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Abstract

This research project lies at the intersection of two classes of materials, namely superelastic
materials and granular materials, each known for their ability to dissipate large amounts of
kinetic energy. Because of their energy-absorbing properties, superelastic granular materials are
of interest for development into applications involving force protection. Quasi-static, closed-die
compression tests were conducted on granular packings of ceria-doped zirconia, a material which
is well-known to exhibit shape memory and superelastic behavior. The doping level of ceria in
the zirconia system was controlled to experimentally determine the mole percent for optimal
energy dissipation in a granular packing. Various particle size distributions were selected to study
mechanisms of energy dissipation in a granular packing including particle friction, fracture, and
martensitic phase transformation. To study the behavior of encapsulated shape memory and
superelastic zirconia particles, composites were fabricated using polyurea as a matrix material,
and the bonding between the zirconia particles and polyurea matrix was studied along with
mechanical properties. Finally, the effect of high strain rate impact was observed on ceria-doped
zirconia pellets using laser induced particle impact testing (LIPIT) which launches single,
micron-sized particles at high velocities. This thesis provides further insight into the mechanical
behavior of granular superelastic ceramics under different constraints and loading conditions
while optimizing for energy dissipation.
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Chapter 1: Introduction to shape memory

and granular materials

Materials can absorb and dissipate mechanical energy by a number of mechanisms

including martensitic phase transformations [1], mechanical twinning [2], friction [3], plasticity

[4], and fracture [4]. These mechanisms of energy dissipation are often irreversible like in the

case of friction or fracture, while other phenomena like superelasticity (which involves a stress-

induced martensitic phase transformation) have been shown to be reversible. In this work, I

studied mechanical energy dissipation in granular shape memory and superelastic materials as a

means to provide protection from impact forces and endeavored to elucidate the macroscopic

behavior of superelastic ceramic granular packings. Superelastic ceramics were of interest for

further investigation because of their enormous energy dissipation capacity. Ceria-doped

zirconia, which is well-known to display the shape memory and superelastic effects [5], was the

specific material system for this study. The objective was to determine the contributions of the

superelastic and shape memory effects to mechanical energy absorption of the granular media

when the loading conditions and strain rates were varied. The effects of doping level, particle

size distribution, and grain size on energy absorption were also explored for granular packings in

closed-die compression. In another study that will be discussed, zirconia particles were

suspended in a polymer matrix to study the effect that constraining the particles has on

superelasticity and energy absorption. Finally, the high strain rate behavior of ceria-doped

zirconia was studied using an experimental technique called laser-induced particle impact testing

(LIPIT) which involved launching particles at very high velocities at transforming and non-

transforming substrates and comparing their behaviors.

1.1 A brief history of shape memory and superelastic materials

A material with shape memory behavior was first identified in the early 1930s by Olander

[6] who was investigating different compositions of cadmium-gold alloys for use as electrodes.

While completing the cadmium-gold phase diagram, he made note of the mechanical properties
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of each alloy; one alloy made into a 1 mm wire and containing 47.5% cadmium he described as

"so elastic it almost reminded of rubber" [6]. This 'rubbery' alloy was further investigated by

Chang and Read [7] a few decades later; they found that a diffusionless phase transformation in

the alloy occurs both upon heating and cooling, and that the temperature at which these

transformations occur can be influenced by applying a stress to the material [7]. The effects of

temperature and stress on martensitic phase transformations will be discussed further in the

following section. As noted by Lieberman et al. [8], recoverable strains of up to 8% can be

realized in this cadmium-gold alloy. This 'memory' of the material upon the removal of stress

was defined as the ability to have full crystallographic and morphological recovery during a

constant temperature process [8].

a) 7b

Figure 1: A comparison between (a) conventional aluminum tires on the Curiosity rover
compared to (b) tires made from superelastic Nitinol. Much less damage is incurred by the
superelastic tires as they are designed to withstand greater stresses and strains while also being
lighter and having better traction (images from NASA) [9].

Moving forward to the present day, many other alloys displaying this behavior have been

discovered including one of the most widely used, Nitinol. This is an alloy made up of

approximately equiatomic nickel and titanium, and it can be found in a wide variety of

applications including use as heart stents [10] and as an alternative to pneumatic tires as part of

NASA's lunar and Martian rovers [9]. Nitinol is used for these applications because of its ability

to repeatedly recover from large strains and absorb impact forces that would cause failure in

conventional materials. The superelastic properties of Nitinol have been demonstrated (see
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Figure 1) and proven to be superior for use in tires for outer space exploration due to an ability to

show recoverable strain at extreme temperatures.

Apart from metallic alloys, shape memory polymers [11] and ceramics [12] are also well

documented, and these materials have been studied for various applications ranging from self-

repairing auto-bodies to braces for orthodontics. Most important for this work, however, is the

shape memory and superelastic effects in zirconia. Much research has been conducted looking

into these effects in small volume materials such as micropillars [5,13-16] and microparticles

[17,18] due to the fact that accompanying the martensitic phase transformation, there is

incompatibility between the lattices of the two phases which results in fracture upon

transformation in bulk polycrystalline samples [19]. The ability to scale these materials up to the

macro level has been achieved by producing shape memory ceramic foams which take advantage

of thin, oligocrystalline cell walls to minimize fracture of the material upon transformation [20].

Another promising method to achieve shape memory and superelastic behavior in ceria-doped

zirconia is through granular materials [21,22]. Shape memory ceramics have the potential to be

important engineering materials for actuation and other applications that require large amounts of

mechanical energy to be absorbed, as their ability to do this is unrivaled as shown in Figure 2.

2000 102

Shape Memory
1Ceramic Micro-pillar

1500 ria Granular Shape
znMemory Ceramics

COC1000 - 10°

500 e 10- t Shape Memory
IMetal Micro-pillar

NW 0 Metal Micro-wire
0 CN 0 2AI -2

0 1 2 3 4 5 6 7 10- 10- 104 10- 10-2

Strain(%) Length Scale (m)

Figure 2: Stress-strain curves of superelastic zirconia, NiTi, and CuNiAl (left) showing large
hysteresis indicative of greater energy dissipation [5]. A plot of energy dissipation density vs.
length scale shows the superior energy dissipation properties of shape memory ceramics [21].
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1.2 The shape memory effect and superelasticity

The objective of the overall project was to study two particular phenomena called the

shape memory effect and superelasticity; each are well known to dissipate large amounts of

mechanical energy in metals and ceramics. The shape memory effect and superelasticity are

martensitic phase transformations where large shear forces within a material rearrange the atoms,

but no diffusion takes places [23]. These transformations are also characterized as displacive

transformations and are accompanied by a volume change of the material. A martensitic phase

transformation occurs when the deviatoric stress causes a distortion of the crystal lattice resulting

in a change in crystal structure. Therefore, the short range order remains the same, but the long

range order changes [24]. There are two phases that are important in this process: the high

temperature phase is known as austenite and the low temperature phase is called martensite.

Specific to the zirconia system that is the focus of this thesis, austenite corresponds to the

tetragonal phase whereas martensite corresponds to the monoclinic phase [25].

The shape memory effect is illustrated in Figure 3 [26]. Shape memory behavior occurs

when twinned martensite is placed under mechanical stress. This stress causes the twinned

martensite to detwin, resulting in a deformed material. The material's 'memory' comes from the

ability of this material to recover this deformation during a heating process. The material is

heated to above the austenite finish temperature, Af, and after cooling below the martensite finish

temperature, Mf, the undeformed, twinned martensite is recovered as well as the original shape.

