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SHAPE MEMORY CERAMIC PARTICLES
AND STRUCTURES FORMED THEREOF

CROSS-REFERENCE TO RELATED APPLICATIONS
5 [0001] This spplication claims the benefit of U5, Provisional Application

No, 62/284 402, filed February 12, 2016, the entirvety of which is heveby

incorporated by veference.

BACKGHROUND
j0002] This invention relates generally to shape memory materials, and

18 mere particudarly relates to coramic shape memory materials.

{0003] Cearamic shape memory materialy, or shape memory ceramies (SMOC)
ave ceramic compounds that can change their shape by application of a load tv
the ceramic material, and that can subseguently return to their origimal shape by
either heating or unicading of the cevamic material, The so-called shape memory
15 effect vefers to a eyele of load application and heating for eyclie shape change,
while the characteristic of superelasticity refers to the evele of loading and
unleading fov eyclic shape change. The physical mechanism underiying both of
transformation between two arystallographic phases. The most widely emploved
20 shape memory materials arve metals, and in particular metal alloys. Shape
memory allovs (SMAs) are well-known for their ability to transform between the
martensitic and austenitie crystallographic phases. Butb conventional SMA
structures are characterized by relatively low transformation siresses and

correspondingly low energy dissipation capabilities, In contrast, some ceramic

3
5

3  shape memory materials have been shown to be capable of exhibiting reversible

martensitic teansformation with high stresses, offering the prospect of improved
energy dissipation over that of conventional S8MAs and the ability to particularly
address apphications in, e.g., actuation, energy harvesting, and mechanical

erergy damping.
o g R
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[0D04] For example, the family of ?_:‘i.‘i‘(:m‘.‘zi:s’l.v}}:fl.%ﬁ{{?d Shape menmory ceramics
has been well-studied for applications in sensing, actuation, and mechanieal
energy damping. Zirconia exhibits a reversible thermoelastic transformation
between a high-temperature tetragonal phase, referved o as austenite, and a
low-temperature monochinic phase, referred to as martensite, with associated
shear strains of up to 15%. This steain can be fully recovered by release of an
applied stress that induced the strain, to cause a reverse martensitic

transformation, as a result of the superelastic capability of zirconia.

{0005] 1t s found that for many shape memory ceramics Hke xivconig, the
martensitic transformation and its asseaated shape change generally leads fo
substantial internal stresses. As a result, many shape memory ceramies, which
are in general brittle materials, have a tendency to feacture or crack during
martensitic transformation. For example, at strains of only about 196-2%,
eracking oveurs in polvervstalline 2ivconia after only a few franstormation evcles.
This cracking originates from the large mismateh stress that accumudates in
neighhoring ervstalline grains, which have differing erystal orientations, during a
martensitic transformation. Thus, although ceramic materials can m prineiple
exhibif supsrior shape memory and superslastic properties with useful
transformation shape recovery, such was not in general historically achievable

due to the inherent brittle nature of such ceramic matenials.

{0006} 1t has been proposed to mitigate the condition of shape memory
ceramic material eracking by employving small-volume ceramic structures that
include onlv a few cryvstalline grains within, Such a ceramie structure has a large
free surface area and little grain boundaries, This enables relazation of
transformation siress in the structure and henece minimization of the formation of
infer-granudar fractures during martensitic trangformation, leading to a vobust
shape memory ceramie structure capable of many superelastic cveles with large
strains. The combination of high atrength, large revoverable strain, large energy
damping, and hght weight that such struectures exhabit are interesting for many

challenging applications, particularly in energy damping and absorption.
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[0DO7] But such ceramic structures generally ave not ina geometric form

that can be employed In many engineering apphications, particularly large-seale

engineering appheations. Further, the production of such micro-seale ceramic

structures is not in general amenable to large-volume production methods. Asa
& rvesult, the challenge of suecessful integration of shape memaory ceramic materials

intoe many energv-damping systems remains unmet,

SUMMARY
{0008] Theve is provided herein a shape memory cevamic structure that
meludes an agpregate population of ervstalline particles. Bach erystalline
10 particle in the pepulation of orystalline particles comprises a shape memory
ceraunie particle material. Bach crystallineg particle in the population of
crvstalline particles has a crystalline particle extent that is between about 0.5
mierens and about fiffy microns, At least a portion of the population of

erystailine particles has a orystailine structure that is either shgoervstailine or

,_.
L2 )

monecarystatline,

{0008 The population of cryvstalline particles can be produced by solid state

sintering and spray drying methods that overcome the Hmitations of conventional

particle production methods and are scalable and cost-effective, With this

fabrication methodoiogy, the shape memory ceramic particles can be integrated
20 into a wide range of energy-damping and shock absorhing svstems, e.g., for

armor, automoebiles, sports equipment, and aerospace apphications,

{00106} Other features and advantages of the invention will be apparent

from the following description and aceompanying figures, and from the daims.

BRIEF DESCRIPTION OF THE DRAWINGS

{0011} Figures TA ~ 1E show a perspective view of a polyhedral shape

b
Loy

memory ceramic particle, a cross sectional view of a solid spherical shape
memory ceramie particle, & cross sectional view of a hollow spherical shape
memory ceraumic particle having a shell, a cross sectional view of a hollow

spherical shape memory ceramic particle with pores in the shell, and & cross

SUBSTITUTE SHEET (RULE 26)



14

3
L

3

Lh

g

WO 2017/139706 PCT/US2017/017561

4
sectional view of a hollow spherical shape memory ceramic particle Incduding one

{0012} Figure 2A is a schematic of a spherical shape memory ceramic particle
subiscted to bading and wnlvading:

{0013} Figure 28 is a plot of load and displacement cyeles exhibited by
toading and unloading of a spherical shape memory ceramic particle Iike that of
Figure 24;

{0014} Figures 3A ~ 38 are cross-sectional schematic views of a population of
solid shape memory ceramic particles and hollow shape memory geramic
particles, respectively, arvanged in a three-dimensional cubie compact shape with
a fabric or coating surrounding the compact;

[0015] Figures

3

A4 are micrographs of single erystal 8 mol%Ce-Zr0y

powders modified with phenolic polymer microspheres and prepared by a solid
state sintering method;

j6016] Figures 83A-5D are micrographs of spray dried ceramie particles
produced by spray drving and including the binder PVAILDEK, at a spray drying
temperature of 130°0C, 145°C, 1607C, and 175°C, respectively;

{0017} Figures 6A-6D are micrographs of dried ceramie particles produced by
sprayv dryving at a temperatuwre of 160°C, and including the binders PVAASk,
PVAT2k, PVASOk, and PVPE30K;

[0018] Figures TA-TC are micrographs of hollow spray dried ceramic
parficles of increasing diameter;

{0019] Figures TD-TF are micrographs of solid spray dvied ceramic particles
of increasing diameter;

{0026} Figures 8A-8C are micrographs of zivconia particles that underwent
experimental loading eveles;

{0021} PFigures 81)-8F are plots of the load displacement characteristics for
the tested zivconia particles of Figures 8A-8C;

{0022] Figure A ix a micvegraph of the particle of Figure 8A affer crushing;
{0023} Figure 8B is a plot of particle strength as a function of particle

diameter for a population of shape memory ceramic particles,
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{0024} Figure 107 18 a plot of the load displacement characteristie for the
particle of Figure 8,

j0025] Figure 108 is a micrograph of the particle of Figure 88 after eleven
loading cyveles;

{0026} Figure 11A 18 a plot of the load-displacement characteristic of a single
crystal shape memory ceramic particle over 108 loading eveles;

{0027} Figure 118 is a plot of the eritical load for indueing martensitic
transformation and reverse martensitic transformation for the particle of the plot
of Figure 114, as a function of number of loading cyveles

{0028] Figure 11T is a plot of dissipated energy as function of number of
loading eveles for the particle of the plot of Figure 114, as a function of number of
ivading cyveles;

{0028} Figure 111 iz 1 plot of force per displacement during loading and
undoading for the particle of the plot of Figure 114, as a funchion of number of
loading cyeles;

[0036] Figure 12A 18 a plot of the load-displacement charvacteristic of a shape
memory ceramic particle for the 108, 110, and 111 lbading cycles;

{0031} Figure 125 is a micrograph of the partiele of the plot of Figure 184
after crushing:

{0032} Figures 13A- 138 ave plots of the oad-displacement characteristicof &
first shape memory ceraunie particle as-shown and a sccond shape memary
cerantie parvticle having a smaller diameter, as shown, respectively, with the
characteristics of the particles given adjacent to the plots;

[0033] Figure 1418 a schematic view of 3 set up for a WC dieina
compression test of a ceramic powder compast;

0034} Figures 153A-188 are ploty of dissipated enevgy as a function of
inading eyvele of ceramic powder compacts at compressive loads of 8.9 kN, 13/6
kN, 19 kN, and 25.2 kN for g spray dried ceramic powder compaet and for a solid

state sintered cevamic powder compact, respectively; and
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{0035} Figure 16 1s g plot of dissipated energy as a function of load fora

spray dried ceramic powder compact and for a solid state sinteved ceramic
powder compact.

