applications. 

In terms of ceramic composition dependence of shape memory properties, we 

discovered that higher doping concentration generally makes it harder to transform, 

leading to higher critical transformation stress. It was also found that a change in testing 

temperature may not only affect the characteristic shape memory properties, but also 

results in completely different behavior of fracture without transformation. The ceramic 

composition and test temperature are two correlated parameters that both change the 

chemical energy of the ceramics. Shape memory behavior can only be obtained at a 

suitable combination of ceramic composition and test temperature. Therefore, for future 

applications, the suitable composition for shape memory properties has to be designed 

with the intended working temperature.  

8.2 Future Work 

 

As we have established the structure-property relationship for shape memory effect 

in YTDZ ceramics, such relationship could be extended towards another important 

property of shape memory ceramics, superelasticity. Similar approaches can be employed 

in the future to explore the superelasticity in single crystal YTDZ ceramics, so as to 

develop compositions suitable for repeatable energy dissipation. In addition to the single 

crystal pillars, other structural forms of SMCs such as particles could demonstrate similar 

shape memory effect and are more suitable for large quantity fabrications for potential 
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applications. The fabrication and mechanical properties of single crystal powders with 

YTDZ ceramics could be explored in the future. 

8.2.1 Superelasticity in YTDZ ceramics 

 

According to the thermodynamics of martensitic transformation, materials that 

demonstrate shape memory effect at a low temperature may become superelastic 

(pseudoelastic) at higher temperature,
1
 as shown in Figure 8.1. Superelasticity is different 

from shape memory effect in that the SMCs are able to automatically recover the shape 

after unloading without the need for heat treatment. The superelasticity can be achieved 

by conducting high temperature testing or adjusting the stabilizer concentration
2
.  

 

Figure 8.1 Schematic diagram representing regions of shape memory effect and transformation 

pseudoelasticity in temperature-stress coordinates; (A) represents critical stress for slip for a case 

of high critical stress and (B) represents critical stress for slip for a case of low critical stress.
1
 

During our studies on shape memory effect of YTDZ ceramics, we observed a few 

pillars demonstrating superelasticity. Figure 8.2(a) illustrates the load-displacement 

behavior of a pillar with compostion of 4Y2O3-5TiO2-ZrO2. The pillar exhibited excellent 

superelastic behavior. After 125 cycles of compression at 200 µN and load releasing, it 

still survived without fracture. From the representative load-displacement curves in 

Figure 8.2(a), it is clear that the curves look relatively similar to each other, meaning that 

the transformation behavior is highly repeatable. The critical load for martensitic 

transformation is in the range of 120-180 µN and the maximum displacement ranges 
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from 250 nm to 370 nm. The FESEM images confirmed that the pillar survived 125 

compression cycles without failure, as shown in Figure 8.2(b). This result suggests that 

both shape memory effect and superelasticity are possible in YTDZ ceramics. 

 

Figure 8.2 The representative load-displacement curves of a pillar that went through 125 

loading/unloading cycles at 200µN. 

Therefore, one direction for future work can be to explore the superelasticity of 

YTDZ pillars by slightly adjusting the current fabrication protocol. The superelasticity 

allows cyclic test, which enables repeat use of shape memory ceramics for various 

applications. 

8.2.2 Shape memory ceramics in particles 

 

The systematic assessment of the controlling parameters of shape memory effect in 

YTDZ pillars provides the foundation for various applications. However, the small 

volume pillars are not suitable for fabrication in large quantity. As it has been suggested 

that the exact shape of ceramics is not a critical factor for good shape memory behavior 

in YTDZ system, one direction for future work is to explore single crystal ceramics with 

alternative shapes suitable for large quantity fabrication.  
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Hydrothermal method is an easy and fast approach to develop single crystal 

ceramics at low temperature. It involves nucleation and crystallization of particles in 

aqueous solution at high temperature and vapor pressure. The high pressure reduces the 

crystallization temperature of zirconia from >1000
o
C to ~200

o
C, enabling direct 

production of crystalline particles without any high temperature sintering process.
3
 It is 

an ideal technique to synthesize large quantity of single crystal ceramics with high purity, 

controlled stoichiometry, narrow particle size distribution, controlled morphology and 

high crystallinity. Figure 8.3 presents some preliminary results of YTDZ powders with 

hydrothermal method. It can be seen that a large quantity of nanoscale particles with rice 

shape can be obtained. Such observation suggests that mechanical test can be conducted 

on these particles and their shape memory effect at macroscale can be further explored. 

 

Figure 8.3 FESEM images of zirconia particles prepared by hydrothermal method using the molar 

ratio of ZrO(NO3)2.xH2O / NaOH of (A) 4:1 for 24 hours, (B) 2:1 for 24 hours, (C) 1:1 for 24 

hours, (D) 1:2 for 24 hours, (E) 1:3 for 24 hours, (F) 1:1 for 48 hours. 

