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Development and Mechanical Behavior of Aluminum

Matrix Composite Reinforced by Shape Memory Ceramics

ABSTRACT

Zirconia-based ceramics can undergo a reversible martensite phase transformation
under temperature or stress fields, which in turn causes a significant shape memory
effect. It is reported that the phase transformation temperature of zirconia-based
ceramics can be tailored by element doping, and the mechanical behavior of zirconia-
based ceramics is determined by its microstructure characteristics: polycrystalline
zirconia-based ceramics tend to suffer from intergranular fracture upon loading, as a
result of their intrinsic brittleness at the macro-scale, which leads to their lack of
capability for phase transformation. In comparison, single crystalline/oligocrystalline
zirconia-based ceramics are capable of maintaining shape memory effect, while they
can only be made into powder form because of the limitation in processing. Therefore,
it is highly desired to fabricate bulk samples of zirconia-based ceramics or its
composites while still maintain the shape memory effect.

In this study, we prepared 12mol% cerium-doped zirconia single crystalline
nanoparticles reinforced aluminum matrix composite (CZ-Al) via a powder metallurgy
approach, in which the mass fraction of the particle reinforcement was 30 wt%.
Electron microscopy revealed that the mechanical ball milling and subsequent high
temperature densification process generated a laminated ultrafine-grained
microstructure in the Al matrix, and the CZ nanoparticles were preferentially
distributed on the interlayer interface of the Al matrix. The density of the CZ-Al

composite was 3.22 g/cm’ using the Archimedes method, approaching a relatively
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density of almost 100%. The Vickers hardness of the composite was found to be
85.140.2, approximately 67.2% higher than that of pure Al prepared by the same
process. The compressive yield strength is 188.4+8.1 MPa, 486.0% higher than that of
pure Al. Compressive fracture strain of CZ-Al and pure Al were both around 20%,
while the tensile fracture strain of CZ-Al was ~150% higher than that of pure Al.
Therefore, these preliminary results showed considerable strengthening-toughening
effect of the CZ-Al composite.

12mol% cerium-doped zirconia single crystal (CZ) is stable in monoclinic phase
at room temperature and stable in tetragonal phase at the temperature higher than
austenite finish temperature of 336°C. However, it was shown by X-ray diffraction that
zirconia in the prepared CZ-Al composite is in 100% tetragonal phase at room
temperature, suggesting that Al matrix had a constraint on the reverse martensite
transformation upon cooling from the high temperature densification. Since the
martensite transformation of zirconia is accompanied by a volume change of 4-5% and
a shear strain of 14-15%, such an observation indicated that there must be a large
number of geometrically necessary dislocations (GNDs) and residuals stress (strain)
around the CZ nanoparticles, thus inducing obvious strain hardening of the Al matrix
near the interface micro-region. Therefore, the enhancement in strength and hardness
of the composite compared to pure Al may come from the combined effect of the load-
sharing of the nanoparticles and the strain hardening of the Al matrix.

The preparation of CZ-Al micropillars with a diameter of ~ 2 um further presented
that compressive yield strength was 521.21MPa, 710% higher than that of pure Al pillar.
Transmission electron microscopic (TEM) analysis on post-compression CZ-Al pillars
revealed that zirconia phase in most of CZ particles were transformed from tetragonal
phase into monoclinic phase. The presence of abundant GNDs near the particle/matrix
interface, and the dislocation density generally decreased away from the interface,
proved the strengthening mechanism of CZ nanoparticles proposed above.

In summary, zirconia ceramic particles reinforced Al-based composites were

il
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prepared and their microstructure and mechanical behavior were characterized. It is
shown that the composite material had an obvious mechanical property enhancement
effect compared with the pure Al matrix fabricated by the same process. Further work
will focus on further optimization of the fabrication process, as well as further detailed

interpretation of the interface properties and deformation mechanism of the composite.

Key words: Shape Memory Effect, Martensite Phase Transformation, Metal Matrix

Composites, in-situ Compression, Size Effect.
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Chapter 1 Introduction

Recently, shape memory materials (SMM) is highlighted owing to stimulus responsive
behaviors as a sort of smart materials [ ?/. There are mainly five groups of shape
memory materials that have attracted great attention for research and application,
including shape memory alloys (SMA) ¥, shape memory polymers (SMP) I %, shape
memory ceramics (SMC) 71, shape memory gel (SMG) ¥, and newly involved shape
memory hybrids (SMH) /. Among SMM, martensitic shape memory materials have
been widely studied %, which can go through reversible martensitic transformation
between two different phases induced by temperature or load ". During the
martensitic transformation, two extinctive phenomena occur, shape memory effect
(SME) and superelasticity (SE) "> 3/ which play important roles in characterizing

shape memory properties ['¥.

1.1 Hypothesis

With the overview of most case study of martensitic SMM, polycrystal serves as
the major phase during reversible martensitic phase transformation and the bulk
samples tend to be brittle and easily go through intergranular fracture [ 16,

To solve the cracking problem, many works has been done from SMA to SMC.
One unique idea came out that brittle SMA will enhance ductility when scaling down
the size in microscale and nanoscale 7], such as Cu-Al-Ni alloy ['*¥], NiTi-based alloy
(191" Cu-based alloys 2], and single crystal Ti alloys [>!]. Inspired from the case, some
attempts were successfully done in SMC to suppressed fracture by constructing a
micro-/nano- scale structure with less crystal grains, such as 8%Ce02-0.5%Y203-ZrO2
22.231 29%Y,05-5%Ti0,-ZrO; 4231 16 mol% Ce-ZrO, 2%,
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Although the SME could be enhanced and fracture will be avoided by scaling down
the size, the application will be limited below about 5 microns. To extend the sample
size for application, Crystal et al. has fabricated mm-scale single crystal 1.5 and 2.0
mol% Y203-ZrO; 19,

In order to wisely design SMC at macroscale, it is reasonable to composite or
incorporate other functional materials as a SMc, which may lead to some promising
properties and behaviors as a bulk sample. Nowadays, shape memory composites (SMc)
are gradually welcomed and designed, with SMA, SMG serving as the matrix or the
reinforcement 1,

Whereas, there still remains large blanks on the phase transformation
characteristics, interface structure, transformation hysteresis °l. In the meantime,
limited to the SMC study progress, no other SMC materials are applied in compositing
metal matrix composites (MMC) up to date.

We herein propose that single with the fabrication of Cerium doped Zirconia
reinforced Aluminum Matrix Composites (CZ-Al), cerium doped zirconia (CZ) single
crystal can be stabilized in tetragonal phase both at macroscale and microscale when
compositing in Aluminum matrix composite. To reasonably stimulate the stress at the
grain boundaries and achieve small volume CZ-Al composites, composition
modification was applied. In this case, single crystal CZ could further perform SME,
whose brittle fracture can be suppressed with Al matrix, in application of self-healing

[27] energy damping, actuator and sensing ['*!.

1.2 Objectives and Scope

This thesis aims at developing a sort of SMc with fine scale CZ-Al to achieve
significantly enhanced mechanical properties and unveil the reinforcement mechanism
of single crystal CZ nanoparticles. To begin with, we summarized the controlled factor
for SME in terms of energy. Then, the objective can be fulfilled by proving the

2
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hypothesis that compositing in Aluminum matrix composite has constraint effect on
single crystal CZ nanoparticles. Such a hypothesis lays a reasonable foundation on the
CZ-Al fabrication. With suitable composition modified, small volume SMc with good
mechanical properties are obtained. By studying the interface structure of CZ and Al,
we dedicate to explore the reinforcement mechanism of CZ single crystal nanoparticles
for composites, understand the effect of thermal residual stress (induced by CTE
mismatch between Al/CZ), applied compressive stress and martensitic transformation
on the dislocation development in Al and CZ and correlate the dislocation growth with

the mechanical properties of the MMC.

1.3 Dissertation Overview

The thesis addresses:

Chapter 1 states the background of SMM, and challenges remaining solved. The
hypothesis, objectives and scope have been proposed.

Chapter 2 reviews the literature concerned with SMM, with the main point of SMC
and SMc. The basic theory of shape memory effect and its underlining mechanism of
martensitic transformation are discussed. Controlling factors for SME and
thermodynamic analysis of martensitic transformation are concluded.

Chapter 3 illustrates the experimental methods for the development and fabrication
characterization of small volume SMc. In detail, it concerns with the systematic
fabrication of CZ-Al, in accompany of the characterization on the fabrication process.
A basic and promising techniques to fabricate small volume CZ-Al will also be
elaborated.

Chapter 4 provides a systematic characterization method of CZ-Al based on
morphology, phase composition and mechanical properties, with the purpose of
studying size effect and matrix constraint. The reinforcement mechanism of CZ single

3
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crystals on the Al matrix was raised.
Chapter 5 makes conclusion on the thesis with the foundation of hypothesis to be
proven. It contains the basic horizon of CZ-Al fabrication and characterization

methodology. Future work and improvement of experimental design are list.

1.4 Findings and Outcomes

The research has contributed to some promising outcomes by:

1. Summarizing the controlling factors of shape memory effect in terms of system
energy, including internal factors (dopant effect, matrix constraint, size effect,
cofactor condition) and external factors (test temperature and load);

2. Establishing a promising methodology for the fabrication and characterization of
small volume shape memory zirconia reinforced composites at micro/nanoscale;

3. Improving mechanical properties in the MMC with CZ addition;

4. Revealing the reinforcement mechanism of the shape memory ceramic

nanoparticles in the composite.
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Chapter 2 Literature Review

This chapter has a basic review on the shape memory materials (SMM), especially
emphasizing on shape memory ceramics (SMC) and shape memory composites (SMc).
The basic theory of shape memory effect (SME) and its underlining mechanism of
martensitic transformation are discussed. Controlling factors for SME are concluded,
including internal factors (dopant effect, matrix constraint, size effect, cofactor
condition) and external factors (test temperature and load). According to the
controlling factors, thermodynamic analysis of martensitic transformation is

summarized.

2.1 Overview of Shape Memory Materials

Shape change Shape memory
material (SCM) material (SMM)

Shape Shape Shape
memory memory memeory
alloy polymer ceramic

(SMA) (SMP) (SMC)

Shape memory
composite (SMc)

Figure 2. 1 The systematic classification of SMM !/,

SMM are featured by a kind of materials possessed with SME under the ambient
5
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stimulus (i.e. heat, stress, etc.). There are mainly five groups of shape memory materials
that have attracted great attention for research and application (shown in Figure 2. 1),
including SMA B4 SMP 561 SMC 7], SMG ], and recently involved SMH P1. SMc
has been developed with one phase from SMM aforementioned 28, That makes SMc
not an independent subgroup of SMM technically ['. SMH and SMc are easily
confused, which both are made of different phase, while the phase made of SMH has
to be without SME before hybridizing.

Various SMM have a common point, which lies in the SME. Concerned with SME,
there are several domain mechanisms in SMM (shown in Table 2. 1), i.e. reversible
phase transformation for SMA and SMC ?), dual-segment/domain system for SMP,
SMG and SMH B%. It is more complicated on SMc, depended on the major SMM in
the composites, or the collective effect from matrix and reinforcement which has no

SME individually B!,

Table 2. 1 The mechanisms for SME among different SMM and SMc 12°-311,

SMM Domain Mechanism for SME
SMA
Reversible phase transformation
SMC
SMP
SMG Dual-segment/domain system
SMH
SMc Dominated by the major SMM

With multiple mechanism, an increasing demand has been developed to design a
SMM in application of electro-mechanical systems [*2l. Before the case, basic
knowledge about the pros and cons of SMM should be clarified (Table 2. 2). Although

the new materials have come out frequently, making the boundaries among different
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SMM unpredictable, a general trend could still provide enough information before

material design.