DETAILED DESCRIPTION
{0036} Figures 1A-1E show schematic views of example geometries for
shape memory ceramic (83MO) particles provided herein. The shape memory
ceramie particle is erystalline and can be single crystalline, that is,
moencerystatline, being formed of a single crvstal of ceramic shape maemory
material. The shape memory ceramie particle can alternatively be
oligoerystalline or can be polverystalline, including more than ene grain of
ceramic shape memory materizad, preferably including no more than about ten
grams, or preferably noe morve than about 5§ graing, or more preferably ne more
than about § graing of ceramic shape memory material. An oligocrystalline
cerantic particle 1s hevemn defined as a particle of polyarystalline ceramie
morphology in which the total surface area of the particle is greater than the
total area of the polverystalline grain boundaries within the ceramic particle.
This condition results in the geains of the ceramic material structure being
eoordinated predominantly by unconfined free surfaces rather than by rigid
beundaries with other grains within the structure, as explained in U8, No.
9,512,039, issued Decomber 8, 2014, the entivety of which is hereby incorporated

by reference.

{0037} Whatever morphology, the shape memory cevamic particle can be solid or
can be hollow. A hollow particle can have a closed surface that is a closed shell, or
can have a warface shell that includes one or more openings. For example, a
hollow particle shell enn have a pore or pores, and such pores can open on one side
of the shell or all around the shell. Hollow particles can adso have a shell that

varies in wall thickness.

{0038} The shape memory ceramic particles can be of any regular geometric shape
or of any irregular geometric shapes. Example ceramic shape wemory particle

shapes include spherical, polvhedral, evlindrical, discoidal, tabular, ellipsoidal,
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sguant, and other suitable shapes. Preferrved ceramic shape memory particle
shapes mclude polyhedral, equant, spherical, hollow spherieal, and hollow
spherical with pores epening on one side or all around the outer shell as shown in
Figs. 1A-E. Fig. 1A shows a perspective view of an example polvhedral shape
memory ceramic particly; Fig, 1B shows a cross section of & solid spherical shape
memory ceramic pavticle; Fig, 10 shows a cross section of a hollow spherical shape
memory ceramic particle having a shell; Fig, 1D shows 1 cross section of a hollow
spherical shape memory ceramic particle with pores in the shell; and Fig. 1E

shows a hollow spherical shape memory ceramie particle including one sids

geomeiries ave nol meant to be Hmiting but to demonstrate sxample features of

the shape memory cerantie particles provided herein.

{00391 1t 13 recognized hevein that during eyelie martensitic transformatfion, an
internal stress Held is produced within a shape memory ceramie particle. The
more homogeneous the internal stress field within the particle, the less likelihood
of fracture or eracking of the particle during martensitic fransformation. The less
homogeneous the internal stress fleld, 1.e., the less evenly the stress is disivibuted
acrvoss the particle, the more likely the particle is to evack or fracture. 1 therefore
can b preferved for some applications to employ a shape memory ceramic particle
geometry that ig substantially vegulay. For exaunple, a particle geometry in which
two faces are parallel to each other, such as cubie, cuboid, tetragonal and
trapezoidal geometric shapes can be preferred. Alternatively, for some
applications, it can be preforved to emplov a ceramic shape memory particle
geometry that ig spherical or that is regudar and a symunetrie polvhedral, meaning
equangular, equilateral ov convex. The geometry of the shape memory ceramie
particle 18 not imited, but for various applications, there can be selected 8 most-

suitable geometry that minimizes the likelihood of fracture or eracking.

{0040} The diameter of a shape memory ceramic particle that is spherical, the
length of each side of a non-spherical shape memory ceramic particle, eg.,
length of each side of & non-spherical shape memory ceramic particle, eg., a

polvhedral ceramic shape memory particle, and the shell thickness of a hollow
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ceramic shape memory particle, are all preferably between about 0.01-100 times

the average grain size that is exhibited by a polycrystalline cevamic shape
memory material to be emploved for the particle. For many applications it can he
preferred that these dimensions, e.g., sphere diameter, be no more than 10 fimes
the average material grain size. For example, if the characteristic grain size of @
selected shape memory ceramic material is 1 pm, then the diameter of a particle
of the material is preferably about 10 gm or less, For many applications, the
optimal ceramic particle size range for demonstrating superior superelasticity can
be between abhout 0.5 um and about 50 gm. For many applications, the preferred
cevamic parficle size is between about 1 pm and about 10 ym, and for many

applications, the preferved ceramic particle size is no more than abowt 5 pm.

j0041} The superelastic SBMC particles include at least one ceramic material that
can exhibit a reversible martensitic transformation, Le., that s a shape memory
cevamic material. Preferably, the austenite finushing temaperature (Ag of the
ceramic material is close to or lower than the temperature at which particles of
the material are to be emploved in operation so that the ceramie particles can
underge stress-anduced superelasticity at reasonable temperatures. Example
shape memory ceramic particle materials to be employed herein include AlsSiQs,

{xe, La, Pb, Nb, Ta, or Mn, or co-doped with fwo or more of the slements
mentionad above. For example, ZrQyg can be doped with coria with a Ce dopant

snas X

concentration »>=12 mol% or doped with ytteia with a dopant concentration »>=3
mol%. ZrQ: can be also be co-doped with ceria, e.g., with a Ce dopant
concentration >=8 mol¥% and with & dopant concentration of yttria of 0.5 molde, or
co-doped wath vitria with a Y dopant concentration >=3 mol% and with a dopant
concentration of titania of 5 mol%. These example doping scenarios can be
smploved where preferced for a given application and are not meant to bhe
Lmiting. All of these coramic particle materials exhibit a pure tetragonal phase at
room temperature and hence their austenite finishing temperature is close to or
shghtly lower than room tempervature of 25°C. As a result, these materials are

particularly well-suited as ceramic particle materials for energy damping and
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0.
energy absorbance shape memory applications at temperatures at room

temperature or higher than room temperature.

{0042} The shape memory ceramic particles can be emploved in any suitable
fashion in which they can interact with an envirenment fo undergo cyelic
martensitic transformation. An aggregate population of the shape memory
ceramic particles, whether loose or compacted, can be arranged as a shape
Meory ceramic structure. An ageregate population forming a structure of loose
particles can be emploved, e.g., as contained in a vessel, arranged ag a coating on
a surface, or in other suitable arvangement.  In goneval, any suitable
arrangement can be emploved in which an aggregate population of shape memory
ceramic particles can be exposed to an environment that enables martensitic
transformation of the ceramic particle material, Relerring to Figures 2A-2B, with
an SMC particle arranged for interaction with an environment as-disposed in any
selected shape and configuration, the mechanical loading and unleading of the
particle can be conducted through many eveles, such as more than 100 eyeles, with
the particle demonstrating eyclie displacement through the entive sequence of 100

eyeles.

{0043} In one embodiment, there 18 formed a sohid state shape memory ceramic
structure as an aggregate population of shape memory ceramie particles. The
hulk form structure can be encapsulated in any suitable laver or configuration if
desired. Figure SA schematically shows a cross-sectional side view of a cubic
compsict of an aggregate population of solid shape memory ceramic particles
having an encapsulation layer provided at the outer extent of the cubic compact,
Figure 8B schematically shows a cross-seetinnal side view of a cubie compact of an
aggregate population of hollow shell-shape memory ceramic particles having an
encapsulation layver provided at the euter extent of the cubic compact. The
particle compact can be of any geometry that s suitable for a given application,
inciuding one or more eylindrical plates, rectangular or cubic plates, or other

structures, e.g., like that represented in Figure 3A-38.
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{00441 Whatever shape of compact of the aggregate particle population is

random particle shapes, e.g. some particles as spheres, some as polvhedrals, and
some ag bregulariv-shaped particles. Preferably, the majority of the population of
the particles are either spherical or hollow spherical in shape or are o regalar
polyvhedral ghape. The size distribution of particles in the popudation of compacted
particles can be any suitable distribation, for example, between about 0.5 gm and
about 30 um in size. The preferved particle size is between about 1 pm and about
10 pm, and more preferably no more than 5 um. The preferved particle size
digtribution can be monedisperse or polvidisperse with the particle size variation
in the range of 1-100 times the smallest particle size. In many embodiments, it is
preferved that at least a portion of the population of the aggrepate particle
population be moncerystalline or ohigocrvstalling, to exploit the superior shape
memory properties of moncervstalline and sligocrystalline shape memaory ceramie

particles, ag explained below.