The four characteristic temperatures: austenite start, As, austenite finish, A, martensite start, Ms,

and martensite finish, Mf are used to describe the extent of the phase transformation with

temperature [24]. The percent composition of the austenite and martensite phases are shown as a

function of temperature in Figure 3 and highlight the characteristic temperatures. This cycle can

theoretically be repeated many times, although dislocation pile up and internal cracking due to

stress concentrations at grain boundaries from applied thermal and mechanical stresses can result

in failure of the material if it is not properly annealed between cycles [27].
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Figure 3: A depiction of shape memory material behavior (a) from detwinning of martensite
during mechanical deformation to heating above the austenite finish temperature and cooling
below the martensite finish temperature to recover the original crystal structure and shape of the
material. The chart in (b) shows the temperature induced martensitic phase transformation and
the changes in austenite content as a function of temperature, highlighting the austenite and
martensite start and finish temperatures [26].

In order to see the shape memory effect, the material needs to be at a temperature below

the martensite finish temperature, whereas for the superelastic effect, the material needs to be

above the austenite finish temperature. In this temperature regime, the material is stable in the

austenite phase. When stress is applied to the material, the austenite transforms to martensite, but

when the stress is removed, the material transforms back into the austenite phase. Figure 4 shows

the characteristic stress/strain curve of superelastic zirconia with the phases denoted at each step

of the transformation (T stands for tetragonal and M stands for monoclinic) [28].

JA

C

L.a,

SE

T M

T M T > Af

Strain

Figure 4: Characteristic stress/strain curve for superelastic materials [28].
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So far only stress-induced and temperature-induced martensitic transformations have

been discussed. Because these transformations are inherently linked to the thermodynamics of

the system, these transformations can be expressed using the Clausius-Clapeyron equation as:

do_ -AS (1)
dTE

where - is the uniaxial stress, T is the transformation temperature, AS is the entropy of

transformation, and , is the strain [27].

An important aspect to note about the martensitic transformation in zirconia is that it is

orientation dependent, and that the grain size directly effects the transformation stress. Zeng et al.

demonstrated that in single crystal micropillars made from yttria and titania doped zirconia, that

depending on the orientation of the pillar, a compression test could result in transformation, slip,

or fracture [14]. The orientation dependence on transformation will be shown in a granular

packing in the compression testing results section, as the compression test induces texture on the

granular packing because only some particles are favorably oriented to transform; this can be

demonstrated by looking at the XRD patterns of compressed powder in pellet form vs.

compressed powder that has been returned to its powdered form and therefore is randomly

oriented again. The transformation stress of each orientation is different, and for some

orientations, the stress needed to cause slip or fracture is less than the stress to induce

transformation, so this is why in some cases, transformation doesn't occur. The single-crystal

size effect shown in superelastic ceramics is actually the opposite of the size effect shown in

superelastic alloys. It has been shown that increasing the grain size in the single-crystal yttria-

titania-zirconia system results in an increase in transformation stress [14], and that this size effect

is also orientation dependent: the rate of increase in transformation stress vs. grain size differs

based on orientation.

Moving to single particles, the crystallinity of the individual particle in compression is

suggestive of the behavior that it will exhibit upon cyclically loading and unloading. If a particle

is polycrystalline, it won't be able to survive loading and unloading cycles if a transformation is
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triggered for the same reason why a bulk superelastic polycrystalline ceramic won't survive

(incompatibility of the lattices of the two phases). An oligocrystalline particle has the potential to

be cycled many times. However, a single crystal particle has been shown to have the ability to be

cycled hundreds of times [18]. In a granular packing, the fracture of poly- and oligocrystalline

particles upon transformation would contribute to the overall energy dissipated. The fragments

would still be able to transform like a single crystal particle, and this cycle could occur many

times where a particle would fracture into smaller particles until the smaller particles reached a

critical size where transformation is thermodynamically unfavorable to occur. These particles

would be permanently stable in the austenite phase and the transformation stress isn't accessible.

1.3 Introduction to behavior of granular materials

Granular materials are one of the most highly processed on the planet, and understanding

their behavior is essential for engineering applications such as construction and transportation,

the food industry, the pharmaceutical industry, and many more. Problems involving granular

materials ranging anywhere from determining the flow rate of sand coming out of a truck to

provide traction on an icy road to figuring out the pressure needed to consolidate powdered drugs

in a pill press can be found across many industries. Granular materials also have the interesting

characteristic of being able to act as a solid, liquid, or gas depending on the conditions [29], but a

key property of these materials is the ability to dissipate large amounts of kinetic energy. This is

a rather intuitive property, and many examples of it can be found such as using sand bags as

protection from projectiles in war or observing an asteroid upon impact with the ground. The

cause of the energy dissipation in rigid particles in a granular packing is largely due to

interparticle friction (particles rolling and sliding past each other) and intraparticle fracture

(when the stress on the particles exceeds their strength).

Granular materials distribute loads by means of force chains which means that the load is

never evenly distributed throughout the packing [29-31]. Individual particles, connected by

compressive forces create these chains and are formed because of disorder in the granular

packing system including non-uniform packing, different particles sizes and shapes, etc. and act

as bridges or arches around other particles which results in some particles receiving more or less
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of the load applied to the whole of the granular packing. It has been shown that individual

particles can experience over four times the average applied load for a granular packing under

compression while others are completely shielded from experiencing any of the applied load

[31]. Force chains are transient, so during a loading and unloading cycle, particles experience

different loads and loading conditions (number of contact points, magnitude and direction of

loading, etc.). Depending on the rigidity of the particles, forces propagate throughout the media

in different ways. For example, hard particles form distinct, sparse, branch-like force chains,

while softer particles form a "dense force structure that propagates with a well-defined front"

[32]. Understanding the behavior of force chains is critical to understand phase transformation in

a superelastic granular packing, and the concept of force chains will be used in the analysis of

energy dissipation in samples with different particle sizes and distributions.

There has been much research dedicated to understanding the behavior of granular

packings in a closed-die compression setup. According to the work of Hendron, Jr. et al., there

are four distinct regimes of the stress-strain curve for one dimensional compression of a granular

material [33]. Corresponding to each of the regimes was dominant modes of energy absorption in

the material. Regime I occurs at low stresses where the individual particles are allowed to roll

and slide past each other, dissipating energy by friction. At a certain point, the packing achieves a

certain density where the particles aren't free to move past each other, so they lock up. This

describes Regime 2, a non-linear elastic region, where the locked particles can be modeled using

the Hertzian contact laws. Regime 3 commences when the stress on the granular packing causes

the particles to fracture and rearrange to fill in the newly available space. The dominant energy

dissipation mechanism is through particle fracture, but there is some contribution from the

frictional contact between particles. Finally, Regime 4 occurs when the particles lock again, and

the cycle continues [33]. The granular packing alternates between non-linear elasticity when the

particles lock and other modes when particles fracture.

1.4 Behavior of granular superelastic ceria-doped zirconia

This work builds off of previous research studying mechanical energy absorption by

granular materials that have the ability to undergo stress-induced martensitic phase

transformations. Yu et al. published the first paper on granular packings of ceria-doped zirconia
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in which they observed that transforming powders behave differently from non-transforming

powders [21]. This can be shown using mechanical testing of the powders in closed-die

compression and characterization of the powders before and after compression. The behavior can

be seen explicitly in the form that the force-displacement curves take, the amount of energy

dissipated by the granular packings in each loading cycle, and the change in intensity of the

characteristic peaks when x-ray diffraction is performed before and after compression.

Temperature
r

i;S2'E

3S'S

Mf M, As   A1

Figure 5: Highlights the three main regimes for the ceria-doped zirconia powders for
compression [21].