8.2.3 Shape memory ceramics in other structures 

 

As study of single crystal zirconia at small volume has proven that surface area-to-

volume ratio is critical, we can also explore shape memory zirconia in other structures 

having high surface area-to-volume ratio like foams, thin films and fibers. According to 

the well-developed processing methods for these structures, as reviewed in section 2.4, it 

is very promising to develop shape memory ceramics as foams, thin films and fibers. 
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Together with the outstanding properties of zirconia with high resistance to corrosion and 

excellent biocompatibility, shape memory zirconia in these structures are highly potential 

to work in medical application, as actuators or as energy damping materials. 
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Chapter 9  

Appendix 

9.1 Reconnaissance Studies - Effect of Magnesia on YSZ Ceramics 

 

On the exploration of suitable dopant to develop coarse grained YSZ ceramics, 

magnesia was studied as one of the candidates besides titania. It was discovered that by 

doping a small amount of magnesia into the 3Y2O3-ZrO2 ceramics, the grain size could 

be significant increased, as shown in Figure 9.1. 0.5mol% of magnenia could increase the 

grains to a size comparable to the effect of 5 mol% of titania. However, as shown in the 

FESEM images, a lot of pores are observed on the surface and some micro cracks along 

are found along the grain boundaries, suggesting that magnesia evaporation could have 

happened during the sintering process, lowing the toughness of the ceramics. 

 

Figure 9.1 The FESEM images of zirconia with 3 mol% yttria and various amount magnesia. 

Besides the microstructure, the phase composition is critical for the shape memory 

ceramics and XRD was conducted on the ceramics doped with magnesia, as shown in 

Figure 9.2. It was found that the introduction of magnesia has a significant effect on the 

phase composition of the ceramics. For 3Y2O3-ZrO2 ceramics, 100% of desired 

tetragonal phase was achieved, while for ceramics with 0.5 mol% magnesia, significant 

amount of monoclinic phase was discovered. With more magnesia introduced, the 

monoclinic phase disappeared and the ceramics was composed of 100% cubic at 5 mol% 
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of magnesia. The results suggest that magnesia prompt the formation of monoclinic and 

cubic phase instead of the tetragonal phases, making the system not suitable for shape 

memory effect. 

 

Figure 9.2 The XRD patterns of zirconia with 3 mol% yttria and various amount of magnesia. 

9.2 Publication List  

 Xiao Mei Zeng, Alan Lai, Zehui Du, Christopher A Schuh, Chee Lip Gan, Crystal 

orientation dependence of stress-induced martensitic transformation in shape 

memory zirconia. Acta Materialia, 116,124-135, 2016 

 Xiao Mei Zeng, Zehui Du, Christopher A Schuh, Nobumichi Tamura, Chee Lip 

Gan, Microstructure, Crystallization and Shape Memory Behaviour of Titania and 

Yttria doped Zirconia. Journal of European Ceramic Society, 36, I5, 1277–1283, 

2016 

 Zehui Du, Xiao Mei Zeng, Qing Liu, Christopher A Schuh, Chee Lip Gan, 

Superelasticity in micro-scale shape memory ceramic particles, Acta Materialia, 

123, 255-263, 2017 



  Appendix 

149 

 

 Zehui Du, Xiao Mei Zeng, Qing Liu, Alan Lai, Shahrouz Amini, Ali Miserez, 

Christopher A. Schuh, and Chee Lip Gan, Size effects and shape memory 

properties in ZrO2 ceramic micro- and nano-pillars. Scripta Materialia 101, 40–43, 

2015 

 Xiaomei Zeng, Xiaofeng Xu, Prathamesh M Shenai, Eugene Kovalev, Charles 

Baudot, Nripan Mathews, and Yang Zhao, Characteristics of the Electrical 

Percolation in Carbon Nanotubes/polymer Nanocomposites, Journal of Physical 

Chemistry C 115, 21685 (2011) 

 Oral Presentation with title “Investigation of intragrain martensitic transformation 

in yttria stabilized zirconia ceramics by synchrotron X-ray micro-diffraction” at 

conference “Materials Science & Technology 2015” in October 2015 

 Oral Presentation with title “Direct observation of shape memory effect in 

zirconia ceramics by in-situ nanoindentation” at conference “2014 MRS Fall 

Meeting ” organized by Materials Research Society in December 2014 

 Poster presentation with title “Superelasticity in Small Volume Yttria Stabilized 

Zirconia” at conference “International Conference on Materials for Advanced 

Technologies” organized by The Materials Research Society Singapore in July 

2013  

 Oral Presentation with title “Colorimetric detection of ultratrace cholesterol by 

free standing inverse opal hydrogel films” at conference “Image and Applied 

Optics” organized by Optical Society of America in June 2012 

 Oral Presentation with title “Colorimetric detection of ultratrace cholesterol by 

free standing photonic hydrogel films” at conference “International Conference of 

Young Researchers on Advanced materials” organized by Materials Research 

Society of Singapore in July 2012 

 