{0045] Any suitable process can be employed to produce the shape memory
cevamic parficles provided herein. In ene example, to produce pelvhedral SMC
single cryvstal particles, there can be emploved a modified solid-state sintering
method in which polymers containing rich aromatic rings, and preferably six-
membered aromatic rings, are used to separate grams of the cevamic particle
powder material during a sintering step. The polymers containing rich aromatic
rings can be, e.g., polystyrene (PS), acrvionitrile butadiene Styrenc{ABS), styrene
acrylonitrile (SAN), styrene-isopreng-styrene {(S18), poly{styrene-butadiens-
styrene) (SRS, poly{styrene-ethylene/butviene-styrene) (SEBS), and various other
styrene copolymers, polybutadiene, polyisoprene, polvethylene-butylene, phenolie
resins, phenol formaldehyde reging and various other phenolic capolymers, epoxy
resing, nylon, polvurethane and their copolymers and the like. Polymers with
hollow structures are preferred. The polvmers preferably have a particle sige of
hetween about 0.5 gm and about 100 pm and polymer particles smaller than 20
win are preferved. The weight percentage of the polymers to the cevamic powder
Precursors i in one example between about 1 wi% and about 15 wits,
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{D046] In one example of & modified sohid state sintering process, Ce doped

ziveonia particles arve produced with 16 mol% Ce-doping of ZrO: particles. First,
commerciaily available Zr0: and CeOs powders are mixed by a standard ball
milling method, with ethanol ag the milling media. After ball milling for about 24
hours, the powders are dried and ground. Subseguently, a selected polymer
powder, e.g. phenolic hollow microspheres with size range of between about 5 gm
and gbout 80 wm are added inte the ceramic powder mixture and mixed for at

feast about ¥ hours,

{0047 The mixed powders are then sintered at a temperature of between about
1000°C and about 1600°C for a duration of between about 1 hour and about 20
howrs, The sintering temperature and sintering duration tegether set the geain
size of the ceramie particles that results from the sintecing provess. For example,
at a sinfering temperatyre of 1500°C and a sintering duration of 2 hours, the
regulting powder grain size is between shout 0.5 pm and about 8 gm. The grain
size increases to hetween about 1 pm and about 4 pm when the sintering fime is
extended to 20 hours. The grain size s between about 4 pm and about 7 po after
sinfering at a temperature of shout 1600°C for 8 hours, and the gramn size of the
powder is between about T pom and about 10 um for a sintering temperature of

1700°C and a sintering duration of 4 hours,

{004 8] For any sintering temperature and duration, it can be preferved to ramp
the starting temperature up to the selected sintering temperature, e.g., at a ramp
rate of between sbout 5°Chamn and shout 2000 min. A ramp rate of at least about
S5 min can be preferved because higher ramp rates shift the carbonization and
decomposition of the pelymers to higher temperatures. Figures 4A-H show
polvhedral SMO Ce-ZrO: particles prepared using phenolic hollow microspheres
as modifiers.  For this case, the weight percentage of the phenolic microspheres to
the ZeQy and CeOs powder mixture 15 about 8 wi¥e and the sintering conditions
inciude a sintering temperature of 1500°C and a sinfering duration of 4 hours, At
the completion of the sintering process, the ceramic particles yemain loose and

ready to be configured and operated in an energy damping application. The
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powders do not need to be emploved as a loose population, and instead can be

arranged in a bulk aggregation, and can be compressed to a desired density by

applyving a confined load as explained below.

{00491 Superclastic SMC particles as provided herein and having solid spherical
or hollow spherical shapes can also be produced by spray drving according o
methods provided herein, This spray deving process transforms an aquenus slurry
mto dry, generally sphervical ceramic particles, algo herein termed powder, by
spraving the slurry into a hot deving medium. Although spray drying methods
have been used to prepare ceramic aphevical pavticles for move than twenty vears,
the particle sizes of these conventional processes are generally not well controlled.
Most of the particles in a conventional apray drying process have a size vange of
between about 30 pm and about1d0 pm, and the particles tend to be agglomerated
after sinteving. In contrast, inn the methodology provided herein, by careful tuning
of the apray drying conditions and conditions of & subsequent sintering process
there can suecessfully be produced hollow or solid SMC spherical particles with a
size that is less than 10 pmand that includes one single grain, as a
monccrystalline particle, or only a few gramg, in an eligocrystatline arrangement

of the particle.

{0050] Contidering & 16 mol® Ce-doped Zr0z coramic system as an example to
demonstrate the spray drying process, in a first step, a binder such as polyvinyl
aleohol (PVA) with molecular waight of between about 10,000 and about 80,000,
and preferably about 35,000, pulyvinvlpyrrolidone (PVE) with molecular weight of
between about 10,000 and about 130,000, cellulose, polyvethylene glveol (PEG), o
polyvacrylate is dissolved in hot water at a femperature of, e.g., between ahout
0*C and about 890°C. After cooling down following dissolving, a suitable
dispersant, such as a commercial dispersant ke Dolerpix Ce 64 and Darvan ¢-N,
Zschimmer & Schwary GmbH, Lahnsteimn, GE, 18 added, and then selected corami
powders, e.g., commercially available ceramic powders ZrQs and Cel): arve added.
The agueous sturey s then mixed by, e.g., ball milling, for at least 84 hours, The

obfained slurry can consist of, e.g., hetween abhout 1 wi¥ and about 5 w2 of the
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binders such as PVA or PVP, between about .25 witb% and about 5 wi% Darvan C-

N, about 20 wit% and 80 wi% ceramic powder, with the rest heing water.

[0051] A spray dryer, such as a commercially-available dryer ke Bachi Mini
Spray Dryer B-280, Biichi Corp., New Castle, DE, with the nozzle tip of selected
size, e, a dlameter of 0.7 mm, is then emploved. To generate hollow spherical
particles, coaxial nozeles can be used., Other commereiad or custom spray dryer
syvstems can also be uged. Example preforved conditions for spray dryving o
produce shape memory ceramic particles are as follows: 1YThe spray air pressure
15 preferably about 100 Pai; 2YThe spray inlet tempervatare 18 preferably between
about 130°C and about 180°C; 3)The feed rate is preferably about 30 mlhe; £)The

pump 18 set at about 10%; and 5)The aspivater 1s set at about 100%.

[0053] Figores BA-DI} show spherieal ceramic particles produced by spray dryving at
different spray dever inlet temperatures. With the spray dever inlet temperature
set at a temperature of between about 130°C and about 180°C, the resulting
ceramic powder particle diameter 18 between about 0.5 ym and about 10 am and
the majority of the particles have a diameter smaller than abouwt 8 um, as shown
in Figs. 5A-3C. When the spray dryer inlet temperature s increased to 175%°C, the
ceramic particle diameter significantly increases, reaching a diameter of between

ahout 5 ym and about 20 pm, ag shown m Fig s

{0053 Figores 6A-6D show gphervical ceramic pavticles produced by spray drving
at a spray dryer inlet temperature of 1680°C and produced with slurnies including
the binders PVARSK, PVATZK, PVAGOK and PVPE30K, respectively. These
niierographs show that the ceramie partiele diameter is between about 0.5 pm and
about 10 pm when using PVASSK (Mw=85%,000) as a binder. With the molecular
weight of the binder increased to 72,000 (FVAT2K) and then to 90,000 (PVARGkL),
the ceramic particle diameter 18 found to mcrease to between about 1 pym and
ahout 30 gm and a majority population of the particles has a diameter as big as
about 10 pm. The particle size of ceramic particles preparved with PVPE30k s

shown 1o be close to that of cerarie particles prepared with PVAGOL.
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{00541 Because the grain size of the ceramic particles is in general a few

usually }){J}}’,-“Q}i‘}-’&’xt&iHl‘lﬁ?»:, and consist of & pharality of graing, In polvervstalline
ceramic particles having a diameter greater than aboul 5 um, superelasticity can
be restricted due to relatively less free surface avesn as well as velatively more
constraint from grain boundaries. Polverystaliine parficles having a diametey
greater about & pm therefore can tend to crack or even be erushed before the
cecurrence of martensitic transformation and the corresponding superelastic
behavior that is desired. With this recognition, it can be preferved in the spray
drving process provided herein to employ a spray dever inlet tempevature of
hetween ahout 130°C and 160°C and to employ PVASSEK as » binder to obtain a
majority of & population of ceramie sphevical particles with a diameter less than
ahout 5 pm. This condition of a ceramic particle population majority having a
diameter less than about 5 wm results 1n the achievement of superelasiic

propertiss in the ceramie particle population majority.