Yu et al. produced several compositions of ceria-doped zirconia powder in order to

characterize the behavior of the particles located in different 'regimes' (different from the

regimes of closed-die compression of granular materials) [21]. These regimes are shown in

Figure 5 and are referred to as the shape memory regime, the intermediate regime, and the

superelastic regime. Since all of the compression tests were done at room temperature, each of

the three batches of powder were doped to be stable in the desired regime at room temperature.

However, through either heating or cooling, each of the batches could be pushed into either of

the three regimes because of the nature of shape memory materials. For example, a material in

the superelastic regime (which is above Af) could be brought to the intermediate regime and

subsequently the shape memory regime simply by reducing the temperature.

From the stress vs. temperature plot in Figure 5, the first regime known as shape memory

occurs when the material is at a temperature lower than the Mf, and for the ceria-zirconia system

is stable in the monoclinic phase. The intermediate regime occurs when the material is at a

temperature in between the martensite start and austenite start temperatures and is metastable in
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the tetragonal phase. These powders were annealed at high temperatures so from the ceria-

zirconia phase diagram and from quantifying phase percentages using x-ray diffraction, one can

observe that upon cooling, the powders would indeed still be in the tetragonal phase. The

superelastic regime occurs at temperatures greater than the austenite finish temperature;

accordingly, the material is stable in the tetragonal phase.

Four compositions of doped zirconia powder were produced for closed-die compression

tests, and the behavior of the powders was analyzed: 10 mol% ceria (shape memory regime), 12

mol% ceria (intermediate regime), 15 mol% ceria (superelastic regime), and 8 mol% yttria (non-

transforming in the cubic phase). For all properties and characteristics held constant for a given

powder including particle size distribution, powder morphology, etc., differences can be seen

between powders of different levels of dopant in terms of energy absorption due to intraparticle

dissipative mechanisms. For the 10 mol% ceria doped zirconia, detwinning of the martensite can

be observed; however, there will be no phase change. For the 12 mol% ceria doped zirconia, a

phase transformation from austenite to martensite can occur under compression, but the phase

change isn't reversible upon unloading whereas for the 15 mol% ceria doped zirconia, the phase

change is reversible. For the 8 mol% yttria doped zirconia, the material is stable in the cubic

phase so no additional energy absorbing mechanisms would be expected [21].

Yu et al. made several key observations about the behavior of the powders under

compression. The most apparent differences between superelastic and non-transforming powder

is the amount of energy each powder can absorb and the shape of the force-displacement curves,

specifically the hysteresis. Figure 6 shows the clear difference in hysteresis of the force-

displacement curves. Because of the stress-induced martensitic phase transformation in the

superelastic powder, the wider hysteresis of the force-displacement curves is apparent.

Corresponding to the wider hysteresis, the area under the force-displacement curve is greater for

the superelastic material than the non-transforming material; the energy dissipation for the

superelastic powder is therefore greater. The superelastic powder dissipates 4 J/g in earlier

cycles, stabilizing at 2 J/g in later cycles while the non-transforming powder dissipates about 0.5

J/g in later cycles [21]. When the force-displacement curves are superimposed at the same origin,

another difference is clear. The peak of the force-displacement curve of the non-transforming

powder shifts to the left with each compression cycle. This is due to particle fracture and

19



rearrangement under load. However, this is not seen in the curves of the superelastic powder

because the energy dissipation mechanism is primarily through the martensitic phase

transformation.

3x104

10(-2

2x10~
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Figure 6: Force vs. displacement curves for superelastic powder (top left) compared to non-
transforming powder (bottom left). A comparison of the energy absorption of two tests each of
superelastic powder and non-transforming powder is shown on the right [21].

X-ray diffraction gave more insight into martensitic phase transformations in granular

packings. As stress was increased on the powder in closed-die compression, the particles under

the most stress change because of the force chains that are formed in the material. This means

that the transformation will be triggered in different particles as the load is increased. However,

not all particles undergo the transformation, and it was found that only about 25-40% of all

particles in the granular packing actually do transform [21]. As discussed previously, there is an

orientation dependence on whether or not a particle will transform or fracture under stress, so

when XRD measurements were done on the compressed pellets, they should show an induced

texture due to this preferential transformation direction [21] which will be discussed further in

the compression results section. Overall, these experiments showed that inducing transformation

in a granular packing was possible, and they gave some insight into the effect a granular packing
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has on energy absorption. This study did not take into account the effects of variations in doping

level, grain size due to different heat treatments, or particle size and distribution on energy

dissipation which will be discussed in the following sections.
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Chapter 2: Closed-die compression of

ceria-doped zirconia powders

Summary

This section discusses the synthesis and testing of ceria-doped zirconia powders in

closed-die compression. The objective of these experiments was to determine if there is an

optimal doping level for achieving the greatest amount of energy absorption for a granular

packing of this materials system and also whether or not the size of the individual particles in a

granular packing affected the total energy absorbed over many cycles. Compression dies were

fabricated using a C300 alloy steel. A modified Pechini method was used to fabricate ceria doped

zirconia powder with compositions anywhere from 10-18 mol% ceria, and was then

characterized using laser particle size analysis to determine particle size distribution, electron

microscopy to understand particle morphology, and x-ray diffraction to quantify the amount of

each phase in the zirconia powder. The powders were compressed using a mechanical tester. The

behavior of ceria-doped zirconia powders during compression cycles of loading and unloading

was observed.

2.1 Experimental methods

2.1.1 Powder preparation

The ceria-doped zirconia powders were produced using a modified Pechini method

[19,34,35]. The precursors were zirconium and cerium salts: zirconium dichloride oxide hydrate

(99.9%-Zr+Hf, Strem Chemicals Inc., Newburyport, MA) and cerium nitrate hexahydrate

(99.9%-Ce, Strem Chemicals Inc., Newburyport, MA). A hot deionized water bath was prepared

with a magnetic stirring rod at ~200 rpm. The zirconium and cerium salts were weighed so that

the desired mol% of ceria could be achieved. The salts were then dissolved in the hot water bath

for 30 min. with constant stirring. Next, the first precursor to make the polymeric gel was added
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to the solution of zirconium and cerium cations: a 4:1 mol ratio of citric acid monohydrate (ACS

reagent, >99.0%, Sigma-Aldrich, St. Louis, MO) to cation was used. This solution was then

stirred for another 30 min. in the hot water bath. The second precursor to the polymeric gel,

ethylene glycol (anhydrous, 99.8%, Sigma-Aldrich, St. Louis, MO), was then added to the

solution. A 5:1 mol ratio of ethylene glycol to citric acid was used. The solution was stirred

another 30 min. and then it was poured into silicone molds (Zenware 12 cup silicone non-stick

baking molds) and placed in a drying furnace at -170°C for 24 hours to allow the polymeric gel

to form.

"°°_ 16 mol% ceria (calcined 600°C) 16 mol% cera (sintered 1500°C)
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01

20 253A' 54050 5507870A 085'9095 100 20 25 3D3540 4550 W 60 657075 80 85909100
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Figure 7: SEM image of (a) agglomerated clumps of calcined 15 mol% ceria-doped zirconia
powder which has a particle size distribution in the tens to hundreds of nanometers range and is
nanocrystalline. Annealed powder with heat treatment of 1500 0C for a 30 min. hold (b) shows
larger single particle size and faceted edges showing each particle is a single crystal. XRD
patterns of the powder before and after sintering are shown in (c) and (d).
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After the gel had solidified in the drying furnace, the samples were removed from the

furnace, and the crisp gel was subsequently removed from the silicone molds and pulverized.

