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Abstract

Shape memory ceramics show potential for energy damping and actuation applications. In particular, small-scale structures of zirconia-based
ceramics demonstrate significantly enhanced shape memory and superelastic properties compared with their bulk counterparts, mainly
because an oligocrystalline or single-crystal microscale structure reduces mismatch stresses amongst grains. In this Prospective article,
we review recent experiments that explore the shape memory properties of small-scale zirconia-based ceramics, including the effects of com-
position, sample and grain size, and cyclic loading. These factors are reviewed with an eye toward rendering shape memory ceramics more

useful in future applications.

Introduction

Zirconia-based ceramics can experience a martensitic transfor-
mation between tetragonal and monoclinic phases under the
stimulus of heat or external stress.!" This transformation occurs
rapidly in a crystallographic and reversible manner, and has
been extensively studied in large part due to its beneficial
effects as a toughening mechanism.”**) More interestingly,
the large reversible shear strain (~16%) associated with the
martensitic transformation makes zirconia-based ceramics
promising candidates as shape memory materials.[*"!
Swainl® first reported signatures of shape memory behavior
in partially stabilized zirconia during thermal treatment in
1986. Reyes-Morel et al.l”) further demonstrated the shape
memory effect (SME) and superelasticity (SE) in zirconia
ceramics with macroscopic shape deformation and recovery
under uniaxial compression in 1988. However, due to their
polycrystalline nature, zirconia-based ceramics in bulk form
suffer from microcracks along grain boundaries and other per-
manent structural damage during shape deformation, leading to
limited macroscopic strain (<2%) and premature fracture.

The thermoelastic shape memory properties in zirconia-
based ceramics are determined by the characteristic martensitic
transformation temperatures (Mg, My, A, A—martensite start
and finish, austenite start and finish, respectively),l”} which
can be changed by tuning the concentration of tetragonal
phase stabilizers added to zirconia, for example, Y,03, CeO,,
and MgO.*"'% Depending on the test temperature’s value
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relative to the transformation temperatures, shape memory
ceramics can exhibit either of two types of behavior: shape
memory or SE. The former requires deformation and subse-
quent heating to trigger shape recovery, while the latter
involves the automatic recovery of the shape once a
martensite-inducing stress is released.l''! Depending on dop-
ing, the four transformation temperatures can be tuned to permit
shape memory ceramics to potentially operate over a wide tem-
perature window, ranging from room temperature to high tem-
peratures that are unavailable to metallic shape memory
alloys.!'?! Their characteristics of high strength and transforma-
tion stress, large transformation hysteresis, good environmental
inertness, and a wide operation temperature window make
zirconia-based ceramics promising for various applications in
actuation, sensing, and mechanical energy damping.

Though extensive studies of transformation-toughening in
zirconia provide a solid fundamental understanding of the
reversible martensitic transformation, little effort has been
devoted to their shape memory properties in the decades
since their first discovery. This is essentially due to the very
limited recoverable strain and premature fracture associated
with the transformation in polycrystalline samples, which in
addition to compromising technologic potential, also interfere
with basic research in bulk samples. Recently, Lai et al. side-
stepped this longstanding challenge by developing small-
volume structures with no or limited grain boundaries, forming
oligocrystalline or single-crystal structures.l'” The absence or

@ CrossMark

MRS COMMUNICATIONS - VOLUME 7 - ISSUE 4 - www.mrs.org/mrc I 747


mailto:CLGan@ntu.edu.sg
http://crossmark.crossref.org/dialog/?doi=10.1557/mrc.2017.99&domain=pdf
https://doi.org/10.1557/mrc.2017.99

mrs fCommunications

W0

reduction of grain boundaries is beneficial in reducing the num-
ber of locations experiencing transformation shape mismatch
amongst neighboring grains, while the inflated prominence of
free surfaces helps to relax what mismatch stresses might oth-
erwise develop. As a result, large shape memory strains can
be accommodated by the structure without leading to fracture.