{0055 After spray dryving, the sprayv-dried ceramie particles can be sintered at a
temperafure of between abhout S00°C and about 1300°C for about 2 hours to bumn
off the polymer binders and dispersants, if necessary, and can be sinfered at a
temperature of between about 1300°C and about 1700°C for 2-8 howrs to cause the
ceramie particles to cevstallize and to cause grain growth within the particles,
Long-duration sintering, for more than & hours, 1s not recommended as the
particles can then become agglomerated, This twe-gtep sintering process enables

production of superior shape memory ceramic particles, Figures TA-TF show

example spherical ceramic particles resulting after spray dryving and sintering and
having different diameters. The ceramic particles can be hollow or selid, and can

he doughnut-shaped or nearby spherical shaped, Le, not perfectly spherieal. The
term “spherical” is herein meant to refer to a ceramie particle geometry that is not
necessarily perfectly spherical, but is generally sphevieal, Depending on the
ceramic particle diameter, ceramie particles consisting of one grain, e,
monocrystalline, or consisting of three grains or more grains i an oligecrystatline
or polvervstatline arvangement, can be ohtained by the spray drying process,
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{00561 Once the ceramic particles are produced, they can he emploved in any

suitable manner for & given application. The ceramic particles can be employed as
an aggregate population of loose ceramie particles, as an aggregate population of
ceramic particles contained in a vessel or other structure, as an aggrogate
population of ceramic particles arvanged 1 a selected three-dimensional shape, as
ceramic particles disposed as a layer of particies on a steface, e.g., as a surface
layer or a laver in between other layers, or other configuration of a population of
ceramic particles. Tnall of these cases, the aggregate population of particles forms
a shape memory ceramie structure. Where it is desived to employ the ceramic
particles as an aggregate population of particles arvanged in an aggregated bulk
form of & structure, such as that shown in Figs 3A-B, a population of the ceramic
particles can be pressed together into a selected form, such as a cubic or
eylindrical shape, by a selected pressure, e.g., between about 1 MPa and about 10
MPa, using, e.g., a conventional hydraulic press machine. To render a resulting
ceramic particie compact easy to handle, a polvmer binder, such as polyvinyd
alechol (PVA), epoxy, polyurea, palvurethane, polvethylene or polvearbonate can
be added into the population of ceramic particles before pressing. For spherieal
particles or hollow spherical particles, the ceramie particles can be assembled into
an ordered structure fivst and then polymer binders infilirated into the gaps in

between the ceramie particles to bind them into a powder compact.

f00571 A compact of an aggregate population of ceramie particles can be wrapped
hy one or more high-strength fabrics such carbon fabrics, Keviay fabuics, glass

fabrics and carbon nanotube (ONT) twisted fiber fabrics. The fabrics can be
formed of one or a few different fibers, such as carbon/Keviar or carbon/glass
fabrics. A eeramic particle compact can also be wrapped by a three-dimensional
woven fiber preform or other fabric. After wrapping a parvticle compact with a
fabrie, one or more polymer binders such as epoxy can be applied to the fabric to
bond the fabric with the particle compact. A fow lavers of fabrie and palvmer
hinders can be applied in an alternating seguence to build up a structure with a
required characteristic, g, to achieve a structure with an everall
tensile/compressive strength of the coatings of at least 100 MPa. To enable a
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fabrie length fo be attached to a compact of ceranyie particles strongly and evenly,

cold isostatic pressing or hot pressing can be carried out on the whole sample

3

during the binding of fabrics to a compact of particles.

{DOA8] A ceramic particle compact can also be covered with a layer of metallic
conting, Many metals and allovs such as steel, aluminum alloy, magnesium
alloys, copper, brass, titanivm alloys and titantom-nickel alloys can be used for
this purpose, The metallic coatings can be applied by dip coating from the

metatlic melting hguids and then cooled.

[0059] A compact of ceramic particles can be arranged into a composite structure,
¢.g., including shape memory ceramic particles as filler and a polymer or metal as
the composite matrix. Herein, such a polvmer matrix material can be supplied as,
2., a4 high-molecular-weight polyearbonate, epoxy, polvuria, polyvinyl chloride,
polypropyvlenes, polvethylene, polvester, acrylic, or nvlon. A metal matrix
material can be supplied as, e.g., aluminum, magnesium, steel, titantwm or an
alloy, To enhance the mechanical strength of matrix materialg, Bbers can be
added into the matrix. Such fibers can be supplied as, e.g., carbon fibers, Keviar
fibers, glass fibers, corbon nanotube (CNT) twisted fibers, graphene twisted fibers,

ar other suitable fibor,

Experimental Examples
{0060} A series of different populations of SMC particles were fabricated
with a cevamic particle size ranging between about 1 pm and about § pm, and
were tested for therr mechanical response under cormpressive loads. Through
testing of fens of SMC ohigoerystal and single erystal particles, it was
demonstrated that completely recoverable superelastic behavior 18 achievable in

the SMC particles for more than one hundred loading-unloading eyveles.

{0061} The populations of particles were formed with a composition of
168%Ce-Zr and an average grain size of about 1.7 wm by a spray dryving method
and were sintered at a temperature of 1800°C for 2 hours. This provess

transformed an aqueous slurry nto dry spherical ceramic powders by spraying
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the shurry info a hot drving medium. First, polyvinyl aleohol (PVA)Y binder with
molecular weight of ~35,000 was dissolved in hot water at a temperature of about
90°C, After cooling the solution, the commercial dispersant Davvan C-N,
Vanderbilt Minerals, LLC, Norwalk, CT, was added, followed by adding the
ceramic powders Zr0s and CeQ: The aqueous slurry was then mixed by ball
milling for more than 24 hours, The obfained slurry consisted of ~2 witl of PVA,

~2 witd of Darvan CN, ~30 wi¥ ceramic powder and the rest wag water.

{00632 A Biicht Minit Spray Dreyver B-280 with the nozele tip diameter of 0.7
num was then emploved for spray dreving., Compressed alr with a pressure of 100
Psl was used as a deving medium. The spray dever inlet temperature was
maintained at 135°C and the feeding rate was ~30mlthy, The resulfing ceranyic
particles were then sintered at 150070 for 2 hours v air. The sinterved particles
were then dispersed in ethanel and ulirasonieally processed for shout one
minute. The slurry was then drop coated on a guartz substrate and dried at
room temperatire. The morphology of the particles was then observed by
FESEM with a FEI Nova 8001 Nanolab, FE

of interest, a cirele with diameter of 20 wm was marked by a Foeus ion beam
{FIB) milling svatem using the FEI Nova 8001 Nanolab, Bach circle was centered
at gne particle only and theve were no other particles surrounding. This ensured

that a compression test could be conducted on & single particle.

j6063] The SMO particle material exhibited pure tetragonad phase
{austenite) at room temperature, confirmed from X-ray diffraction by the XRD
pattern, Selected area electron diffraction (SAED) patterns were taken on a
number of particles and demonstrated that the particles were purely tetragonal
phase. Thelr austenite and marfensite finish temperature was estimated to be Ay
=~(°C and Mes~ -170°C, These particles are suitable for superelastivity studies
because at room temperature, they He at a temperature above austenite finigh
temperatures; thus, deformation at veom temperature can induee shape change
via transformation to martensite, which can be subsequently recovered upon

withdrawal of stress, as the austenite phase i morve thermodynamically stable at
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room temperature. Only those particles with spherieal or near spherical shapes
were selectad for study for easy comparison between different particles.
Compared with 8SMO pillars with an aspect ratio of about 2-4, the spherical
particles have lower aspect vatio, only ~1. Thiz can make the measured data

more reliable as spherical particles have much lower chance of undergoing

buckling., FPurthermore, because there is no machining of the particles, they have

pristine grain houndaries. This enahles the visualization of grains i each

particle to be very straight forward.