Table 2. 2 The pros and cons of different SMM.

SMM Advantages Disadvantages Ref.
Multi-SME, lightweight, Low elastic deformation, high
SMA high reliability, cost, narrow operated (12]
thermal cycling ability temperature window
High strength, Low shape recovery, easily
SMC wide operating temperature, cracking, large unrecoverable (22]
chemical inertness deformation
High elastic deformation, Low mechanical behaviors,
SMP low density, low cost, long response time, only one- ~ [>-©]
potential bio-function way SME
SMG  Soft material, ambient stimuli Hard to design and reshape [8]
SMH  Easily to design the structure Low performance (1, 31]

Several stimuli could trigger the reversible phase transformation in SMA and SMC,
i.e. martensitic, viscoelastic, ferroelectric or ferromagnetic [°!, where martensitic phase
transformation is widely applied with solid background and arouses our interests. In
the following discussion, structure-property relationship of martensitic phase

transformation is mainly concluded.

2.2 Martensite Transformation induced Shape Memory Effect
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Martensite transformation is diffusionless, which could be originated from
Homer’s Odyssey (Homer, 900BC) with the first application of transformation induced
plasticity (TRIP) steel [**!. To widely broaden the case, martensite transformation has
been applied in steel-like structure, where SME is considered as a novel mechanism in

the martensite transformation !,

Austenite

(4) Loading

Twinned Detwinned
Martensite Martensite

Figure 2. 2 The schematic illustration of crystal structural change during martensite

transformation [,

Four martensite transformation temperatures (MTT) are widely used to identify the
state of process, Ms, Mf, As and A, which represented martensite/austenite and
start/finish temperature, respectively ['1. During the martensite transformation (cooling
process), it goes through Ms to My ; during reverse martensite transformation (heating
process), it goes through A and Ay, which are usually measured by Thermomechanical

analyzer (TMA).
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Figure 2. 3 SME and SE related to monoclinic phase and tetragonal phase transition

under factors of stress and temperature [3],

Normally, at the temperature higher than A¢, the Gibbs free energy of austenite
phase is lower than martensite phase, thus making austenite phase more stable, whilst,
martensite phase at low temperature. Meanwhile, both the stress and temperature could
induce the transformation. When ambient temperature is higher than Ar where
tetragonal phase is stable, superelasticity (SE) takes place when external stress triggers
tetragonal phase to monoclinic phase, forming a clear plateau, and fully recover to
tetragonal phase when unloading (Figure 2. 3 (b)). However, under the condition that
ambient temperature is lower than A, SME takes place. Similar to SE, martensite phase
transformation occurs during loading, but cannot recover whole strain during unloading,

which can fully recover at the elevated temperature.

2.3 Thermo-responsive Shape Memory Materials
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2.3.1 Zirconia based Shape Memory Ceramics

Basically, SMC have the advantages of higher operating temperature, higher
strength, chemical inertness and tunable operation temperatures (c.f. with metallic
SMA) 221. Among all of the ceramics, zirconia (ZrO)-based ceramics is found to be
the representative SMC, which manifest notably enhanced SME and SE in small
volumes with less crystal grain, i.e. oligocrystalline and single ['*]. The former (SME)
needs to be deformed and subsequently heated to prompt shape recovery. As to the
latter (SE), it requires automatically recover shape after the martensite-induced stress
is released. In particular, there are a series of promising properties for engineering
applications, such as critical martensite transformation stresses at high level, large
amount of ductility, accompanied with recoverable strains and adjustable operation

temperatures window 2],

. ™ oocinic | e

O ® O @
@] @] ) (o} (o] (o]
® ® @] O
(c) 1170°C 2370°C 2715°C
& o I ©
(martensite) (austenite)

A 4

4-5% volume expansion
14-15% shear strain

Figure 2. 4 Phase transformation in pure ZrO> between (a) monoclinic phase and (b)
tetragonal phase ['3]. (c) state in different temperature.
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Normally, ZrO; has three common states, based on the Gibbs free energy, from
high temperature to room temperature, monoclinic (m), tetragonal (t) and cubic (c)
phases (Figure 2. 4), whose cracking problem associates with the reversible martensitic
transformation. There are several stimuli which can trigger the transformation, i.e.
applied stress, test temperature 437). During the phase transformation, the crystal
lattice change will cause a 4-5% volume expansion, which in the meantime, ~14-15%
shear strain 38401,

Swain et al. [1 was the first to discover SMCs and reported that a 9.4mol% Mg-
TZP ceramic was capable of recovering 0.5% strain under 800 °C. Reyes-Morel ef al.
(1 subsequently reported the Ce-TZP could fulfill a relatively higher strain of ~1.5-2%
under uniaxial compression, subsequently almost fully recovered by elevating the
temperature to ~450 °C. Xu et al. *?! invented a new ternary system CeQ2-Y203-Z1O,
with tunable dopant composition (Ce of 7.5~8.5mol% and Y of 0.45~0.55mol%)
possessed with 95-100% recovery rate of strain 1.2%. Whilst, these systems will cause
intergranular cracking and lead to low recoverable strain. Recently, Lai et al. 1>
reported a 8mol%Ce02—0.5mol%Y203—ZrO; system, which suppressed the failure by

constructing a microscale structure with few crystal grains and the sample could

withstand over 7% strains after 50 times cycles of loading and unloading (Figure 2. 5).

Austenite Martensite Austenite

Figure 2. 5 Schematic illustration of the SME in 8mol%CeO>—0.5mol% Y203—ZrO:
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pillars from (A) austenite, applying load to (B) martensite and (C) austenite after

heating 2%,

In spite that lots of efforts have made to avoid fracture in the brittle ceramics, there
still remains a large improvement for structure condition, among which size effect is a
significant effect to be considered. Michler et al. ****1 proved that the fracture could
be inhibited and plasticity can be enhanced with diameters decreasing to a threshold
for dislocation shielding and twinning to occur, as well as eliminating interfaces and
pores. Inspired from the case, Du et al. **) explored the same system based on their
previous work 8%Ce02-0.5%Y203-ZrO2, which can fully recover strain ~7% at 600 °C
in a 0.7 um-diameter pillar. Furthermore, Zeng et al. *! refined the system and
developed 2%Y203-5%Ti02-ZrO>, with ~7% recoverable strain in micron-sized
zirconia at 400 °C. Superelasticity (SE) was obtained two years after Du et al. reported
the system aforementioned. With oligocrystal or single crystal particles formation, fine
and small grain size exhibit highly consistent SE, which could withstand over 100
cycles at 3.8% strain, and high dissipation energy 2/,

After groundbreaking results in zirconia-based SMC, more works have stepped

forwards, especially about the mechanism to improve the SME in SMC.

2.3.2 Shape Memory Composites

Shape memory composites (SMc) show numerous potentials in application, which
are made of matrix and inclusions. It is welcomed owing to the flexibility in design and
fabrication, with lots of promising properties or functions based on the controllable
functional matrix and inclusions, most importantly, taken the advantage of SMH, in a
do-it-yourself (DIY) manner [!!. The possible components of SMc could be modeled
after SMH and presented in Figure 2. 6. There are multiple choices for matrix and
inclusions, and the form of inclusions could be randomly designed.

12
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(Form: Particle, fiber, whisker...)

Inorganic

Figure 2. 6 Map of possible component for matrix and reinforcement in SMc.

Owing to the great progress on SMC during the five years [1316:23-27:46-499] the key
point to expand the application area lies on diminishing fracture during martensite
transformation in a reasonable manner.

Metal matrix composites (MMC) are consequently taken into consideration.
Among MMC, aluminum matrix composites stand out by virtue of low density coupled
with high stiffness, specific strength, specific modulus, especially for dispersion-
reinforced aluminum matrix composites °°321. Furthermore, Al is natural for being an
elastic matrix, which could absorb energy during SMC transformation.

Out of the trial to apply SME in SMc, Furuya et al. >3 have first designed Ti-Ni
fibres reinforced aluminums matrix composites system to strengthen the MMC with
residual stress caused by SME. In the same group, Yamada et al. ** proposed that with
Ti-Ni SMA particles added into Al matrix, the composites could be strengthened, owing
to the SME during the fabrication, where the cooling procedure will induce residual
thermal stress. Since the strengthening mechanism raised by Yamada’ group is
remarkable and could be further applied in other SMc system, the whole illustration is

shown in Figure 2. 7.

13
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(a) Sinter to disperse Ti-Ni particles into the matrix.
(b) Heat up the sample and then quenching to obtain shape memory effect.
(c) Preset a strain at martensite state to change the shape of Ti-Ni particle.

(d) Heat up above austenite starting temperature (As).

M

matrix

° 0
o g

martensite

Dispersion TiNi @—e/n\s_i!j austenite

(a) Sintering (b) Shape memory heat (c) Deformation (d) Heat treatment
{Consolidation) treatment at T=500C processing (above Af}
followed by ice-quenching ({below As)

Figure 2. 7 Schematic illustration of strengthening mechanism in Ni-Ti SMA particle

reinforced composites by SME P41,

In the meantime, a strengthening mechanism has been further conducted. Yang et
al. %% concluded from several cases since 2000, including SMA particulate/fiber/thin
film-reinforced composites, and emphasized that higher CTE caused by the
reinforcement and matrix during the fabrication will induce the residual thermal stress,
thus contributing to the strength and toughness.

To systematically explore the SMc fabrication methodology, Mizuuchi et al. 1%
prepared Ti-Pd-Ni-W SMA fibre titanium matrix composites via sheath-rolling. Wei et
al. P! reviewed a Ni-Ti SMA-AIl sheet system via squeeze casting or powder

metallurgical (P/M) route. Moreover, the advantages of P/M (i.e. low processing

temperature and low cost ') have aroused great interest in academy and industry.

14
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Porter et al. reported that Nitinol SMA reinforced Al composites were strengthened due
to residual stresses 17,

With the purpose of fulfilling the SME in the SMc, based on previous work, Lai et
al. (! has raised an system with elastic matrix (i.e. silicone) and the transition inclusion
(i.e. wax). The mechanism behind is similar to SMP, with elastic-transition
segment/domain system (Figure 2. 8).

(a) The reinforcement is dispersed in the matrix in advance with proper fabrication

methodology according to the materials (normally at high temperature).

(b) Composites are deformed with elastic energy stored in the matrix. Then
decrease the temperature (or any stimulus which could induce state
transformation), transition of reinforcement could in effect guard against the
elastic energy of matrix relaxation.

(c) The composite will retain the deformed shape after the constraint is removed.

(d) Heat up and composite turns to be pristine state.

N

(b) (c) (d)

Figure 2. 8 Schematic illustration of one approach for SMc obtaining SME (black dot-

reinforcement state one, white dot- reinforcement state two) [!1,

Recently, Rauch et al. ] created an interesting system to scale SMC for bulk-level
energy dissipation, named after granular packing with ZrO»-12 mol%CeO> and ZrO:-
15 mol%CeO: filling (shown in Figure 2. 9), found that the reversible stress-induced

martensitic transformation (SIMT) happened. It offers us a good platform to reduce the

15
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particle size of SMC in a suitable matrix and explore the SIMT mechanism.