The crushed material was poured into alumina crucibles and placed in another furnace in a fume

hood for the calcination process. The powders were calcined at 600°C for 2 hours with a

5°C/min. ramp rate to allow all of the organic material to be burned off and the ceria-zirconia

powder to remain. The resulting powder has a particle size distribution in the range of tens to

hundreds of nanometers and is nanocrystalline which is shown in Figure 7. This is also evident

by the broad peaks in the XRD patterns also shown in Figure 7.

To obtain powder with crystallite sizes in the micron range, a subsequent heat treating

process was necessary. Following procedures found in the literature, an annealing temperature

and time of 1500°C for a 30 min. hold (5°C/min. ramp rate) was chosen [17,18]. The resulting

powders had crystal sizes in the single micron range and went from spherical in shape to faceted,

showing that the individual particles went from nanocrystalline to single crystalline as shown in

Figure 8 which can be confirmed by the sharpening of the peaks in the XRD pattern. Even larger

grain sizes were achieved by heat treating the powder at 1750°C for a 30 min. hold (5°C/min.

ramp rate) and are shown in Figure 8.

Figure 8: Larger gram sizes in 16 mol% ceria-doped zirconia powder after heat treatment at
1750°C for a 30 min. hold.
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2.1.2 Ball milling experiments

In order to break up larger agglomerates and obtain individual single crystal particles

between 1-10 pm, high energy ball milling was employed. A zirconia milling vial (Spex,

Metuchen, NJ) with zirconia milling balls was used in a 20:1 weight ratio between milling balls

and powder. Ethanol was added as a process control agent in enough volume to immerse the

milling balls and powder (typically between 1-5 mL of ethanol were used depending on the total

volume of the milling media and powder). The powders were processed in a high energy ball

mill (8000M Mixer/Mill, Spex, Metuchen, NJ) for 30 minutes. The powders were then wet

sieved for a particle size of<15 pm and dried for further analysis. SEM images were taken of the

ball milled powder, and they showed that some of the once near spherical particles had

undergone severe plastic deformation and fracture while others were simply broken apart from

the agglomerates and retained their shape as shown in Figure 9. Since the ball milling was done

after the calcining and annealing processing, the deformation in the particles was retained. The

effect of initial deformation and fracture of particles will be probed in the compression testing

results section.

Figure 9: SEM images of ball milled 15 mol% ceria-doped zirconia powder at 2000x (left) and
6000x (right). Some particles were crushed by the aggressive milling conditions and show
evidence of deformation and fracture.
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2.1.3 Closed-die compression testing rig fabrication

To perform the closed-die compression tests, a proper testing rig needed to be fabricated.

A material that minimized the amount of compliance during the compression tests and that

showed resistance to yielding under the stresses needed to induce a martensitic phase

transformation was required. VascoMax C-300 was chosen for the die material [36] because of

its ease of machinability. After machining, a low temperature heat treatment process was

necessary to increase the strength to that of an ultra-high strength steel. To achieve compressive

yield strengths of over 2 GPa, a simple precipitation hardening, aging heat treatment was done at

900F (482C) for 6 hours in air. It was confirmed that the dies had hardened after the heat

treatment using microhardness testing.

The dies for compression testing were designed in SolidWorks and can be seen in Figure

10. They were designed in three parts: a 6.35 mm diameter ram; a sleeve to hold the particles

with an outer diameter of 25.4 mm, inner diameter of 6.35 mm, and height of 31.75 mm; and a

base with an outer diameter and thickness of both 25.4 mm.

Figure 10: SolidWorks model of die for compression testing showing the ram, sleeve, and base
(left). The machined die is shown on the right and is placed on the Instron platen for compression
testing. The sleeve to hold the powder has an inner diameter of 6.35 mm and is compressed by a
ram of the same diameter.
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2.2 Compression test results and discussion

2.2.1 Compression test procedure

The objective of the closed-die compression tests of the ceria-doped zirconia powder was to

identify if there was any optimized composition or particle size distribution for energy

absorption. The compression tests were conducted on a 5984 Instron with a 150 kN load cell. For

each test, 300 mg of powder was measured and poured into the die. The die was carefully hand-

packed so that there was an even distribution of powder in the die. Before the tests commenced,

the die was preloaded to 30 MPa to ensure the powder had settled. The powder was compressed

for 10 cycles to 890 MPa and force-displacement curve data was taken. The force measurement

was taken from the load cell and the displacement was from the crosshead displacement

measurement. After the tests were completed, the pressed powder was saved for x-ray diffraction

measurements to determine if the ratio of tetragonal and monoclinic phases had changed during

compression. All x-ray diffraction work was performed on a PANalytical X'Pert Pro which uses

copper K-alpha radiation with a nickel filter. The instrument is configured in Bragg-Brentano

geometry. The areas under the force-displacement curves were calculated using the trapezoidal

rule: this area is equal to the amount of energy dissipated in joules. A series of force-

displacement curves were taken for the empty die so that the compliance of the die and Instron

could be subtracted. The energy dissipated was normalized by the mass of powder for each test,

so the energy dissipation for each composition and particle size could be accurately compared. A

total of 330 individual compression tests were conducted for compositions ranging from 10-18

mol% ceria doped zirconia. To obtain different particle sizes, sieves were employed. Five

different particle size distributions were selected: unsieved (all particle sizes), 75-106 pm, <75

pm, 15-45 pm, and <15 pm.
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2.2.2 Compression test results

As discussed previously in section 1.4 Behavior of granular superelastic ceria-doped

zirconia, the shape of the force-displacement curve is a key indicator of the extent of

transformation achieved in the compression test. Powders showing superelastic behavior show

wider hysteresis of the force-displacement curve compared to powders in the shape memory or

intermediate regimes or non-transforming powders. A comparison of the force-displacement

curves of two batches of powder: 15 mol% ceria-doped zirconia which is in the superelastic

regime and 10 mol% which is in the shape memory regime are shown in Figure 11. The

difference in the hysteresis is easily seen between the two sets of curves as the superelastic

powder shows wider hysteresis indicative of greater energy dissipation.
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Figure 11: Force-displacement curves for a) shape memory (10 mol% ceria) particles and b)
superelastic (15 mol% ceria) particles showing the wider hysteresis of superelastic particles.

XRD measurements shown in Figure 12 were taken with the PANalytical X'Pert Pro to

identify the phases present before and after compression testing for powders with compositions

in each of the three regimes: shape memory, intermediate, and superelastic. There are three

characteristic peaks for the tetragonal and monoclinic phases for the ceria-doped zirconia system:

monoclinic peaks at ~28° and -31° which correspond to the (T 1 1) and (1 1 1) planes,

respectively, and a tetragonal peak at ~30° which corresponds to the (1 0 1) plane [22]. By

comparing the intensities of these peaks, one can determine the amount of relative phase change
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before and after compression. For the shape memory regime before compression (10 mol% ceria-

doped zirconia), the (T 1 1) and (1 1 1) peaks are the strongest, with a slight (10 1) peak, so the

powder is primarily in the monoclinic phase with a slight amount of tetragonal phase. After the

compression test, XRD measurements were taken of the loose powder showing that the

tetragonal peak had almost disappeared, leaving only the monoclinic phase. For the intermediate

regime before compression (12 mol% ceria-doped zirconia), the (1 0 1) tetragonal peak

dominates the (T 1 1) and (1 1 1) monoclinic peaks, while after compression, the relative

intensities change so that the ( 1 1) and (1 1 1) peaks dominate. This illustrates the case where

the powder is metastable in the tetragonal phase and can undergo a stress-induced martensitic

phase transformation, but once the powder transforms to the monoclinic phase, it cannot

transform back, even after the stress is removed. Lastly, for the superelastic regime (16 mol%

ceria-doped zirconia), the powder is stable before and after in the tetragonal phase with no

monoclinic phase detected. The (1 0 1) peak is the only characteristic peak detectable of the

three, so this demonstrates that the powder can transform reversibly from tetragonal to

monoclinic and back upon loading and unloading.