{0064] Particles for testing were those having a diameter of betwoeen about
1 um and about & pm, including polverystalline particles, having abouwt 10 graing,
oligocrystaliine parcticles, having between about 2 and about & grains, and single
crystal, or monoeryvstatline particles, having only one grain, Teng of each type of
cerantie particle were uniaxially compressed using a Hysitron nanoindenter

equipped with a flat diamond punch of 10 g in diameter,

{0065] Kighteen particles including different numbers of graing were first
tested to identify the number of grains per particle that results in optimal
superslastic properties. Then cvelic loading was applied to the particles to
understand their cvelic response. Micro-compression tests on the SMO particles
were carried out on a Hysitron Triboindenter T1 850, Hysitron, Minneapohis, MN,
equipped with a 80° condeal tip with a flat end having a diameter of 10 nm. The
tip was cavefully aligned on a sclected particle using an opticad scope and
veferring to the center of the circle marked around the particle. The loads
applied were in the range of between about 0.8 mN and about 10 mN and the

loading rate was about 50 pN/s.

[0D66] To perform the test over hundreds of cveles in a reproducible and
comparable way, the tests were separated into tens of test segments in which 10
identical loading and unloading cyveles were conducted with a speeified maximum

Inad and a constant lbading rate. Bebtween the segments, a sebpoint 2 pN contact
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force was always maintained and the contact with the specimen under test was

never hroken.

[0067] Load-displacement curves of data were plotted with the test results,
and based on the load-displacement curves, the maxinum stress, the maximum
strain, and the average total damping energy was evaluated for each particle.
The stress was caleulated by using the maximum load divided by the cross-
section area of a particle; the strain was calculated by using the magimum
displacement divided by the diameter of & particle, and the dissipated enerygy in
each superelastic ovele was calewlated as the area enclosed by the hystervesis loop

in the load-displacement curve divided by the particle volume.

[0068] Figures 8A-8C shows three exemplary particles tested, Particle #1
i Fig. 8A had a diameter of 4.3 pm. 1t 18 an exaample of & polycrvstalline
structure, having more than 10 graims. During testing, the compressive load
apphied to this particle was gradually inereased up to 3.5 mN; however, only
elastic deformation was ohserved. When further increasing the load, the particle
started to develop plastic strain and was crushed at a load of .79 mN. This
behavior is shown in the plot of Fig. 8D, The crushing load undey which there is
a sudden barge inervease of the displacement and an associated decrease of foree is
the se-called crushing Ioad, Faasine According to the erushing load, the particle

compressive strength was estimated to be about .55 GPa.

N

[0069] Particle #2, shown in Fig. 88, had a diameter of 3.5 ym, and

mcluded about 56 grains in total. The structure of this particle was

compressive load of 8.0 mN was applied to the pavcticle and the load-displacement
curve measured, as shown in the plot of Fig, 8K, A few small displacement
plateaus with fotal displacement of about 10 nm were ohserved (pointed by two
arrows}, after which the particle was unloaded and exhibited perfect recovery.
The parvticle thereby exhibited the superelastic effect, The two displacement

plateaus in the loading curve can be attvibuted to the strain assoctated with the
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stress-induced martensitic transformation and the motion of austenite-

martensite interfaces, while the two small steps of change in the unlvading curve
{pointed by ancther two arrows) can arise from the recovery of the initial
austenite phase via reverse martensitic transformation). Based on the load-
displacement curves, the transformation strain was determined to be only ~0.83%

and the dissipated energy for one superelastic evele was estimated to be ~4.2

Mdfmit

{0076} Particle #3, as shown in Fig. 8C, was a single cevstal particle of 1.3
i in diameter, When a compression eycle with maximum load of 2.5 mN was
apphied, particle #3 exhibited a typical superclastic load-displacement
characteristic, as shown in the curve of Fig 87, in which a large displacement
hurst of about 30 nm was observed in the loading curve and also the unloading
curve {painted by arrows). This 18 indieative of a perfect shape recovery of the
single crystal particle. Aceording to displacement plateau in Fig. 8F, the
transformation strain during the superelastic oyvele was estimated to be about
2.3% and it oceowrred in & very short time of about 12 ms. The dissipated energy
was estimated to be about 38.3 MdJd/my®. This much higher dissipated energy than
that of Particle #2 18 understood to resudt from the fact that the particle 32 has g

much lavger transformation strain.

{0671} The results presented above are typical of many experiments
conducted, and elearly show that crystal structure plavs & eritical role in the
superelastic properties of SMC particles provided herein. Polverystalline
particles fail to exhibit superelasticity, tend to develop plastic deformation,
mainly as cracks, and subsequently can be crushed if the compressive load is
increased continuously, This failure behavior i similar to bulk polyarystailine
ceramics. The fractures start from grain boundaries due to the concentration of
mismatch stress, ag evidenced by Figurs 8A showing the palverestalline particle
#1 after crushing. Very prominent cracks can be found aleng the grain

boundaries and triple jonchions (pointed by arrows). As a resulf, the compressive
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erystalline particles are very low, varyving between shout

strengths of such poiy

0.25 GPa and about 0.5 GPa as shown in Fig. 9B,

[0072] Without being bound o theory, 1t 18 understood herein that the
oligoerystalline 8MO particles provided herein can repeatedly and fully sustain
superelastic eycling lavgely because the transformation mismatch internal to the
particle is significantly reduced over that of polycerystalline particles. Compared
with polvervstalline particles, the ohigoceestalline particles have far foewer grain
junctions and more stress-velieving free surface area, both of which decrease the
cepmetrical constraints that lead o crack formation. Thus the oligoervstalline
SMC particles were demonstrated to fully recover strain during unloading and to
go through tens of eyeles of superelasticity while remaining almost porfectly
mtact. Thix is demonstrated w Figs, 10A-10B. However, because the
martensitic transformation in different graing are anisotropic, the gverall
transformation strains measurable by nancindenter ave very small, about 0.3 %,
and the dissipated energy for ong eyele of loading-anloading is only hetween

ahout 4 Md/mband 10 Mdime.

{0073] Single crystal BMC particles have no grain boundaries and no
constraint from surreunding grains, enabhing single crystal 8MO particles to
exhibit high compressive strength, ag evidenced by the one-tune compression
tests of many particles to failure. The particle strengths were measured to be in
the range of between about 0.5 GPa and about 1.5 GPa, highly depending on the
crvstal orientation, as evidenced by Fig. 9B, As a result, single crystal SMC
particles ave determined to be very robust in martensibic fransformation and can
be preferred for many appheations. In many cases, they have very clean one-step
martensitic transformation, resulting in a large strain which can be perfectly
vecoverad via reverss martensitic transtformation. The transformation strains
are scattered in the range of between about 19 and abowt 3.5%. The superelastic
evcling was carried out for over one hundred times without developing plastic

strain.
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{0074} Particle #3 1s a good demonstration of the superelasticity in single
crystal particles. The superelasticity cycling was operated under a compressive
stress up to 1LRS GPa, which is much higher than the ultimate strengths of many
other snergy-damping materials such as shape memory allovs (<05 GPa),
rubbers (~ 5 MPa)}, and polymers (< 0.1 GPa). Due to the large transformation
stress and strain for single cryvstal particles, the energy dissipated by a complete
superelastic evele per unit velume is hetween about 20 Md/m® and about 40
Md/m®, higher than that of the aforementioned oligeerystalline particles ag well
as shape memory alloys such as Ni-Ti, Cu-Al-Mn-Ni and N&Ti-Nb alloys, which

have energy dissipation of between about 10 Md/m® and about 20 Md/m?s.

{0075} Figure 11A shows the cvelic compression vesults for a representative
gingle crystalline particle, #4, produced as given above and having a diameter of
about 1.2 pm. For the first cvele of compression, two steps of displacement
plateaus associated with stress-induced martensitie transformation can he
observed in the loading curve. The first step with 3 nm displacement was
indueed by the nucleation of the martensite variants at a low load of 0.48 mN,
while the second step, one spanning 83 nm i width at 2.75% strain, was due to
the burst of martensite formation at 0.67 mN. In the unloading ewrve, there is
also seen to be a displacement plateau of 36 nm at a load of 0.28 mN. This is
responsihle for the reverse martensitic transformation, leading to the full

recovery of the transformation strain.