Particle Contact Contact Deformation +
Rearrangement Deformation Martensite Transformation

Figure 2. 9 Schematic image of co-evolution of granular packing with 12 mol% and 15

mol%Ce0»-ZrO; filling 4%,

In spite that a SMA-MMC system has been widely studied, there still remains large
open space in the research on revealing great potentials to exhibit unprecedented SME
as well as superior mechanical properties. A promising system started from SMC single
crystal ?®), which possessed with highly reproducible superelasticity to over 100 cycles,
will be slightly refined and combined with Al matrix. Size effect of the SMC particles
in MMC is unclear. The function of metal matrix composites constraint on martensitic
transformation of SMC particles and the resultant mechanical properties of the MMC
remains questioned.

In application, it might have potentials to improve the strength and toughness of
MMCs, be applied on stimulus-induced (temperature based on SME, stress based on

SE or CTE mismatch) sensors, and energy damping equipment.
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2.4 Controlling Factors for Martensitic Shape Memory Effect

Martensitic shape memory effect has various potentials, which could be featured
during martensite transformation. Although SMc opens a DIY manner for research, it
is a must for the researchers to better understand how to design a suitable system, which
could have ability to obtain good SME as well as other functional structure.

As to SMA and SMC widely reported in the papers, basic approach to control the
SME is to manipulate martensite transformation (and reverse one). Material dimension
has strong effect on SME 7- 18381 'while for a specific area, it is rare to change it. Apart
from that, controlling factors could be divided into internal factors and external factors,
which directly affect martensitic transformation and then have influence on martensitic

SME (shown in Table 2. 3).

Table 2. 3 Controlling factors for Martensitic Shape Memory Effect.

Controlling Factors Demonstration Ref.

Some elements (i.e. Ca, Mg, [7, 13,35, 41, 47-49,

Dopant Effect
Ce, Y etc.) change MTT 59-66]

Particles/Grain surrounded

Matrix Constraint [13,67]

inhibit the strain stress

Internal
[13, 16,22,23,25-27,
Size Effect Surface to volume ratio
47, 66, 68]
Cofactor Condition  Difference in crystal symmetry [24, 47,48, 69)]
Temperature Clausius-Clapeyron
External . . (701
Applied Stress relationship

17
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Dopant effect has been studied since 1970s 1. TZP and PSZ, and Zirconia-
toughened alumina (ZTA) are three representative application of dopant to fully
stabilize or partially stabilize high temperature phase zirconia (tetragonal or cubic) 1>

3462711 ‘The effect that dopant could decrease the MTT relies on the lattice distortion

[72]

. —2Zr

O — Dopant (Ce/Y)

D

i

i)
i'-

Figure 2. 10 Schematic illustration of dopant effect in a fluorite lattice, where dopant

stays in the substitutional place "),

Take zirconia for a case, yttria and cerium are popular for doping, and the lattice
structure is shown in Figure 2. 10. Dopant element (Ce or Y) will replace one zirconia
atom, resulting the distortion and relaxation of lattice. While yttria is found to be more
effective than cerium to reduce MTT, mainly because the difference between ion radius
of Y** (0.1019 nm) and Zr** (0.084 nm) is larger than Ce*" (0.097 nm) with Zr**, and
oxygen vacancy caused by yttria [}, A series of dopant in different system has been
tested (shown in Figure 2. 11), with DSC to document the MTT. The empirical equation

could estimate the trend,

Af = Tundoped - aCdopantl - :BCdopantZ Equation 1

18
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where Tyngopea = 1280.52°C is the martensite transformation temperature of pure
zirconia, &, B, Caopant1> Caopant2 are the coefficient of dopant 1 and 2, mole ratio

of dopant 1 and 2 respectively.
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CeO, in CYZ (mol%) Y,0, in YTDZ (mol%)

Figure 2. 11 Schematic illustration of dopant effect with cerium, yttria in CZ (cerium

stabilized zirconia), CYZ (CeO2-Y203-Zr0), and YTDZ (Y203-TiO2-ZrOy) 131,

In summary of previous work, matrix constraint is treated that the particles or
grains surrounded induce a reverse stress or strain. Chawla et al. [) reviewed that with
metal matrix composites, both direct and indirect strengthening mechanism occur with
stress passing through interface of two phase, as well as thermal mismatch induced by
CTE. Tsoi et al. " reported that only the martensite with preferential orientation was
affected by matrix constraint in NiTi-wire epoxy composites, while self-accommodate
one can’t. Whereas, there is still no systematic theory on matrix constraint, especially
about the effect on SME. With energy term raised later, matrix constraint could possibly
act the way same as dopant effect. In this project and in future, we will explore the
matrix content with MTT relationship.

Size effect has been widely studied and mentioned in Section 2.3.1. The key point
is to decrease the size, followed by improving the surface to volume ratio, and in case

energy will change. In fact, Du et al. 3! applied the size effect on preparing single
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crystal or oligocrystal, with the purpose of releasing residual stress originated from
grain boundary to obtain a higher ductility. The trick is shown in Figure 2. 12, which

is worthy for further learning.

1
o

Dia<<d Dia=d Dia>>d

0.6 2.5 10
0.5 1

" S
0.4 A F Fc/ -
c 1.5 1 : 6
G oo .
4 4
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Load (mN)
Load (mN)
Load (mN)

[

Figure 2. 12 Schematic illustration of size effect, taken 8mol%CeO2—0.5mol%Y20:-

ZrOs as an example 23],

Essentially, cofactor condition means the strongest known conditions of
compatibility [”*), which indicated the possibility for existence of unstressed interfaces.
Jetter et al. ") reported a system (Y¢.5Ta0502)1-x-(ZrosHfo.502)x (0.6 < x < 0.85), with
tuning crystallographic compatibility in thermal hysteresis by a factor of 2.5, a high
strain recovery was obtained. Pang et al. ¥ found that cracking in polycrystalline
Ce07-ZrO; SMC could be inhibited in 13.5 mol% CeO2-ZrO, system when meeting

the cofactor conditions. When extending the meaning of cofactor condition, crystal
20
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orientation could be contained, with the common of crystalline orientation relationship.
Crystal orientation has strong effect on the SME. where the competition between phase
transformation and plastic deformation has been found to be orientation dependent [6¢],
indicating the orientation dependence of activation energy of dislocation and nucleation.
Therefore, optimization of the crystal orientation is of significance for utmost SME and
suppressing cracking.

As to external factors (test temperature and applied stress), a well-known Clausius-
Clapeyron equation is introduced, combining test temperature (T') and applied stress (o)

together [7%);
=== Equation 2

where AS and AH are the entropy and enthalpy, & is the strain during the
transformation. Both are the key parameters to scale the SIMT behaviors, which will
be frequently discussed in the following chapter.

Among all the controlling factors mentioned above, there is a Gibbs Free Energy
equation, by which all the factor could be integrated together in energy term. Becher et
al. 18] established a thermodynamic equation demonstrating the free energy change

during martensite phase transformation AG;_,,:
AGim = —AG, + AU, + AU — AU, Equation 3

where AG., AU,, AU, AU,, represent chemical free energy, strain energy, surface
energy and applied energy from external term, respectively. In order to better calculate and
estimate how one factor changed affects the transformation, a more concrete equation will
be shown for different energy term in Table 2. 4, where AS™™™ is entropy change per
unit volume, T 1is the test temperature and T, is the equilibrium temperature of
tetragonal phase, r is the effective diameter of zirconia grain, while y, and y,, are
surface tension of tetragonal phase and monoclinic phase, respectively. T;rgns 1S the

stress required to occur transformation shear stress, and Ae is the transformation strain.
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Table 2. 4 Energy term in thermodynamic analysis of martensitic SME 13- 68.76. 771,
Energy Term Demonstration Possible Factor
AG, AG, = AS*"™(T, — T) Temperature

Matrix constraint,
Originates from the matrix
AU, Dopant effect,
constraint
Cofactor condition

AU, AUg = 4tr? - (Ve — Yim) Size effect

Applied Stress
AU,y AUgy = Tirans - Ae .
Cofactor condition

Providing that martensite transformation occurs (AG;_,,, < 0), it could be inferred
that for each controlling factor, there is a critical stress. Only when the applied stress
(or real stress on the zirconia for SMc) is higher than critical stress, can martensite

phase transformation happen.

—AS©”™(Ty —T) + 4nr? - (y, — v,) + AU, _
Ttrans = Ae Equatlon 4

It has to be mentioned that for AU,, term, it is highly dependent on cofactor
condition, which in detail the crystal orientation has strong effect on stress distribution.
Zeng et al. *¥ reported martensitic transformation stress Tyyqns is highly dependent
on the crystallographic orientation, with a basic foundation of tensor properties (shown
in Figure 2. 13). In the case, Schmid factor (SF) is adopted for better calculation

(Figure 2. 14) (¢! Equation 4 could be refined as:

—AS©”™(Ty —T) + 4nr? - (y, — v,) + AU, _
Ttrans = Ae - SF Equatlon 5
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Figure 2. 13 Schematic illustration of (a) crystal orientation on stress-induced

martensite transformation with different mechanical behaviors (b) slipped, (c)

transformed and (d) fractured 24!,
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Figure 2. 14 Schematic illustration of Schmid factor (SF) 24,
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2.5 Conclusive Remarks

This chapter reviews the literature related to SMM with different dimension,
especially emphasizing on SMC and SMc. Previous work on design of SMc system has
been widely summarized. The basic theory of shape memory effect (SME) and its
underlining mechanism of martensitic transformation are discussed. Controlling factors
for SME are concluded, including internal factors (dopant effect, matrix constraint, size
effect, cofactor condition) and external factors (test temperature and load). According
to the controlling factors, thermodynamic analysis of martensitic transformation is
summarized. This chapter offers a long-term meaning for guiding the experimental

design, and the result analysis based on theoretical calculation.
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Chapter 3 Experimental Methodology

This chapter illustrates the experimental methods for the development and fabrication
characterization of small volume shape memory composites (SMc). In detail, it
concerns with the systematic fabrication of bulk cerium doped Zirconia reinforced
Aluminum Matrix Composites (CZ-Al), in accompany of the characterization on the
fabrication process. A basic and promising techniques to fabricate small volume CZ-Al

will also be elaborated.

3.1 Rationale for Experimental Design

The experimental design is to fabricate shape memory composites (SMc), with the
attempts in mechanical behaviors at small volume. Based on previous shape memory
ceramics (SMC) procedure raised by Zeng et al. %1, a new experimental flow for SMc
was provided in Figure 3. 1.

The steps are shown as follows:

1. Adopting single crystal cerium doped zirconia (CZ) as SMC particles
reinforcements, pure Aluminum (Al) as metal matrix composites (MMC) with the
evaluation and selection of materials;

2. Fabricating bulk CZ-Al with conventional composites processing techniques,
followed by basic structural and mechanical characterization (will be discussed in
Chapter 4).