It was shown previously in the literature that the compression test induces a texture on

the powder where it can be shown in the XRD patterns that the ( 1 1) and (1 1 1) peaks switch

in relative intensities as a function of applied stress. This has been attributed to martensite

reorientation during the compression test [21]. In the current study, XRD measurements (shown

in Figure 13) were taken of both the pellet as well as the free flowing powder after compression

(that is, the pellet after having been pulverized so that there is once again a random orientation).

It was found that there is indeed texture induced in the compressed pellet, but when the pellet is

pulverized so that the orientation of the particles is random again, the texture goes away, but the

increase in monoclinic content remains the same.
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Figure 12: XRD patterns before and after compression testing showing phase changes in shape
memory (10 mol%), intermediate (12 mol%), and superelastic (16 mol%) regimes.
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Figure 13: XRD patterns of 12 mol% ceria-doped zirconia powder (a) before compression, (b)
pulverized powder after compression, and (c) pellet after compression.

In order to determine the energy absorbed by the powders in the compression tests, the

compliance of the empty die was subtracted from the force-displacement curves of the powders

and then the areas under the force-displacement curves were calculated. The energy absorbed vs.

compression cycle number was then plotted for each sample. The results for a range of

compositions between 10-16 mol% ceria-doped zirconia and particle size distributions of <15

ptm, 15-45 pm, <75 pm, and unsieved can be seen in Figure 14. There are some trends that are

immediately apparent. The first is that the powders in the shape memory regime (10 mol% ceria

samples) consistently dissipate the least amount of energy within error. The powders in the

intermediate regime (12 mol% ceria samples) dissipate the second lowest amount of energy. This

is due to the nature of the transformation: it is not reversible so the capacity for the material to

undergo a martensitic phase transformation decreases with each cycle. As expected, the powder

in the superelastic regime (15-16 mol% ceria samples) consistently dissipated the most energy.

Another trend is that the unsieved powder dissipates the least energy compared to the other

particle size distributions tested. This could be because the wide particle size distribution, which

allows for a greater packing density compared to the other particle size distributions, and thus the

easier development of load-bearing pathways through the powder.
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14: Energy absorption curves for unsieved, <75 pm, 15-45 pm, and <15 pm powder

When observing the data on the energy absorption plots, one may notice that there are

some inconsistencies with what the expected behavior should be. For example, in the 15-45 pm

plot, the 16 mol% ceria-doped zirconia powder dissipates the least amount of energy when it

should be dissipating the most in the data set since it is in the superelastic regime. However,

there are many sources of error for these experiments including variability in composition from

the nominal composition to the actual composition, variability in particle sizes due to the nature

of mechanical sieving, and errors due to different initial packings of the powders at the start of

the experiments. In the next set of experiments, the composition error was controlled by taking

different particle size distributions from the same original batch of powder, rather than making
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separate batches for each distribution. Therefore, the composition effects could be directly

compared between particle size distributions.
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Figure 15: Energy absorption curves for 75-106 pm and 15-45 pm powder batches showing
stress-induced martensitic phase transformation suppression at larger particle sizes.

For these experiments, seven compositions were made: 13.3 mol%, 14 mol%, 14.5 mol%,

15 mol%, 16 mol%, 17 mol% and 18 mol%. They were chosen so that they would span the

intermediate, superelastic, and non-transforming regimes. From each of the batches, two particle

size distributions were sieved: 75-106 pm and 15-45 pm; the large gap between the particle sizes

ensured that if there was a size effect, it would be more distinct. Figure 15 shows some striking

difference between the two distributions; the most unexpected is that the 18 mol% ceria batch

dissipates the most amount of energy in the 75-106 pm range while it dissipates the least amount

of energy in the 15-45 pm range. Another prominent feature is that the curves on the '15-45

microns' plot split into two groups while the curves on the '75-106 microns' plot form one

clustered group.

From these observations it can be concluded that the strength of each of the energy

dissipation mechanisms differs between the two particle size distributions. The split of the two

groups in the '15-45 microns' plot is significant because of the regimes the powders are in. The

group that dissipates the most energy includes the 15, 16, and 17 mol% ceria powders which
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should be primarily in the superelastic regime. The group that dissipates the least amount of

energy includes the 18 mol% ceria powder which shouldn't transform and the 13.3, 14, and 14.5

mol% ceria powders which should be in the intermediate regime. This suggests that in the 15-45

pm range, the dominant energy dissipation mechanism is the martensitic phase transformation.

For the '75-106 microns' plot, the energy absorption curves are grouped together which suggests

that the martensitic phase transformation is suppressed. This could be caused by the fact that

each of the large particles is formed by individual micron-sized particles that are partially

sintered together: away from the free surfaces of these large particles, the individual grains are

constrained by the surrounding grains, and the transformation is suppressed because there is no

free volume to accommodate the phase transformation. However, there is still a significant

amount of energy absorption by the powder. This suggests that the mechanisms dominating

energy dissipate switch to interparticle friction and particle fracture. This is consistent with the

fact that larger particles tend to fracture in a granular packing.

After investigating the effects of particle size distribution on energy absorption in a

granular packing, the effect of ceria-doping level was quantified by calculating an optimal

doping level to achieve the greatest energy absorption. The energy dissipated for each

composition for every particle size distribution tested was averaged and plotted as shown in

Figure 16. The last cycle was chosen because it should minimize the contributions of particle

friction and fracture to the overall energy dissipation. A curve was fitted to the data and its

maximum was found by taking the derivative of the curve and setting it equal to zero. The

optimal composition was calculated to be approximately 16 mol% ceria. This corresponds to the

data from literature which suggests that 16 mol% ceria-doped zirconia has the lowest required

stress to induce transformation in the superelastic regime [28].

The effect of heat treatment on unsieved powder was also investigated. Three batches of

16 mol% ceria-doped zirconia powder were synthesized: a 600°C, 120 min. hold, calcined

powder; a 1500°C, 30 min. hold, annealed powder; and a 1750°C, 30 min. hold, annealed

powder which were all described in section 2.1.1 Powder preparation. The energy absorption

curves for the three batches are shown in Figure 17. The 1500°C dissipated the most energy,
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followed by the calcined powder, and then the 1750°C powder. As previously discussed in

section 1.2 The shape memory effect and superelasticity, the transformation stress increases as

grain size increases for single crystals. One possible reason for the decrease in energy dissipation

between the two batches is that the increased heat treatment temperature increased the grain size,

making it more difficult to induce transformation. However, there is a conflicting effect in

polycrystalline samples: larger grain size leads to less suppression of the transformation due to

less constraints by grain boundaries, so one of the effects will dominate based on the crystallinity

of the particles. The calcined powder performed midway between the other two powders. This

could be explained by the fact that the calcined powder is in the tens to hundreds of nanometers

in size. Since the area to volume ratio for a sphere increases with a decrease in radius and the

martensitic phase transformation is suppressed at those sizes, there could simply be more contact

areas for the calcined powder, and, as a result, the frictional mechanism is dominant, placing the

energy dissipation in between the 1500°C and 1750°C powder.
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Figure 16: Shows the average energy absorbed for each composition regardless of particle size
distribution. The averages were fit to determine the optimal composition of~16 mol% ceria.
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Figure 17: Effect of heat treatment on energy dissipation.
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Chapter 3: Zirconia-polyurea composite

materials

Summary

To investigate the mechanical properties of constrained superelastic ceramic particles,

composite materials were fabricated using zirconia particles infiltrated by a polyurea matrix.