[0D76] The two-step displacement plateaus hecome 3-4 tiny steps and one
large step in the subsequent 2-30 eycles of the leading-unloading curves,
indicating that more marfensite nucleants are triggered, as shown in a
representative curve of the 11% eyele in Figure 11AL Starting from the 31 eyale,
the digplacement plateaus beeome two again. The total displacement increases to
about 45 nm at a 3.8% transformation strain, This indicates that different
martensite variants have grown and merged into two domains. Onee this new

configuration of martensitic domaing become stable, the eyele shape doesn’t
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evolve further, as evidenced by the three highly superimposed superelastic eveles,

eyveles 41, 81, and 108, plotted in Figure 114,

00771 Another outstanding observation with regard to the plot of Figure
11A is that the gritical loads for induecing martensitic transformation {(Austenite -
> martensite, denoted as Fosp) and reverse martensitic transformation
{martensite > austenite, denoted as Fas) for the single ervatal SMC particle arve
decreased with continued eveling of the apphied Inad, as has been summarized In
Figure 11B. Noted here are the critical loads inttiating the largest displacement
platean. This decreasing tendency is more proncunced in the fivst 20 eveles and
SO 100 gyedes for Feew and in 20040 eyveles for P, Comparatively, the
changes in the Faien was more significant than the Fooss It was decreased from
0.67 mN fo ~0.55 mN, while the latter only from Q.25 mN {o 0.20 mN. This effect
can be attributed to the generation of dislocations along the compressive stress
field which sceommodate the martensite plates in the austenite matrix and thus
forming an easy path that favors the martensite nucleation and growth. As a
consegquence, martensife domaing can evoelve at lower stresses i the subsequent

loading eveles.

{0078} One more striking phenomenon associated with the repeated vyveling
of a single crystal SMCO particle 18 the reduction of the area inside the
superelastic loop, which is proportional fo the energy dissipated per cycle of
oading-unloading. A quantitative analysis of the dissipated energy as a function
of the eveling numbers 1s Hlustrated in the plot of Figure 11C. The dissipated
energy at the fivst 20 eveles s remarkably reduced from about 40 Md/m? to about
25 Md/m?® as the exitical load for martensitic transformation (Fasw) was decreased
in the first 20 cycles and the oritical load for reverse martensitic franstormation
(Fae ) was almost constant. From twentieth to the thivtieth cveles, the
dissipated energy was suddenly increased. This can be responsible for the
reduction of the Faea, causing the inervease of the area inside the superelastic
foop. After thirtieth eyvele, the dissipated energy was vontinuously decrpased,

following similar trend as the Faow.
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{0079 With eontinuous cyeling, SMC particles eventually exhibit fatigue
behavior similar to that of shape memory alloys. Move than 10 particles were
eyveled to fatture under uniaxial compression loading to analyze this condition,
Muost of the particles demonstrated a fatigue hife of between about 30 eveles and
about 100 eveles. The single crystalline particle #4 deseribed above demonstrated
a fatigue life of 109 ovcles, with plastic strain developing from the 110th cycdde on
aw shown in Figure 12A. It is interesting to ohserve that the plastic deformation
didn’t oeeur at the eritical load for martensitic transformation (Fusa, .55 mN),
hut at a much higher level (~ .87 mN), indicating it is not directly induced by
martensitic transformation, bul something else. Stmilar phenomena have also
been found in the other particles. For the aforementioned particle #3, the plastic
deformation was developed at the maximum load of 2.5 mN, while the oritical
load (Foow) 18 ~0.78 mN. The particles are eroashed if the cyelic compression
continued after the plastic deformation has occurred. Figure 18B shows one
particle after crushing. A few eracks can be observed along the dirvection of

compression loading (pointed by arrows).

[D0R0] In shape memory ceramies, deformation invelves the nucleation of
martensite variants and the movement of austenite/martensite interfaces, and
the latter have the most dramatic effect on particle fatigue life, as it generates
most significant strain, I the stresy fleld i not uniform, for example in particles,
the movement of austenite/martensite nterfaces will not be commensurate. The
shearing of the martensite lattice planes can cause dense disloeations and large
internal stress, Onee the internal stress inereases over the damage threshold of
the particles with continuous eycling, it will eventually cause the fracture failure.
As a result, for many applications, it can be preferved to employ a particle
geometry that enforces a untform stress field internal to the parvticle. A regular
geometry, or svmmeftric particle geometry, can thervefore be preferred as

explained above.

j0081] To better understand the microstructure evolution of the shape

memory particles under eyelie compression loadings, TEM analysis was carvied
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out on a representative single crvstal particle, #5, after superelastic eveling for 16

times, with 8 JEOL 2100F. The TEM sample was prepared uging an in sita Hft-
out technigue in the FIB milling system. Very clear and dense dislocations were
observed in the contact area beneath the flat diamond punch and along the
compression direction. However, morve than 80% of the area out of the
compression direction was abmost intact. As dislocations arve respansible for the
stress-induced movement of austentfe/martensite mterfaces, the dislocation
patterns exactly reflect the stress field distributed in the particle under
compressive loads. The TEM analysis determined that the stress field was not
entively uniform. The highest stress was mainly distributed i the area
pontacting with the diamond punch and the substrate which therefore became

the sites for the first fracture cvent to appear.

[D0R2] Hollow ceramic particles like that of Figures TA-TO were tested for
thelr characteristics, In Figures 18A-138, there is shown for twe of the particles
the morphology, loading-displacement curves, dimension, stress, strain and
average total damping energy. Compared with the particle of Fig. 134, the
particle of Fig. 138 has much smaller dinmeter and volume, The particle of Fig.
138 consists of only 4 grains and hence has & much larger frée swrface avea, This
particle exhibited very active martensitic transformation under compression,
feading to a few large strain plateaus in the loading-displacement curve. The
particle could be compressed up to 8.2% strain and the stradn was almost fully
recovered after unloading. The average total damping energy reached up to 30.4
Md/m® Both the strain and the damping energy are seen to be much higher than

that of the particle of Fig. 134, which are only 6.5% and 6.2 MJd/m+,

j0083] The energy dissipation characteristios of a SMC particle compact as
provided herein was evaluated by confining the particles in a tungsten carbide
(W) die and then compressed by a mechanical tester (Instron, 5569) a shown in
Fig. 14, The energy dissipation of two batches of 168 mol%Ce-Zr(): partivles
prepared by the modified solid state sintering and by spray deving with PVAGSK

was compared. To perform the compression, 0.1 gram of the particles were
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introduced into the die and then g pre-loading of 1 kN was applied hefore the test
to densify the particles into a compaet. The compact was then compressed for
bwenty eveles at different loads to study s energy dissipation behavior. The
applied loads were 9.8 kN, 12.6 kN, 19 kN and 25.2 kN, which corvespond to

stresses of 0.78 GPa, 1 GPa, 1.5 GPa and 2 GPa, respectively.

{0084} The dissipated energy of each particle compaet was ecalculated by
measuring the area enclosed in the load-displacement curves, 1t should be noted
that the displacement data have heen subtracted by the displacements of the
empty WC die at the same load. This is to eliminate the contribution of WC dip
to the dissipated energy due to its elastic deformation. Figures 15A-158 show the
vesults, Generally, the dissipated energy decreases with the eveling at the fivst
few cycles and then tend to stabilize and become repeatable after 10 eyveles. This
repeatable dissipated energy results fram the superelasticity of the SMEC
powders, From Figs. 15A-158, it is also observed that the dissipated energy
varies significantly with the compressive loads. A higher dissipated energy is
ohserved at higher compressive loads for both spray dried and solid state simtered

powder compacts,

{0085} Figure 16 shows the plot of the dissipated snergy, averaged from the
sixteenth to the twentieth cycles of compression, vs. applied compressive load, for
spray dried ceramic particles and for sintered ceramic powders. 1t can be
observed that at the same load, the spray dried powders always dissipated more
energy than that of sohid state sinterved powders. With an inerease in the
compressive load, the dissipated energy of the spray dried powder compact
Iinearty mncreased from 14135 md at 9.8 kN (0.75 GPa) and resched about 461.5
mad at 25.2 kN (2.0 GPa). By normalizing the energy by the volume of the powder
compact (1615 mm®), the specific dissipated energy is found o vary hetween
about 7.0 Md/m*and about 28.5 Md/mS. This 13 much higher than that of many
other energy damping materials, g, about 1 M/ m® 10 Mdim® for shape memory
allovs, about 0.3 Md/m® 1.5 MJ/m® for aluninam foams, and about 0.5 MJ/m3 -

0.9 Md/im?® for polymer foams.
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{0086} For solid state sintered ceramic powder, the dissipated energy was
found to inerease with load in the range of 9.8 kN to 12.8 kN, while the increment
way signtficantly reduced when the load mncreases to T8 kN to 3532 kN, The
dissipated energy at 25.2 kN was only about 233.5 me]. The compressive loads of
184252 kN may have been too high for this kind of particle and therefore caused
mtra-granular particle crushing, causing formation of high-density disloeations
These stroctural defects hinder the ocourrence of martensitic transformation.
Therefore only those particles that are strong enough to withstand a relatively
high load can contribute to the energy disgipation, while the quantity of these
particles arve decreased with higher load. As a rvesult, a decrease of the
population of effective particles and an increase In dissipated energy per particle
with load increasing are competing phenomenas, leading to the saturation of the

overall dissipated energy at higher load, at between 19 kN and 33.2kN.