3. Preparing small volume CZ-Al at microscale.

4. Conducting mechanical test at microscale and comparing with bulk sample based
on shape memory effect (SME).

5. Optimizing the properties by materials and process modification.
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Materials: Fabrication of Bulk Preparation of

CZ-Al small volume CZ-Al

CZ and Pure Al

i

Materials/Process (Ll T 5] .
‘ Shape memory Mechanical Test

Moadification effect

Figure 3. 1 The experimental work flow charts of studying fabrication method and

properties of SMc.

From Chapter 2, dopant effect is a key factor to stimulate martensite transformation
temperature (MTT) of zirconia, thus the type and content of dopant have tremendous
effect on shape memory effect (SME). Apart from dopant effect, matrix constraint
matters. To simplify the system and reveal the reinforcement mechanism, pure Al is
selected in place of Al alloys, such as 6061 Aluminum alloy 2!, In future, Al alloys

will be targeted and will be discussed in detail in Chapter 5.

3.2 Fabrication of Bulk CZ-Al

The bulk CZ-Al were fabricated with classic powder metallurgy (P/M) processing
procedure ! and co-sintering methods ["®). The pure aluminum powders (average
size=10um, as is shown in Figure 3. 2 (a)) were purchased from Henan Yuanyang
Powder Technology Co., Ltd., who is known for good quality of Al and Al-based
powders. The stearic acid (SA) was purchased from Henan Tianfu Chemical Co.,Ltd.,

with function of inhibiting exorbitant welding as process control agent (PCA) [%- 801,
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Weigh CeO,, ZrO,, 3mm zirconia balls and Ethanol

Ball Milling for several hours

Dry and then remove zirconia balls

Grind and mesh, sinter at 1000°C

Repeat ball milling, speed up

Anneal at 500°C

Figure 3. 3 Flow charts of the synthesis procedure for CZ single crystal (with
permission of Dr. Zehui Du from NTU).

The synthesis of CZ single crystal particles (average size ~500nm, 5.85g/cm’, as
is shown in Figure 3. 2 (b)) was provided by our collaborator Dr. Zehui Du from
Nanyang Technological University (NTU). According to the dopant effect ?2], cerium
is superior to yttrium for the aspect of precise stimulation of MTT, the formula in molar
ratio is established, x CeO; - (1-x) ZrOz. From previous work, 12mol% of cerium is
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enough to fully stabilize zirconia tetragonal phase [!*. The fabrication methodology is
concluded and shown in Figure 3. 3 with permission. Based on co-sintering method,
single crystal CZ powders are fabricated via ball milling and annealing several times.
Annealing process contributes to the formation of single crystal, when martensite phase
transformation takes place and induces the crystal mismatch among each single crystal.
With the strain mismatch, bulk CZ tends to fall apart from one another, and single

crystal forms. The image is presented in Figure 3. 5 (d).

Mix CZ and Al Powders

Fill in the nylon can in the Glove box

Ball Milling for 3h

Hot Pressing for 1h at 480°C

Grinding and Polishing

lon Polishing

Figure 3. 4 Flow charts of the synthesis procedure for Bulk CZ-Al.

To prepare bulk CZ-Al, the precursors were weighted and mixed according to the
weight ratio of x SA - y CZ - (1-x-y) Al. As a first attempt, 1wt% SA and 30wt% CZ
were adopted. The complete procedure of bulk CZ-Al is shown in Figure 3. 4. Then,
the precursors were mixed with zirconia milling balls (with three diameters of 6mm,
10mm and 20mm). The ball to powder weight ratio was set as 20:1, followed by filling
in the nylon can (500ml, purchased from Nanjing NanDa Instrument Plant, Figure 3.
5 (b)) and ball milling for 3h under argon gas atmosphere with 200 rpm speed in the
Planetary ball mill (QM-3SP4, purchased from Nanjing NanDa Instrument Plant,
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Figure 3. 5 (a)). After sieving out the zirconia balls, the mixture was transferred into
the glove box and hot pressing for 1h at 480°C via Electric tablet press (SDY-30, Keqj,

Tianjin, Figure 3. 5 (¢)).

Figure 3. 5 Schematic diagrams of (a) Planetary ball mill, (b) Nylon tank (with zirconia
ball), (c) Electric tablet press in the glove box. (d) 12mol% CZ powders, (¢) CZ-Al (up)

and pure Al (down).

Before characterization, grinding and polishing removed impurities, scratches and
provided a good result. Controlling group was set to explore the effect of CZ single
crystals, only in difference of the precursors, which consisted of stearic acid and Al at
the weight ratio of 1:99. To better discriminate two sample, the precursors with ratio

are shown in Table 3. 1.
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Bulk CZ-Al and pure Al are shown in Figure 3. 5 (¢). The structural and thermo-

mechanical characterization will be carried out in Chapter 4.

Table 3. 1 The precursors ratio of bulk sample, CZ, CZ-Al and Pure Al.

Bulk Sample Precursor (Note: SA - stearic acid)
Ccz Ceria: Zirconia = 12: 88 (molar ratio)
CZ-Al SA: CZ: Al = 1: 30: 69 (weight ratio)
Pure Al SA: Al = 1:99 (weight ratio)

3.3 Characterization of Fabrication Process

Considering the significance of fabrication process, it is necessary to observe the
whole procedure to confirm how the CZ and Al mix with each other. Ball milling and
hot pressing are involved. Field emission scanning electron microscopy (FESEM, Scios
DualBeam) test was applied. With the various detectors of second electrons (SE),
backscattered electrons (BSE), etc. morphology and component will be manifested via
different contrast under high vacuum and electrical field. Different parameters were set
to have a better vison on the sample, voltage, emission current, work distance and

magnification.

3.3.1 Ball Milling Process

The morphology of CZ-Al or pure Al mixture was characterized each hour during
ball milling process, and the results are shown in Figure 3. 6. As to pure Al, more Al
were reshaped from spheres to flakes; surface remained smooth with ball milling
processing, especially there was no obvious sphere in the field at 3h. As to CZ-Al, more
CZ were embedded on Al flakes and unembedded CZ were reduced with ball milling

processing, and over 90% CZ were on the Al flakes at 3h.
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Combined with the parallel process, Al flakes remained approximately same size
with or without CZ single crystal added. Meanwhile, CZ single crystal retained good
shape during the process. To have a better structure during hot pressing, ball milling

time for 3h is enough to disperse the powders.

Maps of Morphology during Ball Milling

20 pm

Figure 3. 6 Maps of Pure Al and CZ-Al via FESEM during Ball Milling Process from
1h to 3h. Scale bar with 20pum for basic image, while 3 um for image zooming in with

red border. All in the SE mode.

3.3.2 Hot Pressing Process

From Chapter 2, cofactor condition (crystal orientation) has a strong effect on the
SME [2447- 48] Before the characterization, it is important to establish the Coordinate
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System for hot pressing direction and sample dimension. As is shown in Figure 3. 7 (a),
the bulk sample formed with hot pressing, in particular, bulk CZ-Al with transverse
crack on the lateral surface (more microstructure analysis later). Based on the cylinder
shape of sample, xyz Coordinate System is set. Two different planes are defined with
the angles of hot-pressing direction. Therefore, hot pressing direction could be named
after z axis.

(a)

(b) Hot Pressing Direction

Bulk CZ-Al Pure Al

(c) (d)
90° Plane

0° Plane

Figure 3. 7 Schematic diagrams of (a) Bulk CZ-Al (with transverse crack) and Pure Al,
(b) modeling of bulk sample with the xyz Coordinate System, and definition of (c) 90°

plane, (d) 0° plane.

Same procedures of FESEM were applied in hot pressing test. Bulk CZ-Al surface
(90° plane) grinded with 2000# sandpaper grinding was detected (Figure 3. 8). There
exists small amount of scratches, with CZ single crystals decorated. In fact, the
properties are more concerned with the microstructure inside and surface could be

polished or coated, how to characterize inside the sample came to a necessity.
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Figure 3. 8 FESEM BSE image of bulk CZ-Al surface (90° plane) with 2000#

sandpaper grinding and without polishing.

In order to have a clear field inside the bulk sample, focus ion beam milling system
(FIB, FEI Scios DualBeam) was applied to mill cross the section. In order to manipulate
area in real-time, FIB-SEM system is used, with versatile ultra-high-resolution
analytical ability (Figure 3. 9 (a)).

It offers excellent sample preparation and 3D characterization performance for a
wide and various sample, including magnetic and non-conductive specimen. The FIB
system is equipped with both electron beam and ion beam, thus able to in-situ milling
and imaging (Figure 3. 9 (a)). The stage was tilted 52° in advance to make the surface
of the samples perpendicular to the ion gun (Figure 3. 9 (b)). With certain milling pre-
set shape, such as rectangular slot marked red on the sample base, the microstructure
inside the bulk sample could be characterized. Other functions (i.e. fabricating small

volume pillar) will be discussed later.
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(b)

Electron
Beam

Stage

Rectangular slot

Figure 3. 9 (a) FEI Scios DualBeam FIB-SEM system, (b) Schematic illustration of
relative positions of sample, stage, ion beam and electron beam in FEI Scios DualBeam

FIB system.

/

FIB Trace

\AIGB

/

*“— FIB Trace

5um

Figure 3. 10 FESEM BSE image of 0-degree plane (a) Pure Al, (c) CZ-Al with scale
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bar 20 um, and SE image of (b) Pure Al, (d) CZ-Al with scale bar 5 um after hot pressing.

Such a FIB-SEM system was applied in hot pressing process. With FIB milling at
ion beam current of 21 nA, rectangular slots were created separately and the cross
sections of pure Al and CZ-Al are shown in Figure 3. 10. Under magnification of 8000x%,
it is difficult to distinguish the grain boundaries (GB) (Figure 3. 10 (a), (c)), while it is
obvious that both pure Al and CZ-Al are of high dense, with laminated structure along
hot-pressing direction (z axis). As is shown in Figure 3. 10 (b) after zooming in, clear
Al GB and FIB trace were marked. The CZ single crystals are randomly distributed
along the Al GB for Bulk CZ-Al (Figure 3. 10 (d)).

To obtain more accurate density of sample, Archimedes Drainage Test (AD) was
carried out and compared with the theoretical density. Density via AD was obtained by

the Equation 6 as follows:

mgp;

—_— Equation 6
ms — M

Ps—ap =

where ps_4p is the density of the sample via AD; p; is the density of the test liquid;
mg is the mass of the sample and my’ is the mass of the sample inside the test liquid.
Owing to the small amount of PCA, we omit this term when calculating the theoretical
density. Therefore, pure Al was approximated to 2.7 g/cm?. For bulk CZ-Al, the density

of the CZ single crystal is 5.85 g/cm?, and weight ratio are shown in Equation 7:
My;iMez =7:3 Equation 7
Then with law of mixture 8!], the theoretical density of CZ-Al composites was obtained
as follows (Equation 8):
My +Mez My + My

VAl + VCZ - @ + M
Par  Pcz

Pcz-Al-TH = Equation 8

where pcz_a;—ry 1S the theoretical density of CZ-Al composites; my;, Vi, pa; are

respectively the mass, volume, density of the Al in CZ-Al; m¢;, Viz, pcy are
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respectively the mass, volume, density of the CZ in CZ-Al. No considering the cracking
or scratches and other mass loss. With simultaneous equations of Equation 7 and
Equation 8, pz_4—ry = 3.22 g/cm3. The results are shown in Table 3. 2. Owing to
the density measured via Archimedes Drainage extremely close to the theoretical one,
the densification of each sample is good, which proves the hot-pressing process
contributing to the basic formation and high density of bulk sample. It should be noted
that since the stage was tilted 52°, the previous 0° plane shown in the image was also

changed, thus to correct errors for measurement of grain size (in Chapter 4) if need be.