An important goal of this prospective article is to describe
the manner in which shape memory behaviors of zirconia-
based ceramics reduced to micro-/submicro-scale dimensions
differ from those of their bulk counterparts. Three zirconia-
based systems including ceria-stabilized zirconia (CZ),!'*)
ceria-yttria-stabilized zirconia (CYZ),"'*! and yttria-titania-
doped zirconia (YTDZ)!'! will be discussed as they all have
demonstrated shape memory behaviors in the form of micro-
scale pillars and particles. Some fundamental questions related
to the structure—property connections of these materials will
be addressed. Following that, we will discuss the cyclic SE
of microscale particles and the associated processing science,
which forms the basis for a number of potential scale-up
pathways.

Shape memory, superelasticity, and
the effect of composition

Martensitic transformation is characterized by the diffusionless
and displacive transformation between austenite and martensite
phases (which respectively correspond to tetragonal and mono-
clinic phases in the context of zirconia-based ceramics).!'®! As
noted above, four characteristic temperatures describe this
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transformation [Fig. 1(a)].l'”! For test temperatures in the
fully austenitic state, i.e., for 7> Ay, the material exhibits SE
upon mechanical loading, experiencing a large strain plateau
when the stress-induced tetragonal>monoclinic transformation
is triggered, and full recovery because of the reverse martensitic
monoclinic—tetragonal transformation during unloading
[Fig. 1(b)]. For test temperatures below the austenite start,
T < A, the material can demonstrate the SME; if deformed it
can transform to martensite, and greater strains are accommo-
dated by the reorientation of martensite variants toward those
most favorable to those strains. Such deformation is not recov-
ered on unloading, but upon heating one can trigger the reverse
transformation to enable shape recovery [Fig. 1(c)].

The characteristic martensitic transformation temperatures
of zirconia-based ceramics can be obtained in an essentially
stress-free condition from the endothermic and exothermic
peaks in differential scanning calorimetry curves through one
cycle of heating and cooling.!"® Direct structural characteriza-
tion of the phase composition at temperature, such as by in situ
x-ray diffraction analysis, has also been used. Based on such
data, the four characteristic temperatures for the three systems
(ie., CZ, CYZ, YTDZ)[lz’ls’lg] are summarized in Fig. 2. In
this plot, only one dopant is varied in the ternary systems, i.e.,
yttria is maintained to be 0.5 mol% in the CYZ system and titania
is maintained at 5 mol% in the YTDZ system. The transformation
temperatures all tend to follow a linearly decreasing trend
with dopant concentration, with a roughly similar trans-
formation range spanning ~90 °C (4¢4;) during the forward
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Figure 1. Schematic illustration of (a) shape memory effect (SME) and superelasticity (SE) with respect to the characteristic martensitic transformation
temperatures (As, A, M, and ). Typical stress—strain behaviors of materials exhibiting (b) SE and (c) SME.
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Figure 2. The martensitic transformation temperatures (As, A, Ms, and %)
with respect to the dopant concentration of ceria in CZ and CYZ (0.5 mol%
yttria), and yttria in YTDZ (5 mol% titania).

transformation and ~60 °C (MM;) during the reverse trans-
formation. The slope of these transformation temperatures
with respect to composition reflects the effectiveness of the
dopant in reducing the transformation temperatures. The rela-
tionship for A¢ as a function of the dopant concentration for
the three systems can be empirically described as:

Af =T undoped — aCdopant | Bcdopam 25

where Tyngoped = 1280.52 °C is the transformation temperature
for pure zirconia. The doping slopes are a=78.68 for ceria
alone in zirconia; o =74.59 for ceria and f=2382.90 for yttria

in CYZ; «=319.54 for yttria and f=27.73 for titania in
YTDZ.