{0087} Through dozens of compression tests on the SMU particle compact,
it was found that the particle shape and particle size, as well ag the load
conditions, including cycling and loads, all play an important role in the energy
dissipation capacity of a SMC particle. Of adl, the compressive load is the most
crucial as it determines whether the energy dissipation s contributed by
superslasticity or particle crushing, and changes the dissipated energy most
significantly. Partide shape 13 second most important parameter. Sphervical ov
near-spherical particles exhibit about two times higher energy dissipation,
compared with the rregulariv-shaped particles. Particles with relatively smaller
gizes, e.g., between about 1 um and about 10 pm in diameter, can dissipate more
energy than relatively courser particles having larger diameters, 8.g., between

ahout 10 pm and abeut 25 ym.

{0088} Compared to shape memory metal allovs such as N1y, CoddMn, and
FeNiCoAl, the shape memory ceramie (2rOg-{CeOa has a much higher
transformation stress, 8 much larger hysteresis in a load-undoad cyvele, and a
tunable transformation temperature ag high ag 1000°C. These properiies render

this shape memory ceraie ideal for a wide variety of emerging applications for
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energy dissipation and high temperature actuation. In particular, manufacturing
of thiz shape memory ceramic into granular particle form provides an effective
approach to high energy dissipation and vibration damping, in which the waste
mechanical energy is converted to heat through reversible stress-induced
martensitic transformation in individual particles, as well as through the initial

densification, fracture and internal foiction of microscale particles.

j0089] The mechanical and thermal responses of particles of the shape
memory ceramic {ZrOuL(Cey): were investigated for with three different
compositions, namely, 1= 10%, 12%, and 13.2%. At room temperature, these
three compositions correspond to the detwinning regime, intermediate regime,
and superelastic regime, respectively. The shape memory ceramics were
gynthesized by chemical co-precipitation of two saltg, CeNQuks 6H:D and
ZrOCl 8H:0, with ammonium hydroxide, fellowed by diyving, infiltration, and
aleination at 1500°C, The as-synthesized samples were then ground into
microseale powders, with a particle size in the range of 45-150 pm, and a grain
gize of 5-10 pm. The mechanical behavior of granular shape memory ceramics
was tested and measured through die powder compaction using a steel die and an
Pnstron mechanical test system. Such confined uniaxial compression converted
foose powder into a weakly-bonded compacted pellet of an aggregate of powder

particles,

j00946] For the (ZrOg) e (CeOs)y alloy with a =10%, the as-prepared loose
powders were of monochinie phase {Le. martensite, My>300K). Confined uniaxial
compression with an average axial stress of 880MPx lead to a compacted pellet
with a fiber texture. The majority of the grains in the peliet had the same out-of-
plane crystallographic orientation (Akl) whereas the in-plane crystallographice
orientations were random. The normal of (dED) plane was close to the normal
direction of (111} plane, and formed an angle ~ 40-55° with the normal duection
of {002) plane. Thiz detwinning texture possibly originates from the alignment of
{002) twinning plane of monoclinic phase with the divection of maximum sheay
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{0091} The textured pellet transforms from monoelinic phase to tetragonal

phase ag it is heated up from room temperature to 500°C. For the fivst evele,
however, there were no clear endothermic pesky associated with As and 45 in the
DSC curves. The tetragonal pellet transforms back to monochinic phase as it
cools down back to room temperature, with clear exothermic peaks associated
with Mo and My in the DSC curves. For the second ¢yvdde, both endothermic and
exothermic peaks were clearly visible in the DSC curves, corvesponding to 3
~230°C, M ~180°0, Ae~3807°C, and 4 ~430°C, similar to those observed in the
DSC mensurement for loose powders of the same composition. The changes from
abnormal to normal behaviors in DSC curves were probably caused by the loss of

texture in the monoehnic pellet as it transformed from tetragonal phase,

{0092} For (Zr0-{CeDs)e alloy with x =12%, the as-prepared loose
powders were of tetragonal phase, 1., austenite. Confined uniaxial compression
with an average axial stress of 880 MPa resulted in transformation of the
majority of the powders to the monoclinic phase. However, as the load was
removed, the monochinie phase did not transform back to tetragonal phase. In
other words, in this intermediate regime (Mi<300K <A4s), the stress-induced
martensitic transformation is irvreversible, This discovery provides divect
evidence for stress-induced transformation in granular, particulate shape
memaory ceramics undey condifions of confined uniaxial compression. The
resultant compacted pellet consisted of @ majarity of monoclhinic phase and a
mmority of the resadual tetragonal phase. For the monoclinie phase within the
compacted pellet, a fiber texture was observed, which is similar to that found in
the detwinning regime with x =10%, This transformation texture possibly
oviginated from the alignment of {(02) twinning plane of monochnic phase with
the maximum shear stress direction following stress-induced martensitic
transformation, There was no texture associated with the residual tetragonal

phase after confined uniaxial compression in the pelliet.

{0093} When heated up to HS00°C, the monoclinie textured pellet

transformed fo the tetragonal phase, without clear endothermic peaks associated
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with Ay and 4y in the DBC curves. Ag cnoling down back to room temperature, no

martensitie transformation cccurred and the pellet stayed in the tetragonal
phase. This is beeause the martensife start temperature is below room
temperature. The first DSC cyele from room temperature to B00°C and hack to
room temperature, therefore, converted the metastable monoclinie phase that is
caused by stress to the tetragonal phase. In following DBC eycles, the pellet
staved in the tetragonal phase, without forward or reverse martensitic
transformations. The force-displacement curve of the pellet shows that a
significant proportion of the strain caused by confined uniaxial compression is
not recovered upon unlesding. This observation is congistent with irreversible
stress-induced martensitie transformations, which are concluded from Xeray

diffraction (XRD) and differential scanning calovimetey (DSC) characterizations,

[D094] The intermediate regime {(M<B00K <As) enables particle response
control by loading conditions and materials strouctures as a function of stress-
induced martensitic transformations. These experiments show that for the same
particle size, stress-induced martensitic transformation g favored in granular

shape mamory ceramics with larger grain sizes.

{0095] For {(ZeOuCeDyy alloy with 1 =13.2%, the as-propared loose
powders were of tetragonal phase {Le. austenite). Confined uniaxial comprassion
lead to forward transformation of the powders to the monoclinic phase, while
upon unleading the pellet underwent reverse transformation back to the
tetragonal phase. In thiy superelastic regime (4 <800K), it is difficudt to identify
the transformed volume fractinn during loading through ex site XRID and DSC
characterizations., However, the force-displacement curve of the pellet showed
that most of the strain during confined uniaxial compression was recovered upon
unteading. This observation supports the idea of reversible stress-induced

martensitic transformation.