Table 3. 2 The density bulk sample Pure Al and CZ-Al via Archimedes Drainage Test

(Unit: g/cm?).

Bulk Sample Density via AD Theoretical Density
Pure Al 2.7 2.7
Bulk CZ-Al 3.22 3.22

3.4 Preparation of Small Volume CZ-Al

Concerned with the large grain size of Al, and CZ distributed along the Al GB, it
pays that the prior step is to select the suitable area before the preparation of CZ-Al
sample into small volume micro/nano-scale pillars. In this case, the ideal zirconia phase
(tetragonal phase) of grain, and suitable pillar size to contain enough CZ single crystals
will be obtained. Electron backscattered diffraction (EBSD, Aztec, Oxford Instrument)
and the volume fraction of CZ in the CZ-Al composites was applied.

As a matter of EBSD (with be presented in Chapter 4), the aim is to index the
suitable composition, phase and orientation. There is a procedure presented by Zeng,
et al. in fabricating a ceramic pillar (Figure 3. 11) ?°]. Different from the case in Figure

3. 11, CZ single crystals should retain the tetragonal phase during hybridization and
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EBSD is done for assuming the phase existence. Meanwhile, volume fraction of CZ
single crystals is taken into consideration in CZ-Al composites. Apart from 30 wt%

weight of precursor ratio, the method can be applied in further regulation of system.

Pillar

e 15pm e 15m

3pm

30um

Figure 3. 11 The preparation procedure for a SMC pillar, including (a) select the grain
with zirconia tetragonal phase, (b) obtain EBSD mapping of crystal orientation, (c) and

(d) mill the pillar via FIB 2],

As a matter of volume fraction, the aim is to estimate the number of CZ single
crystals inside the pillar. From histogram, average diameter is 559.864+147.8nm (More
detail will be provided in Chapter 4). The result is close to the initial information that
CZ has an average diameter around 500 nm. According to the estimation, the number
of CZ in pillars with different diameters could be deducted. From Table 3. 3, there are

23 CZ single crystals even in the 2 um pillars, which are suitable for further analysis.

Table 3. 3 The weight ratio, volume ratio and side ratio of CZ: Al, the number of CZ

in different representative pillar diameter with statistic.

Ratio Pillar Diameter #CZ in Pillar
Weight - 30:69 2 um 23
Volume - 0.165 3 um 76

Side - 0.549 4 pm 181
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From CZ-Al composites to CZ-Al micro-/nano- pillars, mechanical test has great
influence on the pillar milling process. There are sufficient works about the micro-
/nano- mechanical test and design of accurate micro-compression experiments.
Concerned with aspect ratio (defined as height/diameter of pillar) of pillar, the
numerical simulations carried out that the effect of the aspect ratio of the pillar on the
mechanical behavior is relatively small, especially if the aspect ratio of the pillar is
higher than 2 %831 therefore, in the following experiment, the aspect ratio of pillar is
kept at 3.

Since the geometry of pillar is eventful in the following mechanical test, the
procedure of pillar with desired size and small tapping angle is provided with pre-trial
as follows, combined with the flow chart of the small volume pillar preparation

procedure via FIB (Figure 3. 12).

— 20 pm

Figure 3. 12 Flow chart of the small volume pillar preparation procedure via FIB, take
CZ-Al with diameter 2 pm as an example.
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1. Deciding the equivalent diameter (d, /) of pillar, such as 2 um, 3 pm, 4 um.

2. Calculating the first crater diameter according to the geometric relationship to
be able to observe the pillar during in-situ compression when the stage is tilted
to 75° (will be discussed in Chapter 4 in detail).

3. Milling with three steps. The first large crater at 65 nA, a designed size at 1.0
nA and final reducing tapering at 13 pA.

It has to be mentioned that the parameter will be changed slightly with different

sample, and equivalent diameter is defined as:

deff = \/1/3(dtzop + dtopdbot + dlz,ot) Equation 9

where diop, and dp, are the pillar diameters at the top and bottom, respectively.
Moreover, the ideal modeling for CZ-Al micropillar was illustrated according to the O-

degree plane, size of Al flakes and CZ single crystals (Figure 3. 13).

(a) Hot Pressing Direction (c) — 7 Single Crystal

—AIl Grain Boundary

(b)

Aspect Ratio
3:1

Figure 3. 13 Schematic illustration of modeling the CZ-Al micropillar based on the

crystal orientation.

Then, 2 pm-size diameter CZ-Al and pure Al pillar were milled (Figure 3. 14). It
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has to be confirmed that more pillars will be prepared in future due to the random
distribution of CZ single crystal in Al matrix. The thermo-mechanical test will be

conducted in Chapter 4.

CZ-Al #1

CZ-Al #2 100pm

Figure 3. 14 FESEM image of micro-pillar after FIB milling (desf = 2um, aspect
ratio=3:1) with (a) relative position in bulk sample, (b) after zoom in, and (c) CZ-Al #1
(d) CZ-Al #2, (e) CZ-Al #3, (f) Pure Al

3.5 Conclusive Remarks

The experimental methodology in chapter includes:
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1. Developing a systematic experimental work procedure of studying fabrication
method and properties of SMc.

2. Proving the rationality of ball milling and hot-pressing procedure and
experimental parameters.

3. Fabricating the bulk CZ-Al and Pure Al sample with good dense, as well as a
reasonable flow chart preparation via FIB in small volume pillar.

4. Presenting an overview structure and system composition of the CZ-Al sample,

which lays a foundation for further characterization.
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Chapter 4 Composites Characterization

This chapter discusses the characterization method of Cerium doped Zirconia
reinforced Aluminum Matrix Composites (CZ-Al) on the structural aspects, such as
morphology, phase composition and crystal orientation. Bulk and small volume CZ-Al
were under thermo-mechanical test to systematically explore the size effect and matrix
constraint on the composites, with the purpose of obtaining composites that have the
suitable grain size and phase to develop shape memory composites (SMc) at small
volume. Meanwhile, the reinforcement mechanism of the Cerium doped Zirconia (CZ)

single crystal in Al matrix was raised.

4.1 Structural Characterization

The structural characterization involves the microstructure, grain size, phase
composition, chemical composition distribution and crystal orientation. With various
systematic procedures and equipment, it helps further analysis and understanding on

functional characterization.

4.1.1 Microstructure and Grain Size

Microstructure and grain size are the foundations of structural characterization.
Results can be carried out with measurement via FESEM (introduced in Chapter 3),
analysis via ImageJ software (National Institutes of Health).

Surface morphology characterization of CZ-Al composites at various
magnifications were tested, from x1000 to x30000 (Figure 4. 1). Good field to analyze
micro-cracks, grain boundaries, grain size, shape and porosity is recommended under
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the magnification high than x5000, especially for x10000 CZ single crystals. All the

images were captured at a voltage of 5 kV and an emission current of 50 pA.

Mag: X< 1000

— 100 pm — 10 um 10 um = 1pm

Figure 4. 1 FESEM images for the morphology characterization of CZ-Al composites

on the suface at various magnifications.

For CZ-Al composites, Al and CZ hybridized together and hard to identify simply
with FESEM image, then electron backscattered diffraction (EBSD, discussed in
Section 4.1.4) was combined.

In sum, 114 CZ single crystals were selected, analyzed with OriginPro 2020
(OriginLab software professional for data analysis and graph fitting) and fitted with
Lorentz Curve Type. As far as Al grains, it is hard to define the size since the hot-
pressing process has reshaped the morphology. In this case, maximum and minimum
diameters of grain are used for evaluation (shown in Figure 4. 2).

In fact, both EBSD and FESEM results shared almost the same diameter. In this
way, combined with all the data shown above, CZ diameter could be estimated as
559.86+147.8nm. The result is close to the initial information that CZ has an average
diameter around 500 nm. Meanwhile, there is no need for precise diameter data of Al
grains, actually, 7 um in maximum direction and 2 um in minimum direction are
enough for small volume pillar size selection and provident of hot-pressing effect (raw

Al powders has a diameter around 10 pum).
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Figure 4. 2 Microstructure of CZ-Al with (a) EBSD image, (b) FESEM image, CZ
diameter histogram via (c) EBSD, (d) FESEM, and Al diameter via (¢) EBSD, (f)

FESEM. (g) Summary of CZ and Al diameter.

4.1.2 Phase Composition

To characterize different phase and ratio in CZ-Al composites, X-ray diffraction
(XRD, Rigaku D/Max 2550 PC) was applied for bulk sample. Phase transition in
Micro-/nano pillars during mechanical test will be carried out in the Section 4.3 via
[84]

Transmission Electron Microscopy (TEM). XRD test obeys the Bragg’s Law

(Simplified version of Laue’s Law),
nl = 2dsinf Equation 10

where n is an integer, A is the wavelength of X-rays and d is the distance between two
close planes. Diffraction peaks present that the high interference happens at certain 26.
With the analysis of MDI Jade 6.0 (Materials Data, Inc.) and characteristic diffraction
peaks of zirconia in standard PDF2-2004 card indexation and comparison (Figure 4.

3), the results were presented in Figure 4. 4.
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Figure 4. 3 Typical XRD spectra of Aluminum phase (Al, 04-0787), monoclinic
zirconia (m, 37-1484), tetragonal zirconia (t, 42-1164) and cubic zirconia (c, 49-1642)

from standard PDF card with their characteristic peaks.

As the XRD results indicated (Figure 4. 4), the characteristic peaks monoclinic
zirconia is the major phase in CZ single crystal, while tetragonal zirconia becomes the
major in CZ-Al bulk sample. It can be inferred that tetragonal zirconia has been

stabilized with Al matrix constraint during the fabrication.
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Figure 4. 4 XRD spectra of CZ powders (in the form of single crystal) and CZ-Al bulk

sample with their characteristic peaks.

Compared with the Aluminum standard PDF card (PDF#04-0787, Aluminum, syn),
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(111), (200), (220) and (311) planes were almost fitted, while at relatively large
angle, there is a sight error, mainly accounting from the testing process. It should be
mentioned that the pre-set stress during hot-pressing procedure should have induced
lattice shrinkage, while no obvious shifting happened. It may be Al grain relaxation.
Specific calculation of reduced stress will be carried out in future.

In a real case, XRD can not only be done for phase probing, but also calculating
the weight ratio of different phases according to the relative intensities of the diffraction
peaks before and after the thermo-mechanical test (the latter will be shown in Section
4.3) 8],

The weight fraction of the three phase, monoclinic phase X,,, tetragonal/cubic

phase X;/ could be expressed by Equation 11, 12, respectively [*I:

1(111),,, + I(111),
X, = ——
[(11D) + [(111),, + 1(101),,

Equation 11

Xije =1— X Equation 12

where 1(111),,, I1(111),,, 1(101)/. are the integrated intensity from the

monoclinic (111), (111) peaks, the tetragonal/cubic (101) peak, respectively.
With basic calculation, X, = 88.246 wt% in CZ single crystals, while X, = 0 wt%
in CZ-Al composites. It proves that with the matrix constraint, all the CZ with

monoclinic phase zirconia were transferred into the tetragonal phase.