These materials were designed for flexible force protection applications. The motivation to

combine these two materials came from observations where hierarchical elastomers capable of

undergoing high-rate deformation-induced glass transition could have potential for dynamic

stiffening and strengthening, thus allowing them to be used for enhanced protection against

ballistic impact and blast hazards [37]. The primary objective was to develop experimental

techniques to fabricate composite materials with the ultimate goal of determining if the

martensitic phase transformation needed for superelastic behavior could be induced with the

particles constrained by the matrix material. This way the dynamic stiffening and energy

dissipating properties of the polyurea elastomer could be combined with the energy dissipating

properties of the superelastic zirconia particles.

3.1 Fabrication methods

The polyurea samples were prepared by reaction of poly(tetramethylene oxide di-p-

aminobenzoate) (Versalink P1000, Air Products) with a polycarbodiimide-modified

diphenylmethane diisocyanate (Isonate 143 L, Dow Chemical) at a 4:1 weight ratio. Undoped

zirconia microparticles in the monoclinic phase (SF-EXTRA, Saint Gobain) were used as the

filler particles. A particle size analysis by Saint Gobain using a Microtrac - FRA9200 analysis

showed the distribution to be: dio = 0.441 im, d50 = 0.889 pm, do = 12.32 pm. A two-step
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synthesis route was utilized in the fabrication of zirconia polyurea matrix composites. Zirconia

microparticles were first pre-mixed with the oligomeric diamine and left for several hours to cool

to room temperature. (The heating of the samples was unintentional and was a result of the

mixing equipment heating up). Then the diisocyanate component was added to the particles

mixed into the oligomeric diamine. In each step, thorough mixing and degassing in a planetary

centrifugal mixer was ensured during processing. The free flowing mixture was poured into

silicone molds pressed between glass plates to ensure flat surfaces. The molds were treated with

a quick-release agent so that the cured composites could be easily separated from the molds. The

reaction and final consolidation of the mixtures was carried out in a vacuum oven at 80°C for 12

hours. Pellets and strips were made of polyurea with no zirconia particles, non-transforming

particles, intermediate regime particles, and superelastic particles.

3.2 Composite characterization and future work

Two compositions of the undoped zirconia-polyurea composites were fabricated: 50 wt.%

and 58wt.% zirconia (about 17 vol.% and 20 vol.% zirconia respectively). After the samples had

finished curing, they were removed from the molds and were found to be very flexible at room

temperature. Cross sections of the undoped zirconia composites were taken and imaged in the

SEM. Both composites showed that there was good dispersion of the zirconia particles in the

polyurea matrix as shown in Figure 18.

After demonstrating that fabrication of zirconia-polyurea composites was feasible, ceria-

doped zirconia was used in the new composites. Particles in the intermediate regime (12 mol%

ceria) and the superelastic regime (15 mol% ceria) were used to make two new sets of samples

that were 60 wt.% zirconia particles. XRD measurements shown in Figure 19 were taken of the

12 mol% ceria-doped zirconia composites in order to identify the phases present before

compression. The XRD measurements showed the particles were predominately in the tetragonal

phase which is expected of the intermediate regime.
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Figure 18: SEM image of 50 wt.% zirconia-polyurea composite showing good dispersion of the
zirconia particles in the polyurea matrix.
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Figure 19: XRD pattern of 12 mol% ceria-doped zirconia and polyurea composite before
compression.

Future experiments for the zirconia-polyurea composites should include closed-die

compression tests and a comparison of energy dissipation between non-transforming,

intermediate, and superelastic regime particles within the composites. Since polyurea exhibits

dynamic stiffening behavior, impact tests conducted in a drop tower or split-Hopkinson pressure

bar test set up would be of interest to investigate the behavior of the composites at high strain

rates.
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Chapter 4: Laser-induced particle impact

testing of ceria-doped zirconia

Summary

In order to investigate martensitic phase transformations at high strain rates, a series of

experiments were devised where a particle was launched at high velocities at substrates of two

compositions of ceria-doped zirconia, one in the intermediate regime and the other in the non-

transforming regime. A quantity called the coefficient of restitution, which is a ratio of the

velocities of the particle before and after impact, was used to compare the behavior of the two

substrates. After impacting the substrates with silica and alumina particles, there was no apparent

difference in behavior between the transforming and non-transforming zirconia substrates, so

further study should be done on the high strain rate transformation of ceria-doped zirconia.

4.1 Experimental procedure

To fabricate the zirconia pellets, the modified Pechini method previously described in the

paper was used to produce powders of 13 mol% and 20 mol% ceria-doped zirconia. The powders

were ground after calcining and were pressed in a die at 240 MPa. The pellets were then sintered

at 1500°C for a 10 hour hold time. The resulting pellets were about 5 mmin diameter and 2 mm

thick. The surfaces of the pellets were polished to a 0.3 pm finish using an alumina suspension

for preparation for the laser-induced particle impact (LIPIT) experiments.

The LIPIT experimental procedure is well documented in the literature [38] and is a

method to launch projectiles on the micron range at a substrate while imaging the flight of the

projectile. Strain rates of 106-108 s can be achieved which are ranges of interest for studying

high strain rate behavior in ceria-doped zirconia. In these experiments, a monolayer of 14 pm

silica particles or 12-20 pm alumina particles were spread on a substrate of three layers:
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polyurea, gold, and glass. A laser was used to ablate the gold film causing a rapid expansion of

the material and a single particle to be ejected from the surface by the rapid flexion of the

polyurea film. The ceria-doped zirconia substrates were the target for impact, and images of the

particles impacting the substrate and rebounding off were taken. Using the position of the

particle and the time between frames, the initial and rebound velocities were determined. The

coefficient of restitution (COR) is a quantity from zero to one and is equal to the rebound

velocity divided by the initial velocity before impact. Therefore, if the collision is perfectly

elastic, the initial and rebound velocities are equal and the COR is equal to one. Conversely, if

the particle does not rebound, the COR is equal to zero. The COR of both substrates was

determined for a range of velocities from 60-600 m/s.

4.2 LIPIT experimental results

The COR for both the 13 mol% and 20 mol% ceria-doped zirconia substrates was plotted

against impact velocity as shown in Figure 20. The data in the COR graph of the alumina

particles shows greater scatter than in the graph of the silica particles because there was a range

of particle sizes for alumina while the silica particles were monodisperse.
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Figure 20: COR vs. impact velocity for launched alumina and silica particles.
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The shapes of the curves vary in that the alumina curve appears to be concave up while

the silica curve appears to be concave down. The reason for why this occurs is not fully

understood and should be further studied. The only difference between the sets of tests is the

particles themselves, so the difference in concavity is likely controlled by the material properties

of the particles. The objective of these experiments was to induce the martensitic phase

transformation in the 13 mol% ceria-doped zirconia pellet. Since this transformation observes

energy, the hypothesis was that the COR for the transforming pellet would be less than a non-

transforming pellet. The rebound energy would be less because the energy would go toward the

phase transformation. However, when the COR curves of the substrates were plotted together,

there was no difference in the behavior. This could be explained by either claiming that the

martensitic transformation does not occur at strain rates as high as the ones in this experiment,

the phase transformation was suppressed by the surrounding grains in the polycrystalline sample,

or that it does occur but the phase transformation doesn't contribute much in terms of energy

absorption. The former is the more likely explanation: studies of superelastic Nitinol have shown

that at a certain strain rate, the yield stress is less than the critical stress to induce a martensitic

phase transformation [39]. Therefore, the energy lost by the substrates in the COR curves is due

to other mechanisms.
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Chapter 5: Conclusions and Future Work

Granular packings of superelastic ceria-doped zirconia combine the mechanisms of

interparticle friction, intraparticle fracture, and martensitic phase transformation to dissipate

large amounts of energy under compressive loads. These materials show promise for applications

in force protection, and this project was designed to elucidate the effects of composition and

particle size distribution on their energy dissipative potential. Apart from unconstrained granular

packings, encapsulated powders were produced by suspending them in a polyurea matrix to form

composite materials. The behavior of materials that can undergo martensitic phase

transformations at high strain rates is of interest for armor applications, so a study was performed

using a state of the art particle acceleration system to determine if the phase transformation could

be induced in the ceria-doped zirconia system. The main findings and future directions of this

study are summarized here.