[0096] With thig experimental exaonple, theough the DEC and XED

characterizations as well ay the mechanical testing, the mechanical and thermal
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responses of granular shape memory ceramics in the three ditferent regimes were
all well-characterized. In the detwinning regime, confined uniaxial compression
leads o texture development in the monoclinic phase. In the intermediate
regime and superelastic regime, confined uniaxial compression leads to
transformation from tetragonal phase to monoclinie phase, simultaneously with
the texture development in the monochinie phase. For the textured monoclinic
pellet in these cases, no clear endothermic and exethermic peaks are visible in
DSC measurement. These results show that both the shape memory effect and
superelastic effect arve present in granular shape memory cevamics particles and

particle aggregates, demonstrating the ability of these materials for enevgy

dissipation and vibration damping.
{0097} With the description and experimental examples above, it i

demonstrated that the shape memory ceramic particles provided herein provide a
new type of superelastic material structuve with many advantages over
conventional energy-damping materials such as rubbers, fiber-reinforced
composites, and foams. The advantages include very high energy damping
capability, high mechanical strength and especially compression strength, large
recoverable strain, Hght weight, high temperature stability, and chemical

ability. Bulk aggregations of shape memory ceramic particles, such as
compacts of populations of the shape memory ceramie particles, are divectly
apphcable for use in enabling, eg., true multi-hitting capability in ceramic based

armor systems, which conventionally erack affer one or a fow shots of bullets. A

shape memory ceramic parvticle compact can therefore be used as an energy
damping layer in various armor systems, including flexible armor svstems, to
protect soldiers and military vehicles from shocks and impact with, e.z., carbon or

b

Reviar fiber composite encapsulation of an aggregation of SMC particles.

[0098] The superelastic particles further can be used as a protective layer
or sub-skin 1n various sporfs or protective equipment. For example, a SMC
particle compact encapsulated in 4 carbon or Keviar fiber composite can be

fashioned into flexible body armor. A SMO particle compact is particularly well
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suited for energy damping/ahsorbanee in a erash box or vibration isolation
equipment mounting and buildings, protecting against shocks and ecollisions. The
SMC powder compact enhances the enecgy damping and energy absorbance
afficrency of such systems. The superelastic particles can be used as energy
absorbing fillers in steuctural components, forming composite structures oy
panels for engine mounts, bushings, and the like, and as vibration isolation
systems, shock isolators for mounting high-precision squipment, buildings,

bridges, and other civil engineering structures.

{0099] The solid state sintering method and the spray drying methed
provided herein to produce the shape memory ceramic particles ave highly
reliable and repeatable, sealable to large-scale production, efficient, and cost-
effective. It 1n easv to contrel the grain sizes of the particles 1 a wide range of
grain sizes, e.g. tens of nanometers o a few micrometers, by stply tuning the
sintering temperatures. Further, both the solid state sintering method and the
spray drving method provided herein accommodate doping with different

elements inte ceramic particles by mixing the precursors.

{00100} The modified solid state sintering method o produce the ceramio
particles is highly rebable and repeatable. It ix easy to control the grain sizes of
the particles in a wide range, e.g., tens of nanometers to g few micrometers, hy
simply tuning the sintering femperatures. The particles aue not agglomerated
although they are formed by high temperature sintering. Comparatively,
conventional sol-gel methods can produce particles with sizes in very narrow
range, usually in the submicron to a few micrometer range, but the particles are
very agglomerated when they are heated to erystallize. For both the modified
solid state sintering method and the spray dryving method, doping different
elements inte the ceramic particles 15 easy by just mixing the precursors. The
methods to produce the superelastic particles ave up-scalable, fime-saving and

cost-effective.
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jod1ai] It is recognized, that those skilled in the art may make various

modifications and additions to the embodiments deseribed above without
departing feom the spivit and scope of the present contribution to the art,
Accordingly, It ig to be understood that the protection sought to be afforded
hereby should be deemed o extend to the subject matter claims and all

equivalents thereof fairly within the scope of the invention.

[00102] We clainu
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Claims

1. A shape memory ceramic structure comprising:

an aggregate population of crystalline particles;

each crystalline particle in the population of crystalline particles
comprising a shape memory ceramic particle material and having a
crystalline particle extent between 0.5 microns and 5 microns; and

at least a portion of the population of crystalline particles having a
crystalline structure selected from the group consisting of oligocrystalline

and monocrystalline.

2. The shape memory ceramic structure of claim 1 wherein the shape
memory ceramic material comprises an element selected from the group

consisting of zirconium, cerium, and oxygen.

3. The shape memory ceramic structure of claim 1 wherein the shape

memory ceramic material comprises ZrOs.

4. The shape memory ceramic structure of claim 1 wherein the shape
memory ceramic material comprises ZrO2 doped with at least one dopant
selected from the group consisting of Ce, Y, Ca, Mg, Ti, Ge, La, Pb, Nb, Ta,
Mn.

5. The shape memory ceramic structure of claim 1 wherein the shape
memory ceramic material comprises a shape memory ceramic material

selected from the group consisting of AlaSi05, Ca2Si04, and MgaSiOy4.

6. The shape memory ceramic structure of claim 1 wherein each
crystalline particle in the population of crystalline particles has a particle
geometry selected from the group consisting of solid spherical, hollow
spherical, tabular, equant, polyhedral, and hollow spherical with at least

one pore geometries.
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7. The shape memory ceramic structure of claim 1 wherein each

crystalline particle in the population of crystalline particles has a particle
geometry selected from the group consisting of cuboid, cubic, tetragonal,

and trapezoidal geometries.

8. The shape memory ceramic structure of claim 1 wherein each
crystalline particle in the population of crystalline particles has a particle
geometry including a plurality of surface faces, with two of the surface

faces being parallel to each other.

9. The shape memory ceramic structure of claim 1 wherein each
crystalline particle in the population of crystalline particles has a

symmetric polyhedral geometry.

10. The shape memory ceramic structure of claim 1 wherein each
crystalline particle in the population of crystalline particles has a

crystalline particle extent that is between 1 micron and 5 microns.

11. The shape memory ceramic structure of claim 1 wherein each
crystalline particle in the population of crystalline particles has a spherical
geometry with a spherical particle diameter and an oligocrystalline
structure having an average grain size, and wherein the spherical particle

diameter is no more than about ten times the average grain size.

12.  The shape memory ceramic structure of claim 1 wherein each
crystalline particle in the population of crystalline particles has an

oligocrystalline structure and includes no more than five grains.

13.  The shape memory ceramic structure of claim 1 wherein each

crystalline particle in the population of crystalline particles has a
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monocrystalline structure and has an extent that is no more than 5

microns.

14. The shape memory ceramic structure of claim 1 wherein the
population of crystalline particles is arranged as an aggregation of loose

particles contained in a vessel.

15. The shape memory ceramic structure of claim 1 wherein the
population of crystalline particles is arranged as a coating of crystalline

particles on a surface.

16. The shape memory ceramic structure of claim 1 wherein the
population of crystalline particles is arranged as a bulk compact

comprising the population of crystalline particles and a polymer binder.

17. The shape memory ceramic structure of claim 1 wherein the
population of crystalline particles is arranged as a bulk compact
comprising the population of crystalline particles, the bulk compact being

wrapped in a fabric.

18. The shape memory ceramic structure of claim 1 wherein the
population of crystalline particles is arranged as a bulk compact
comprising the population of crystalline particles, the bulk compact being

coated with a layer of metal.

19. The shape memory ceramic structure of claim 1 wherein the
population of crystalline particles is arranged in a bulk composite
comprising the population of crystalline particles and a matrix material

selected from the group consisting of polymer matrix and metal matrix.
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20. The shape memory ceramic structure of claim 19 wherein the bulk

composite further comprises fibers selected from the group consisting of
carbon fibers, Kevlar fibers, glass fibers, carbon nanotube twisted fibers,

and graphene twisted fibers.

21. The shape memory ceramic structure of claim 1 wherein the

population of crystalline particles is arranged as a cubic bulk composite.

22.  The shape memory ceramic structure of claim 1 wherein the
population of crystalline particles is formed by spray drying a slurry

including a shape memory ceramic particle powder and a polymer binder.

23.  The shape memory ceramic structure of claim 22 wherein the
polymer binder comprises polyvinyl alcohol with a molecular weight of

about 35,000.

24.  The shape memory ceramic structure of claim 22 wherein the spray

drying is carried out at an inlet temperature between 130°C and 160°C.

25. The shape memory ceramic structure of claim 1 wherein the
population of crystalline particles is formed by sintering a mixture of the
shape memory ceramic particle material powder and a polymer powder,
with a weight percentage of the polymer powder to the shape memory

ceramic powder in the mixture being between 1wt% and 15wt%.

26. The shape memory ceramic structure of claim 25 wherein the
polymer powder comprises a powder of a polymer containing six-membered

aromatic rings.
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27.  The shape memory ceramic structure of claim 25 wherein sintering

comprises heating the mixture at a sintering temperature between 1000°C

and 1600°C.

28.  The shape memory ceramic structure of claim 27 wherein sintering
comprises ramping temperature of the mixture to the sintering

temperature at a ramp rate of between 5°C/min and 20°C/min.