4.1.3 Chemical Composition Distribution at grain-scale

Since XRD gives an overall chemical composition in the bulk CZ-Al composites,
it is of great importance to develop a method for resolution at grain-scale, especially
when composition has strong effect on the SME and small volume pillar has been under

compression in the Section 4. 3.
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In order to have a clear view on the grain, SEM with EDX (Energy-dispersive X-

ray spectroscopy) detector is applied.

Spum

Figure 4. 5 EDX elemental maps of bulk CZ-Al composites, including the FESEM,

BSE image, diffraction band, and the oxygen, aluminum, zirconia and cerium mapping.

It is apparent that most of Al on the matrix have not been oxidized, while Zr, Ce,
and O distributed along the Al GB and stayed the same area, which indicated no atom
diffusion happened during the fabrication (Figure 4. 5).

FESEM-EDX system is of great convenience on microscale observation,
especially at grain boundaries. Whereas, the phase transition always happens at
nanoscale, and under the situation, TEM-EDX is much more helpful and will be

discussed later.

4.1.4 Crystal Orientation

Crystal orientation serves as one of the controlling factors of martensitic
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transformation behavior. The distribution of crystal orientation at grain-scale was
mapped with EBSD. Before EBSD, a proper sample surface is required to obtain better
results. With 2000# sandpaper grinding, as well as mounting (Simplimet 3000, Buehler,
US, Figure 4. 6 (a)), automatic grinding and polishing (AutoMet 300, Buehler, US,
Figure 4. 6 (b)), and final ion polishing (Fischione 1060, Funa, Shanghai, Figure 4. 6
(c)), samples could be detected via EBSD. To simplify the system and emphasize more
on the inner factor, 0-degree plane was prepared in advance from two samples, pure Al

and bulk CZ-Al, since 0-degree place reflected on the hot-pressing section morphology.

48]

Different planes will be discussed in future as a part of cofactor condition [

Figure 4. 6 Schematic diagram of EBSD specimen preparation via (a) mounting, (b)

grinding and polishing, (c) ion polishing.

With a tilted angle of 70° and high voltage of 20 kV, backscattered electrons (BSE)
can detect the crystal orientation based on the Kikuchi bands. In practice, a color
mapping image will be obtained by the reflection of BSE from the surface. As far as
zirconia ceramics, there are three phases, m, t, ¢ phase (mentioned in Chapter 2).
Inverse pole figure of t-phase zirconia and Al indicated phases are randomly distributed
and no texture formed during the fabrication (Figure 4. 7 (b), (d)). Herein, CZ single
crystal keeps a single orientation without subcrystalline. There is clear orientation
difference between Al matrix and CZ dopant. The interface relationship will be
explored later via TEM. With specific spot indexation, Kikuchi line pattern proved the
existence of t-phase ZrO; (Figure 4. 7 (e)).
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Kikuchi Line Indexation

Figure 4. 7 EBSD map of pure Al with (a) FESEM-BSE image, (b) IPY direction
pattern in inverse pole figure of Al, and bulk CZ-Al with (c) FESEM-BSE image, (d)
IPY direction pattern in inverse pole figure of t-phase ZrO:. (e) Kikuchi line pattern for

t-phase ZrO> in (c) highlighted with yellow frame.

4.2 Motivation for Small Volume

Previous work has done to know the structure of CZ-Al composites from
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composition to the distribution. Combined with the zirconia phase mentioned in
Chapter 2, zirconia phase in different samples can be concluded in Table 4. 1.

1. For pure ZrO; without any doping, it stays the monoclinic phase according to
the phase diagram. (presented by #1)

2. The major phase transfers to tetragonal phase with 12 mol% ceria doped in bulk
CZ. (presented by #2)

3. When CZ single crystals (diameter = 559.86+147.8nm, presented before) are
formed, there is no particles constraints surroundings as well as the diameter is
not small enough to form tetragonal phase, the monoclinic phase is the major.
(presented by #3)

4. With matrix constraint, tetragonal phase is the major in bulk CZ-Al. More
precise analysis on major phase will be conducted by Equation 3 in future.

(presented by #4)

Table 4. 1 Major phase of zirconia and domain factor in different samples.

Number Bulk Sample Major Phase Domain Factor
#1 Pure ZrO» m /
#2 Bulk CZ t Dopant Effect
#3 CZ Single Crystal m Surface Energy
#4 Bulk CZ-Al t Matrix Constraint

As the SMC research indicated, polycrystal ceramics are fragile and sensitive to
the external stimuli and cracks. With the small volume, the internal stress at the grain
boundaries will be released in time. In the meantime, bulk sample could only offer the
properties in a statistical meaning, blocking the way to test the enhancement of CZ
single crystals under different conditions (i.e. surface-to-volume ratio, numbers of CZ
in the pillar). In this case, it pays that micro-/nano- pillar at small volume with the

following thermo-mechanical test is an attempt for composites enhancement
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mechanism.

4.3 Thermo-Mechanical Characterization

Thermo-mechanical test was conducted based on structural condition. Both bulk

sample and small volume pillars were tested to reveal the enhancement mechanism.

4.3.1 Bulk CZ-Al

Vickers Hardness Testing (TMHV-1000 (Z), Shanghai Tuming Optical Instrument
Co., Ltd.) is a fundamental test with the advantage of great convenience and high
efficiency, which is always adopted as the first step for mechanical test.

Basically, CZ-Al has an average hardness 67.2% higher than Pure Al (Table 4. 2),

which offers a preliminary result for CZ single crystal enhancement at macroscale.

Table 4. 2 Hardness of Pure Al and bulk CZ-Al via Vickers hardness test.

Bulk Sample HV Enhancement
Pure Al 50.9+0.8
67.19%
Bulk CZ-Al 85.1+0.2

To obtain more accurate results, mechanical test was conducted further on the pure
Al and bulk CZ-Al, i.e. uniaxial tensile test and compression test via Universal Material
Test System (3340, Instron Co.) and analyzed on Bluehill Universal (Illinois Tool
Works Inc.), as is shown in Figure 4. 8 (a). The area marked with red frame can be
changed in a compression mode (Figure 4. 8 (b)) or tensile mode (Figure 4. 8 (¢)), and

each test used three specimens prepared in a pre-set size shown in Figure 4. 8 (e)-(g),
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marked as #1, #2, #3 with Comp. or Tens. and CZ-Al or Al.
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Figure 4. 8 Schematic diagrams of (a) Universal Material Test System, setup for (b)
compression mode and (c) tensile mode, pure Al specimens for (d) compression test, (¢)

tensile test, and bulk CZ-Al specimens for (f) compression test, (g) tensile test.

The stress-strain curve is plotted in Figure 4. 9. the test was done every time the
fracture happened, which corresponds to the cross with different color. In detail, ductile
fracture happened in compression test, while brittle fracture happened in tensile test.
From the curve, Young’s Modulus E shares similar results (CZ-Al relatively lower)
while all of them are far too low than the real case, which may be induced by testing
without extensometer limited to the bulk sample size and the space between the indenter.
More accurate data on tensile test will be explored in future. Whilst, the data can still
be used in extra evidence for CZ single crystal enhancement of strength as well as

toughness.
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tensile and compression test.
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From the engineering stress- engineering strain curve, the precise data of
parameters for mechanical test, i.e. yield strength o, tensile strength o, (for Tens.

#sample), compressive strength g, (for Comp. #sample) are concluded in Table 4. 3.

Table 4. 3 CZ-Al and Pure Al Parameters for Mechanical Test (Unit: MPa).

Sample Number o 0p/0pc Fracture Strain %
Comp. #1 - - -
Comp. #2 45.7 83.8 21.6
Al
Comp. #3 18.6 89.1 19.1
Ave. 32.2+13.6 86.5+2.7 20.3+1.3
Comp. #1 169.2 277.1 22.5
Comp. #2 189.1 295.9 21.8
CZ-Al
Comp. #3 178.3 258.7 20.9
Ave. 188.4+8.1 277.2+15.2 21.7+0.8
Tens. #1 - - -
Tens. #2 56.3 88.2 1.5
Al
Tens. #3 52.7 86.7 1.7
Ave. 54.5+1.8 87.4+0.7 1.6+0.1
Tens. #1 - - -
Tens. #2 89.0 135.9 3.8
CZ-Al
Tens. #3 71.7 191.3 4.2
Ave. 79.8+9.2 163.6+27.7 4.0+0.2

(Note: --- represents the failure from the mechanical test.)

The compressive yield strength of CZ-Al is 188.4£8.1 MPa, 486.0% higher than

that of pure Al. The tensile yield strength of CZ-Al is 79.8+9.2 MPa, 46.5% higher than

that of pure Al. Meanwhile, compressive strength of CZ-Alis 277.2+15.2 MPa, 220.6%

higher than that of Al, and tensile strength of CZ-Al is 163.6+27.7 MPa, 87.1% higher
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than Al. The compressive fracture strain of CZ-Al is 21.7%+0.8%, 6.9% higher than
pure Al, which is relatively close and indicated that Al matrix domains the ductility of
composites, CZ nanoparticles has limited effect on ductility. The tensile fracture strain
of CZ-Al is 4.0%+0.2%, 150.0% higher than that of pure Al, indicating CZ
nanoparticles could inhibit laminated structure from shear fracture to some extent.
More mechanism interpretation will be conducted in FESEM results.

The XRD spectra for CZ-Al #1 after uniaxial compression at 277MPa stress is
shown in Figure 4. 10. There exist mainly three phases, Al, tetragonal zirconia (t),
monoclinic zirconia (m). According to Equation 11, 12, phase weight ratio could be

calculated.

—— CZ Single Crystal
—— CZ-Al Pre Comp.
—— CZ-Al Post Comp.

mmm

Intensity (a.u.)

Al

A SE_

I 2 I J I 2 I = I = 1 o I

26 28 30 32 34 36 38 ' 40
2 theta (degree)

Figure 4. 10 XRD spectra in 25-40 degree for CZ and CZ-Al #1 bulk sample before
and after uniaxial compression, where the characteristic peaks and corresponding

crystal plane index (hkl) of Al, t-phase of zirconia, m-phase of zirconia are marked.

In sum, there is X;, = 0 wt% in post compressed CZ-Al bulk sample, which
indicated that no monoclinic zirconia was found in the post compression. There are

three reasons accounting for absence of m-ZrQO,.
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1. Only the phase of zirconia on the shear plane transformed;
2. Recovery to tetragonal phase when unloading;
3. 277MPa is the uniaxial compression force. The real stress passing on the CZ
in Al matrix may be smaller and cannot reach the critical stress.
Combined with the XRD data in Figure 4. 4, different phase weight ratios in CZ
single crystal, CZ-Al bulk sample and compressed CZ-Al bulk sample are summarized
in Figure 4. 11. According to the stress-induced martensite transformation, the phase

ratio results offer a good base for further analysis.
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Figure 4. 11 Different phase weight ratio in CZ single crystal, CZ-Al bulk sample and
compressed CZ-Al bulk sample.

Due to the low stress level of tensile test compared with compression test, and the
laminated structure induced by hot pressing, XRD is not the prior choice for tensile test
characterization. FESEM image of fracture section was presented in Figure 4. 12
combined with the engineering stress- engineering strain curve. As to pure Al #2, #3,
the laminated structure of Al flakes acts like a tide wave, which could account from the
tensile stress applied to induce the habitat plane slipping. As to CZ-Al #2, #3, the
section turns to be like a honeycomb made of Al, and CZ single crystals are decorated
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Figure 4. 12 FESEM of fracture section after uniaxial tensile test combined with

engineering stress- engineering strain corresponded with different sample.