The rescaled x-axes in Fig. 2 show the relative efficacies of
these dopants upon the transformation temperatures; specifi-
cally, yttria is found 4-5 times as effective as ceria in terms
of reducing the transformation temperatures. The stabilization
of tetragonal zirconia is induced by the lattice distortion intro-
duced by dopants with different ionic radii.'” Yttria is much
more effective not only because the radius of Y>* (0.1019 nm)
is much larger than Zr*" (0.084 nm),”” but also the doping of
yttria introduces oxygen vacancies that further distort the lat-
tice.l'”) Similarly, the transformation temperatures are less sensi-
tive to ceria mainly because of the small difference in radius
between Ce*" (0.097 nm) and Zr*" such that ceria introduces
less significant distortion to the zirconia lattice.”” Ceria is there-
fore more suitable for fine tuning of the transformation tempera-
tures in order to obtain the desired shape memory or superelastic
properties at a target temperature, whereas yttria must be carefully
controlled within tight tolerances.

Shape memory and SE have been explored in a range of
compositions from among those in Fig. 2. For example, Du
et al. reported that by tuning the ceria concentration between
16 and 14 mol% in CZ particles, a clear transition in the
load—displacement curves from SE to SME could be obtained
(Fig. 3).*"1 Fig. 3(a) shows the higher ceria content specimen,
which is in the austenite (tetragonal phase) at room tempera-
ture, and thus reversibly transforms when loaded in compres-
sion. The plateaus in the load—displacement curve correspond
to the forward and reverse transformations, and the inset
images show the constancy of the unloaded particle shape
through such a load cycle. Fig. 3(b) shows a similar experi-
ment, but at the lower ceria concentration where the transfor-
mation to martensite (monoclinic phase) is no longer
reversible on unloading. As shown in the inset, this particle
remains deformed until it is reheated to obtain the austenite
phase.
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Figure 3. Load—displacement curves of single-crystal CZ particles with 16 and 14 mol% ceria doping, showing (a) superelasticity and (b) shape memory effect,

respectively. A adapted with permission from Ref. 21.
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Figure 4. Reported measurements of shape memory and superelasticity
behaviors of zirconia-based ceramics, presented atop the map of
transformation/test temperature versus composition. All data are obtained
from Refs. 12-15, 18.

Summarizing across our previous work, the correlation
between composition, test temperature, and mechanical behav-
ior of zirconia-based ceramics are shown in Fig. 4. Some of
these data are for particles (from the CZ system) such as
shown in Fig. 3, and some are for micromachined pillars loaded
in compression (from the CYZ and YTDZ systems). The test
temperature in this figure refers to the temperature at which
mechanical compression was carried out, not the heat treatment
temperatures. The majority of the specimens were tested at
room temperature, while some were compressed at higher tem-
peratures of 200 and 400 °C. All specimens falling into the
region below 4; demonstrated SME regardless of the types of
dopants they comprised; in other words, deformation at room
temperature led to shape changes that were in every case
found to be recoverable upon subsequent heating above Ay
For pillars or particles showing SE, their transformation tem-
peratures all fall in the region above 4. The data collectively
show how the test temperature and ceramic composition are
correlated parameters that work together to determine the
mechanical behavior of zirconia-based ceramics. By selecting
materials with test temperature—composition pairs in the vicin-
ity of A and Ay, either SME or SE can be obtained for a wide
range of operation temperatures.

Size effects

Due to the brittle nature of polycrystalline ceramics, when the
large strain of the martensitic transformation is triggered, it is
common to exceed the strain/stress for microcracking if the
strain cannot be accommodated. Microcracks commonly form
at grain boundaries because of the mismatched transformation
strains between neighboring grains with different orientations.