Closed-die compression of ceria-doped zirconia particles

Multiple compositions of ceria-doped zirconia powder were synthesized ranging from 10-

18 mol% ceria. The compositions spanned different regimes of behavior including shape

memory, intermediate, superelastic, and non-transforming regimes. Closed-die compression tests

were conducted on powders of different compositions and particle size distributions. Besides

energy dissipation by interparticle friction and intraparticle fracture, powders in the shape

memory regime dissipate energy by mechanical detwinning of the martensite phase and were

found to dissipate the least amount of energy. Powders in the intermediate regime can dissipate

energy by stress-induced martensitic phase transformation that is not reversible without a

subsequent heat treatment; however, they dissipated more energy than the shape memory

powders. Superelastic powders dissipate energy through a reversible stress-induced martensitic

phase transformation and were found to dissipate the most amount of energy. The optimal

composition for energy dissipation was found to be 16 mol% ceria which is in the superelastic

regime.
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The effect of particle size distribution on energy dissipation was studied. It was found

that at larger particle sizes, the martensitic phase transformation is suppressed because the

individual grains are constrained by the neighboring grains. This effect was clearly seen in

particles in the 75-106 pm range where superelastic and intermediate regime powders achieved

the same energy dissipation, while smaller particles in the 15-45 pm range showed a distinct

different in energy dissipation between superelastic and intermediate regime powders. Another

effect of particle size distribution was shown in unsieved powder which included all particle

sizes. Because of the variation in sizes, the particles are able to pack more densely than other

particle size distributions, which results in less energy dissipation over many cycles. This is

likely a frictional effect, as there was a distinct difference in energy dissipation when comparing

powders in the superelastic, intermediate, and shape memory regimes.

In future experiments, the effect of particle size distribution on energy absorption could

be further investigated. By comparing powders of more size ranges including <15, 15-45, 45-75,

and 75-106 pm, the extent of the effect of particle size on the suppression of the martensitic

phase transformation could be better described. The effect of grain size on energy dissipation in a

granular packing should also be investigated. Using different heat treatments to grow grain sizes,

this effect can be shown in a granular packing employing a particle size that is equal to the grain

size so that the particle size effect can be minimized.

Observing the effect that strain rate has on energy absorption is of interest. Drop tower

testing and split-Hopkinson pressure bar tests can be performed on granular packings to

determine the strain rate at which the martensitic phase transformation cannot be accessed in

ceria-doped zirconia.

There are improvements that can be made to reduce experimental error. The first is

measurement of strain: in these experiments, the crosshead displacement was used but there are
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much more precise ways to measure strain such as digital image correlation that should be taken

advantage of in the future. More precise strain measurements can be used to help decouple the

energy dissipative effects of friction vs. superelasticity. Theoretically, the more particle

rearrangement there is, the greater the frictional component of the total energy dissipation will

be. By taking readings of residual strain, one could correlate larger residual strains to more

particle rearrangement. Improving the certainty of the ceria-doped zirconia compositions is

another area that can be fixed by using wavelength dispersive x-ray spectroscopy to determine

the actual compositions rather than using the nominal compositions for analysis.

Zirconia-polyurea composite materials

The mechanical behavior of zirconia-polyurea composites was studied. Various weight

percents of zirconia powder were loaded into a polyurea matrix with the objective of determining

if a martensitic phase transformation could be induced when the powder was constrained by a

polymer matrix. SEM imaging of the composites showed good dispersion of the zirconia

particles within the matrix and ATR-FTIR measurements showed an increase in the intensity of

the disordered band which is indicative of interactions between the zirconia and polyurea that

results in stronger bonding.

Pellets containing powders in the intermediate and superelastic regimes were fabricated

for compression testing which is an avenue for future work. By comparing energy dissipation in

pellets of polyurea with no zirconia particles, non-transforming particles, intermediate regime

particles, and superelastic particles, it will be apparent if the superelastic effect is as pronounced

in a composite as it is in a granular packing. XRD will be used to quantify any changes in phase

of the intermediate regime particles within the composite to demonstrate that the martensitic

phase transformation is not suppressed.
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Laser-induced particle impact testing of ceria-doped zirconia

Moving to high strain rate behavior of superelastic materials, LIPIT was used to try to

observe a martensitic phase transformation induced by a high speed projectile. The coefficient of

restitutions of intermediate vs. non-transforming substrates were compared over a range of

particle velocities from 60-600 m/s. However, there was no measurable difference between the

CORs of the two substrates meaning that a martensitic phase transformation was likely not

induced at the very high strain rate.

46



References

[1] J. Van Humbeeck, Damping capacity of thermoelastic martensite in shape memory alloys,
J. Alloys Compd. 355 (2003) 58-64.

[2] G.F. Bowling, R.H. Richman, Continual Mechanical Twinning, Acta Metall. 13 (1965).

[3] L.E. Goodman, C.B. Brown, Energy Dissipation in Contact Friction: Constant Normal and

Cyclic Tangential Loading, J. Appl. Mech. 29 (2011) 17. doi:10.1115/1.3636453.

[4] J.E. Hack, S.P. Chen, D.J. Srolovitz, A kinetic criterion for quasi-brittle fracture, Acta
Metall. 37 (1989) 1957-1970. doi:10.1016/0001-6160(89)90080-1.

[5] A. Lai, Z. Du, C.L. Gan, C.A. Schuh, Shape memory and superelastic ceramics at small
scales, Science (80-. ). 341 (2013) 1505-1508. doi:10.1126/science.1239745.

[6] A. Olander, An electrochemical investigation of solid silver-gold alloys, J. Am. Chem.
Soc. 53 (1931) 3577-3588. doi:10.1021/jaO136laOO.

[7] L.C. Chang, T.A. Read, Plastic Deformation and Diffusionless Phase Changes in Metals
- the Gold-Cadmium Beta Phase, Jom. 3 (1951) 47-52. doi:10.1007/bf03398954.

[8] D.S. Lieberman, M.A. Schmerling, R.W. Karz, Shape Memory Effects in Alloys, Springer,
1975.

[9] S. Padula II, Shape Memory Alloy (SMA) Tires: A New Paradigm in Tire Performance, in:
37th Annu. Meet. Conf. Tire Sci. Technol., 2019.

[10] D. Stoeckel, A. Pelton, T. Duerig, Self-expanding Nitinol stents: Material and design
considerations, Eur. Radiol. 14 (2004) 292-301. doi:10.1007/s00330-003-2022-5.

[11] A. Lendlein, S. Kelch, Shape-Memory Polymers, Angew. Chemie Int. Ed. 41 (2002)
2034-2057. doi:10.1002/1521-3773(20020617)41:123.0.CO;2-M.