Compared with the image of pure Al and pristine FIB section of FESEM image in
Figure 4. 1, the Al matrix in CZ-Al is more condensed with higher deformation and
CZ were detached from the hole possibly due to the absence of matrix and occurring
martensite transformation, which triggered the volume expansion and shear strain.

Herein, we suppose that when the stress on the CZ single crystals conducted from
Al matrix deformation is retracted, the martensite transformation will occur with which

the volume is expanded and shear strain is induced to enhance the matrix and have the
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CZ detached.

4.3.2 Small Volume CZ-Al Pillars

Based on the bulk sample test, small volume pillars prepared via FIB (presented in
Chapter 3) were under nanomechanical test, which was performed with Nano indenter
(G200, Agilent Technologies, Inc. and NanoFlip, Nanomechanics Inc.).

As far as G200 (Figure 4. 13 (a)), it is an ex-situ Nano indenter equipped with a
Berkovich-geometry diamond indenter with a maximum load around 500mN.

As far as NanoFlip (Figure 4. 13 (b)), different from G200, it is an in-situ Nano
indenter, which allows to operate in the SEM chamber with the real-time focus ion
beam and electron beam to record. The sample has a position perpendicular to the stage.

It provides a maximum load around 50mN and in-situ simultaneously SEM control.

Nano Indenter® G200

Ex-situ Indenter In-situ Indenter

- -~

Pillar
Sample Base

Figure 4. 13 Schematic diagrams of Nano indenter with (a) ex-situ G200, (b) in-situ
NanoFlip, and relative positions of pillar and indenter tips (c) in G200 without SEM,
and (d) in NanoFlip with SEM.
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Before the uniaxial compression, the pillars (with a one-degree taper) were aligned
according to the position of indenter, and strain rate was setto 5 X 10™% s~1, The stage
was tilted to 15 degree. In-situ compression was applied for real-time recording during

compression, and the results are presented in Figure 4. 14.

52° Side View

i _ Before Comp.
. X

75° Side View

During Comp. During Comp_.

90° Top View

Figure 4. 14 FESEM image of in-situ compression for CZ-Al #1 (left) and CZ-Al #2
(right) in different period of time, before, during and after compression (abbr. Comp.)
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with related to 52° side view, 75° side view and 90° top view, respectively.

Two pillars, marked as CZ-Al #1 (left, with rich amount of CZ inside the pillar)
and CZ-Al #2 (right, with poor amount of CZ inside the pillar). From the process, CZ-
Al #1 underwent the fracture, mainly because of the crack initiated from the surface
where CZ single crystals covered. The mismatch between CZ single crystals and Al
matrix is normally easy to cause the fracture. An interesting phenomenon happened
when the slipping plane was along 30-degree plane instead of 45-degree plane as
normally the maximum shear stress lays in CZ-Al #1. While CZ-Al #2 underwent the
ductile fracture with obvious twinning bands.

The deformation could be combined with the stress-strain curve according to the
factor of time. The pseudocode for combining real-time deformation video with stress-
strain curve according to the factor of time is shown in Table 4. 4. The image
demonstrated the pillar shape during compression was obtained in this method (Figure
4. 14 and the whole in-situ characterization will be shown in Appendix I. In spite that
the image is blurry due to real-time recording, it is enough for observing the fracture
behavior. More accurate characterization for dislocation movement, phase transition

will be detected via TEM.

Table 4. 4 Pseudocode for combining real-time deformation video with stress-strain

curve according to the factor of time.

Main Program Function Program

1). Set the input parameter;
1). Read the video;

2). Synchronize the time;
2). Combine video and curve;

3). Initialize the image from raw video;
3). Then, show the image.

4). Output the frame and object.

From the whole compression video and shortcut shown in Figure 4. 15, cracking
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was initiated at the place where CZ single crystals located and marked with white frame.
CZ-Al #1 with rich CZ has higher yield strength (181.5MPa) than CZ-Al #2 with poor
CZ (136.6MPa), while CZ-Al #2 shows large ductility to 35%, higher than CZ-Al #1
with 15%. There are lots of small burst (or stages) during the flow stress, mainly
because of the movement of different slip planes, dislocation in the Al matrix as well
as mismatch by different crystal orientation at the interface of CZ/Al, which will be

proved via TEM.
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Figure 4. 15 Stress-Strain Curve of in-situ compression test combined with the real-
time image at the time of the red spot standing by, presenting the point of yield strength
of CZ Al #1, #2, respectively.

Based on the in-situ compression test, an ex-situ compression test via G200 was
done for better analyzing. CZ-Al pillar #3 and pure Al pillar with 2 pm were compressed
under the condition same as in-situ test (Figure 4. 16). Series of “burst” phenomena

occurred during flow stress stage in both CZ-Al and pure Al, which could be attributed
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to Al slipping and the dislocation sink in Al/CZ interface 871, CZ-Al pillar possessed
with extremely higher yield strength (521.3 MPa) compared to Al pillar with only 62.6
MPa.

—
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Figure 4. 16 (a) Stress-Strain Curve of ex-situ compression test for CZ-Al pillar #3 and
pure Al pillar, and (b) the detail in green area zooming in, with FESEM image of post-

compressed pillar morphology of (¢) CZ-Al #3 and (d) pure Al

Compared with the bulk sample test and in-situ test, the yield strength and
compressive strength were differed a lot (Table 4. 5). Simply concerned with CZ-Al
pillar #1 and #2, it shares nearly close result to bulk sample. Whilst, CZ-Al pillar #3
offers a totally different fact that size effect did affect the strengthening process. 2 um
diameter is enough for revealing the size effect. The reason for CZ-Al #1 and #2 in low
strength may account from:

1. Friction induced horizontal shear stress by stage shifting;

2. CZ particles decorated on the surface initiating cracks;
63



>‘\
TESN

VX & R4 A f—z Development and Mechanical Behavior of Aluminum Matrix Composite
HANGHAI IO TONG UNIveRsi Reinforced by Shape Memory Ceramics

3. Low CZ particles containing.

Table 4. 5 Parameters for Mechanical Test of CZ-Al bulk sample and micropillar at

small volume (Unit: MPa)

Sample o Opc
Bulk Ave 188.4 277.2
Pillar #1 181.5 220.3
CZ
Pillar #2 136.6 138.5
Pillar #3 521.3 /
Al
Pillar 62.6 /

To further explore the strengthening mechanism, Transmission Electron
Microscopy (TEM, JEOL JEM-2100F) is utilized to observe the zirconia phase
transformation one spot by one spot, and dislocation movement in Al matrix. A suitable
TEM specimen size is required. Owing to the properties of CZ-Al composites, focus
ion beam (FIB) is considered for thinning. The section thickness of bulk CZ-Al or CZ-
Al pillar can be milled to several hundred nanometers via FIB (Figure 4. 17). CZ-Al
#1 sample after compression was taken.

With the help of TEM sample, a clear microstructure can be obtained. Coated with
platinum (Pt) as a protection layer, the morphology of bending pillar is shown due to
the difference in contrast and marked with yellow curve in Figure 4. 17 (b). It has to
be mentioned that Pt was coated in two steps, firstly with electron beam at high beam
current, secondly with ion beam at low beam current. That is how the two different Pt
layers formed.

There still remains CZ in the pillar, which almost distributed along the surface of

pillar. Combined with the CZ-Al structure, for CZ-Al #1, it can be inferred that there is
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only one or limited Al grain with the CZ single crystals decorated on the surface (Figure

4.17 (a)).

Figure 4. 17 TEM preparation of CZ-Al #1 sample after compression via FIB thinning
with (a) different composition on the sample marked in red arrows, and (b) contour of

pillar after compression.

Selected Area Electron Diffraction (SAED) is employed for zirconia phase
identification. In the meantime, with Fourier Transformation, the SAED results could
be combined with High Resolution TEM (HR-TEM). In this case, four different spots
were selected, marked as Spot #1, Spot #2, Spot #3 and Spot #4. With proper Kikuchi
line manipulation, clear images with light spot were obtained. With indexation, the
phase of zirconia as well as the zoom axis are shown in Figure 4. 18. It could be inferred
that zirconia at Spot #1, #2 and #4 were transformed to monoclinic phase, while no
obvious transformation at Spot #3. Possible reasons for the case lie in the matrix
constraint of Spot #3 is higher than others which are all near the surface of pillar, or the
different orientation induced less stress on the CZ . Furthermore, the martensite
transformation at Spot #1,2,4 indicates a strain energy released. Based on the previous
work 21 the stress conducted from Al matrix during compression triggered the
martensite transformation, which induced volume expansion and strain stress, thus
having CZ-Al reinforced, which is shown in Table 4. 5.

In fact, the ion milling during the preparation may decrease the matrix constraint
on CZ single crystals (TEM specimen has a thickness around 100nm). More accurate
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conclusions will be conducted in CZ-Al pillar before compression via SAED. Anyway,
the SAED results proved that the Al matrix constraint retained the martensite

transformation ability of CZ single crystals, which offers a potential for SME in future.

Monoclinic, 2=[123] Monaclinic, Z=[110]

Tetragonal, Z=[010] Monoclinic, Z=[011]

‘ A
Figure 4. 18 TEM characterization of CZ-Al pillar #1 with 4 spots on CZ single crystals

SAED image with yellow, orange, green and blue frame.

1

< TPz
o S

o
111

Aluminum, Z=[011]

(O]
®

Dual Beam Condition

Figure 4. 19 TEM image of dislocation distributed near the AI/CZ interface under dual

beam condition with Al zone axis =[011].
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To estimate the matrix constraint, SAED on Al matrix with [011] zone axis was
indexed. Under the condition of dual beam, a series of geometrically necessary
dislocations (GND) near the Al/CZ interface micro-region were marked in Figure 4.
19, thus inducing obvious strain hardening of the Al matrix. Therefore, the enhancement
in strength and hardness of the composite has been proved to come from the combined

effect of the loading of the nanoparticles and the strain hardening of the Al matrix.

4.4 Conclusive Remarks

This chapter presented a systematic characterization method on morphology, phase
composition, crystal orientation and mechanical test for bulk CZ-Al and CZ-Al
micropillar at small volume. The conclusion lies on:

1. Revealing that CZ-Al has an average hardness 67.2% higher than Pure Al, and

an average yield strength 159.3 MPa (486%) higher than Pure Al, with over 20%
strain to fracture.

2. Explaining the mechanism of different state (martensite or tetragonal) of
zirconia in several sample, i.e. pure zirconia, CZ bulk sample, CZ single crystal,
CZ-Al bulk sample and micropillar, based on the energy term.

3. Stating the reinforcement of CZ single crystal in Al matrix, which accounts
from stress-induced martensite transformation. It caused the volume expansion
and shear stress, inducing dislocation accretion and enhance the strength of CZ-
Al

4. Stating the martensite transformation in pillar compression at microscale and
understanding the fracture mechanism with small volume pillar under in-situ

compression.
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Chapter 5 Impact and Future Work

This chapter makes conclusion on the thesis with the foundation of hypothesis to be
proven. It contains the basic horizon of Cerium doped Zirconia reinforced Aluminum
Matrix Composites (CZ-Al) fabrication and characterization methodology. Future work,

improvement of experimental design and opening problems are listed.

5.1 Summary and Implications

In the project, we propose that compositing or incorporating other functional
materials as shape memory composites, may lead to some promising properties and
behaviors as a bulk sample with shape memory effect. To prove the hypothesis, we
have developed a new CZ-Al shape memory composite. A complete fabrication method
was explored, including ball milling and hot-pressing densification.

A systematic characterization on CZ-Al revealed that laminated structure and basic
mechanical properties. The study of stress-induced martensite transformation guides us
to explore the reinforcing mechanism.

The CZ-Al micro-pillars demonstrated the mechanical behaviors comparable with
the corresponding bulk sample, with the aim of exploring size effect and matrix
constraint as well as strengthening mechanism.

The shape memory composites made at macro- and microscale offers a tremendous
horizon for future materials development and in-depth mechanistic studies. Meanwhile,
the reinforcing mechanism was revealed according to the structure-property
relationship, which could also expand the application field like self-healing, energy

damping, actuator and sensing.
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5.1.1 Proven of hypothesis

In Chapter 1, we proposed that with the fabrication of CZ-Al, 12 mol% CZ single
crystal can be stabilized in tetragonal phase when compositing in Aluminum matrix
composite. Two parts will be carried out to prove the hypothesis, one in theoretical
calculation, one in experimental characterization.

In previous work from Lai et al. [*2], 14 mol% Cerium doped Zirconia single crystal

is a critical content of dopant for monoclinic phase transforming to tetragonal phase.

100 ® e 100
-
@ 80 » % Tetragonal 180 o
p. % Monoclinic 3
o 60 160 %
- [
£ c
E S
2 40t 440 S
e ]
2 -
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20 =420
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6 8 10 12 14 16 18 20 22

Composition (mol% CeO2)

Figure 5. 1 Schematic illustration of different composition of CeO; related to the

content of Monoclinic/Tetragonal phase in CeO,-ZrO; system [22],

In our own shape memory composites system, 12 mol% CZ single crystal was
incorporated in the Al matrix. Simply concerned about 12 mol% CZ single crystal,

according to the dopant effect equation summarized in Chapter 2:
Ar =1280.52 — 78.68(, °C Equation 13

12 mol% CZ has a martensite transformation temperature (MTT) with: Ag =

236.36°C, My = 28.57°C,Af = 336.36°C. With Al matrix constraint, the residual
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stress during hot-pressing test will further increase strain energy term AU, in the
Equation 3, in this case, to make the transformation occur, transformation temperature
has to be increased, which inhibits the reverse martensite transformation at room
temperature, only when other factor changes, i.e. test temperature increases, will
austenite form. From the perspective of energy term, the effect could be equal to the
increasing composition of CeOz, which leading to the stabilization of tetragonal phase
of ZrO, at room temperature. The hypothesis is proven in theoretical calculation.
Experimental characterization was done via compression test at the microscale and
macroscale. From XRD, EBSD, both bulk sample and micro-pillar before compression
was fully retained in the tetragonal state, without reverse martensite transformation
occur. Herein, based on the first hypothesis, we suppose another one to further utilize
the SME in strengthening mechanism, the stress on the CZ single crystals conducted
from Al matrix deformation will induce phase transition, with which the volume is
expanded and shear strain is induced to enhance the matrix and have the CZ detached.
In fact, there might be small amount of monoclinic phase transferred into
tetragonal phase during unloading. More works (e.g. synchrotron radiation X-ray

diffraction) will be carried on.

5.1.2 Conclusive Implications

In this study, we prepared 12mol% cerium-doped zirconia single crystalline
nanoparticles reinforced aluminum matrix composite (CZ-Al) via a powder metallurgy
approach, in which the mass fraction of the particle reinforcement was 30 wt%.
Electron microscopy revealed that the mechanical ball milling and subsequent high
temperature densification process generated a laminated ultrafine-grained
microstructure in the Al matrix, and the CZ nanoparticles were preferentially
distributed on the interlayer interface of the Al matrix. The density of the CZ-Al
composite was 3.22 g/cm’ using the Archimedes method, approaching a relatively
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density of almost 100%. The Vickers hardness of the composite was found to be
85.1+0.2, approximately 67.2% higher than that of pure Al prepared by the same
process. The compressive yield strength is 188.4+8.1 MPa, 486.0% higher than that of
pure Al. Compressive fracture strain of CZ-Al and pure Al were both around 20%,
while the tensile fracture strain of CZ-Al was ~150% higher than that of pure Al.
Therefore, these preliminary results showed considerable strengthening-toughening
effect of the CZ-Al composite.

12mol% cerium-doped zirconia single crystal (CZ) is stable in monoclinic phase
at room temperature and stable in tetragonal phase at the temperature higher than
austenite finish temperature of 336°C. However, it was shown by X-ray diffraction that
zirconia in the prepared CZ-Al composite is in 100% tetragonal phase at room
temperature, suggesting that Al matrix had a constraint on the reverse martensite
transformation upon cooling from the high temperature densification. Since the
martensite transformation of zirconia is accompanied by a volume change of 4-5% and
a shear strain of 14-15%, such an observation indicated that there must be a large
number of geometrically necessary dislocations (GNDs) and residuals stress (strain)
around the CZ nanoparticles, thus inducing obvious strain hardening of the Al matrix
near the interface micro-region. Therefore, the enhancement in strength and hardness
of the composite compared to pure Al may come from the combined effect of the load-
sharing of the nanoparticles and the strain hardening of the Al matrix.

The preparation of CZ-Al micropillars with a diameter of ~ 2 um further presented
that compressive yield strength was 521.21MPa, 710% higher than that of pure Al pillar.
Transmission electron microscopic (TEM) analysis on post-compression CZ-Al pillars
revealed that zirconia phase in most of CZ particles were transformed from tetragonal
phase into monoclinic phase. The presence of abundant GNDs near the particle/matrix
interface, and the dislocation density generally decreased away from the interface,
proved the strengthening mechanism of CZ nanoparticles proposed above.

In summary, zirconia ceramic particles reinforced Al-based composites were
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prepared and their microstructure and mechanical behavior were characterized. It is
shown that the composite material had an obvious mechanical property enhancement
effect compared with the pure Al matrix fabricated by the same process. Further work
will focus on further optimization of the fabrication process, as well as further detailed

interpretation of the interface properties and deformation mechanism of the composite.

5.2 Future Work

Reviewing the whole project to date, we have focused more on stress-induced
martensite transformation (SIMT), which has a deep learning in sample state at room
temperature, while in some cases, limits our analysis of the whole process. Moreover,
modeling of SMc will be carried out to estimate the stress on CZ applied by Al matrix
during transformation, which may provide guidance to the suitable weight ratio of Al
and CZ in the SMc. Considering the distribution of CZ in Al matrix, other fabrication

methods will be designed for a controllable CZ-Al structure in future.

5.2.1 Thermo-induced Martensite Transformation

Otsuka et al. ¥ reported that thermodynamic martensite transformation is
controlled by several factors, where stress and temperature are normally the
distinguished external factors, which divided the diagram (shown in Figure 5. 2) into
different functional area. There is a critical stress for slip at different temperature owing
to activation energy, and a critical stress to induce martensite transformation when
temperature is higher than Ms. Shape Memory Effect and Superelasticity (or
Pseudoelasticity) are differentiated by As (austenite start temperature), featured with

SME below As and SE above As.
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Figure 5. 2 Schematic diagram of thermodynamic martensite transformation controlled
by stress and time, which divided the diagram into Shape Memory Effect and
Superelasticity 8%,

In our studies about the SIMT, CZ-Al bulk sample or pillar was compressed at
room temperature, where shape memory effect dominates. More researches will be
conducted at elevated temperatures, with the purpose of inducing the shape recovery

of CZ single crystal as well as cyclic stress to obtain superelasticity.

5.2.2 Modeling for CZ-Al composites

Basic modeling has contributed to analysis of structure and composite distribution.
As to CZ-Al system aforementioned, Al matrix always tends to deform first, then pass
through a stress with certain crystal orientation. Supposing the post-compressed CZ-Al
pillar or bulk sample is heated, the CZ single crystals will recover first, while brings

about a residual stress induced by coefficient of thermal expansion (CTE) and have
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effect on Al matrix. The whole process could be treated as a cyclic relaxation system,
with a transformation time lag. Whereas, it is still difficult to estimate the real stress on
CZ conducted from Al matrix during transformation. Moreover, to guide the suitable
weight ratio of Al and CZ in the SMc and figure out the critical transition temperature
and stress under different condition, it is essential to establish a modeling procedure for
CZ-Al system.

Finite element analysis (FEA) is outstanding among the numerical simulation due
to the suitable size and easy for parameter setting *°!. Lots of works have explored
different case in particle reinforced metal matrix composites (PMMC) about the stress

distribution 11, which is similar to the case of CZ-Al.

(a) (b)

Figure 5. 3 Schematic illustration of core-shell structure modelling via FEA !

89]

Based on the previous work, a simple system is shown to explain the approach and
the goal of modeling in CZ-Al system (Figure 5. 4). With modelling method, the

experimental design will move to a more reasonable manner.
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Finite Element Analysis (FEA)

1 J

CZ Single Crystal Pillar with d.g=2 um Cylinder with d=2 mm
with 500 nm (aspect ratio 3:1) (aspect ratio 2:1)

Transition temperature Strengthening Mechanism
Critical stress Stress Distribution

Phase weight ratio Matrix Constraint

Figure 5. 4 Finite element method applied in modeling CZ-Al system and the input-

output data.

5.2.3 Improvement of Fabrication Method

Concerned with CZ-Al, it is hard to maintain the ZrO»/Al microstructure with good
dispersion and distribution via ball milling and hot-pressing fabrication method. In case
of the previous work, 12mol% cerium doped zirconia (CZ) particles are randomly
decorated along the Al grain boundary, mainly because of the pre-set location.

In future, new fabrication method will be explored, to achieve the controllable
processing. With good dispersive structure and CZ single crystals inside the Al grain if
possible, mechanical properties and SME are expected to be enhanced.

Aghajanian et al. % reported a Al matrix composites with several fillers, i.e.
particles, agglomerates, and fibres via pressureless infiltration method. A strong bond
between metal and ceramic was formed due to the enhanced wetting provided, which
exhibits favorable structural properties, i.e. high stiffness and low CTE. Based on the
previous work, a simply Schematic illustration of CZ-Al fabrication method with

infiltration is shown in Figure 5. 5. The CZ single crystals are set into a container to
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form a pre-form, followed by pouring in melted Al bulk sample and then hot pressing.
With a suitable parameter and protocol optimization, a controllable system could

be obtained, as well as advanced structure-properties relationship.

Al Bulk Sample

Melted and pour in

cz Pre-form

\ ...00 .
o Y

® 00 .J.fs_;.':’ o

Figure 5. 5 Schematic illustration of CZ-Al fabrication method with infiltration.
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APPENDIX

I. Whole Process of in-situ Compression

CZ-Al Pillar #1 in-situ Compression: (Strain Rate =5 x 10™%)

t = 0 s (Engineering strain=0)
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CZ-Al Pillar #2 in-situ Compression: t = 0 s (Engineering strain=0)
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