[12] P.E. REYES-MOREL, I. -W CHEN, Transformation Plasticity of CeO2-Stabilized
Tetragonal Zirconia Polycrystals: I, Stress Assistance and Autocatalysis, J. Am. Ceram.
Soc. 71 (1988) 343-353. doi:10.1111/j.1151-2916.1988.tb05052.x.

[13] Z. Du, X.M. Zeng, Q. Liu, A. Lai, S. Amini, A. Miserez, C.A. Schuh, C.L. Gan, Size
effects and shape memory properties in ZrO2 ceramic micro- and nano-pillars, Scr. Mater.
101 (2015) 40-43. doi:10.1016/j.scriptamat.2015.01.013.

[14] X.M. Zeng, A. Lai, C.L. Gan, C.A. Schuh, Crystal orientation dependence of the stress-
induced martensitic transformation in zirconia-based shape memory ceramics, Acta Mater.
116 (2016) 124-135. doi:10.1016/j.actamat.2016.06.030.

[15] X.M. Zeng, Z. Du, C.A. Schuh, N. Tamura, C.L. Gan, Microstructure, crystallization and
shape memory behavior of titania and yttria co-doped zirconia, J. Eur. Ceram. Soc. 36
(2016) 1277-1283. doi:10.1016/j.jeurceramsoc.2015.11.042.

47



[16] X.M. Zeng, Z. Du, N. Tamura, Q. Liu, C.A. Schuh, C.L. Gan, In-situ studies on
martensitic transformation and high-temperature shape memory in small volume zirconia,
Acta Mater. 134 (2017) 257-266. doi:10.1016/j.actamat.2017.06.006.

[17] Z. Du, P. Ye, X.M. Zeng, C.A. Schuh, N. Tamura, X. Zhou, C.L. Gan, Synthesis of
monodisperse CeO2-ZrO2particles exhibiting cyclic superelasticity over hundreds of
cycles, J. Am. Ceram. Soc. 100 (2017) 4199-4208. doi:10.1111/jace.14972.

[18] Z. Du, X.M. Zeng, Q. Liu, C.A. Schuh, C.L. Gan, Superelasticity in micro-scale shape
memory ceramic particles, Acta Mater. 123 (2017) 255-263.
doi:10.1016/j.actamat.2016.10.047.

[19] E.L. Pang, C.A. McCandler, C.A. Schuh, Reduced cracking in polycrystalline ZrO2-CeO2
shape-memory ceramics by meeting the cofactor conditions, Acta Mater. 177 (2019) 230-
239. doi:10.1016/j.actamat.2019.07.028.

[20] X. Zhao, A. Lai, C.A. Schuh, Shape memory zirconia foams through ice templating, Scr.
Mater. 135 (2017) 50-53. doi:10.1016/j.scriptamat.2017.03.032.

[21] H.Z. Yu, M. Hassani-Gangaraj, Z. Du, C.L. Gan, C.A. Schuh, Granular shape memory
ceramic packings, Acta Mater. 132 (2017) 455-466. doi:10.1016/j.actamat.2017.04.057.

[22] H.A. Rauch, Y. Chen, K. An, H.Z. Yu, In situ investigation of stress-induced martensitic
transformation in granular shape memory ceramic packings, Acta Mater. 168 (2019) 362-
375. doi:10.1016/J.ACTAMAT.2019.02.028.

[23] A.K. Jena, M.C. Chaturvedi, Phase transformation in materials, Prentice Hall, Englewood
Cliffs, New Jersey, 1992. doi:10.5860/choice.30-0949.

[24] K. Yamauchi, L Ohkata, K. Tsuchiya, S. Miyazaki, eds., Shape memory and superelastic
alloys, Woodhead Publishing, 2011.

[25] J. Chevalier, L. Gremillard, A. V. Virkar, D.R. Clarke, The tetragonal-monoclinic
transformation in zirconia: Lessons learned and future trends, J. Am. Ceram. Soc. 92
(2009) 1901-1920. doi:10.1111/j.1551-2916.2009.03278.x.

[26] C.W. M0ller, R. Pfeifer, K. Meier, S. Decker, J. Reifenrath, T. Gbsling, V. Wesling, C.
Krettek, C. Hurschler, M. Kramer, A Novel Shape Memory Plate Osteosynthesis for
Noninvasive Modulation of Fixation Stiffness in a Rabbit Tibia Osteotomy Model,
Biomed Res. Int. (2015). doi:10.1155/2015/652940.

[27] N.B. Morgan, C.M. Friend, A review of shape memory stability in NiTi alloys, J. Phys. IV.
11(2001)325-332.

[28] X. Zeng, Z. Du, C.A. Schuh, C.L. Gan, Enhanced shape memory and superelasticity in
small-volume ceramics: A perspective on the controlling factors, MRS Commun. 7 (2017)
747-754. doi:10.1557/mrc.2017.99.

[29] J. Seville, C.-Y. Wu, Mechanics of Bulk Solids, Part. Technol. Eng. (2016) 135-159.
doi:10.1016/B978-0-08-098337-0.00007-2.

[30] R. Liburkin, D. Portnikov, H. Kalman, Comparing particle breakage in an uniaxial

48



confined compression test to single particle crush tests-model and experimental results,
Powder Technol. 284 (2015) 344-354. doi:10.1016/j.powtec.2015.07.002.

[31] T.S. Majmudar, R.P. Behringer, Contact force measurements and stress-induced anisotropy
in granular materials, Nature. 435 (2005) 1079-1082. doi:10.1038/nature03805.

[32] A.H. Clark, A.J. Petersen, L. Kondic, R.P. Behringer, Nonlinear force propagation during
granular impact, Phys. Rev. Lett. 114 (2015) 1-5. doi:10.1103/PhysRevLett.114.144502.

[33] A.J. Hendron Jr., R.E. Fulton, B. Mohraz, THE ENERGY ABSORPTION CAPACITY OF
GRANULAR MATERIALS IN ONE-DIMENSIONAL COMPRESSION, Def. Doc. Cent.
Sci. Tech. Inf. (1963).

[34] A.L. Quinelato, E. Longo, E.R. Leite, M.I.B. Bernardi, J.A. Varela, Synthesis and
sintering of ZrO2-CeO2 powder by use of polymeric precursor based on Pechini process,
J. Mater. Sci. 36 (2001) 3825-3830. doi:10.1023/A:1017950506356.

[35] T.O.L. Sunde, T. Grande, M.A. Einarsrud, Modified pechini synthesis of oxide powders
and thin films, Handb. Sol-Gel Sci. Technol. Process. Charact. Appl. 0373 (2018) 1089-
1118. doi:10.1007/978-3-319-32101-1_130.

[36] VascoMax, (1982).

[37] A.J. Hsieh, D. Veysset, D.F. Miranda, S.E. Kooi, J. Runt, K.A. Nelson, Molecular
influence in the glass/polymer interface design: The role of segmental dynamics, Polym.
(United Kingdom). 146 (2018) 222-229. doi:10.1016/j.polymer.2018.05.034.

[38] J.H. Lee, D. Veysset, J.P. Singer, M. Retsch, G. Saini, T. Pezeril, K.A. Nelson, E.L.
Thomas, High strain rate deformation of layered nanocomposites, Nat. Commun. 3 (2012)
1164-1169. doi:10.1038/ncomms2l66.

[39] S. Nemat-Nasser, J.Y. Choi, W.G. Guo, J.B. Isaacs, Very high strain-rate response of a
NiTi shape-memory alloy, Mech. Mater. 37 (2005) 287-298.
doi:10.1016/j.mechmat.2004.03.007.

49