750 W MRS COMMUNICATIONS - VOLUME 7 - ISSUE 4 - www.mrs.org/mrc
https://doi.org/10.1557/mrc.2017.99 Published online by Cambridge University Press

As a consequence, the reduction or complete removal of
grain boundaries can help minimize the nucleation and propa-
gation of microcracks. Whereas grain boundary area can be
reduced by inflating the grain size, d; increasing the surface
area to accommodate shape change can also be effected by
reduction of the characteristic sample size, D. By making pil-
lars or particles with a sample size (D) approaching or equal
to the grain size (d), so-called oligocrystalline structures can
be produced, with limited grain boundary area and ideally no
triple junctions; such structures can significantly suppress the
occurrence of microcracks.

A systematic study by Du et al. showed this transition by
preparing shape memory pillars with diameters spanning across
the grain size of the specimen from which they were machined.
As shown in Fig. 5(a),!'*! an oligocrystalline structure achieves
much larger recoverable strain and has a correspondingly lower
critical stress for transformation; the grain constraints that lead
to internal stresses and fracture are significantly reduced.
Furthermore, similar studies on superelastic particles of differ-
ent sizes [Fig. 5(b)] and relative polycrystallinity have drawn a
similar conclusion that oligocrystalline or single-crystal struc-
ture is the key to obtain reliable and robust shape memory
properties.t')

If grain boundaries can be completely eliminated, there
remains the possibility of sample size effects even in single-
crystal structures, i.e., SME stresses and strains may be
impacted by sample size D. While this issue requires a great
deal more study and is a fertile area for future work, there are
some preliminary suggestions that interesting physics may be
at play during transformation of small zirconia structures.
Zeng et al. studied sample size effects in YTDZ pillars for
two different crystal orientations, over a narrow span of sample
diameter from D= 1.2 to 2.5 pm.["® It was found that the trans-
formation stress follows an increasing trend with the pillar
diameter, and the slopes of the stress-diameter curves may
depend on crystal orientation [Fig. 5(c)]. While these data are
the only ones of their kind of which we are aware, the presence
of a trend is robust across multiple sample sizes within the
tested range, and the magnitude of the critical stress change
is dramatic (~GPa).

In single-crystalline zirconia, the crystal orientation is a pre-
dominant factor in the phase transformation that underlies
shape memory properties.l'® Due to the displacive, diffusion-
less, and crystallographic nature of the tetragonal—>monoclinic
transformation, only a few variants, and thus a few strain orien-
tations, are possible. Variant selection depends upon the orien-
tation with respect to the applied stress direction, and the
resulting shape memory strain is widely variable with orienta-
tion. A systematic study of the orientation dependence of trans-
formation stress and strain in single-crystalline zirconia pillars
is provided in Ref. 18. That work, and the references therein on
which it builds, suggests that some orientations must be
avoided because they are likely to crack before they transform,
and that others may be engineered for in future work to attain
the optimum reversible strain.
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Figure 5. (a) The size effect of shape memory effect in CYZ pillars, reproduced (adapted) with permission from!™! copyright 2015 Scripta Materialia, (b) the size

effect of superelasticity in CZ particles, reproduced &adapted) with permission from'3! copyright 2017 Acta Materialia, (c) the size effect of single-crystal YTDZ
pillars, reproduced (adapted) with permission from!'®! copyright 2016 Acta Materialia.

Cyclic transformations

The above results show shape recovery of small-volume zir-
conia through a single cycle, either thermally or mechani-
cally induced. However, one of the main advantages of the
small-volume oligocrystalline forms of zirconia is the ability
to sustain the transformation repeatedly; bulk zirconia typi-
cally fails after the first cycle, or at most after perhaps five
or six cycles.”l In contrast, reliable repeat transformation
in fine pillars and particles opens the door to a variety of
uses.

We recently explored cyclic superelastic loading in zirconia
particles prepared by both sol-gel and spray drying.!'*'! The
spray-dried particles exhibited good cyclic performance with
repeatable load—displacement behavior up to 110 cycles
[Fig. 6(a), (b)]. Sol-gel prepared particles demonstrated even
better cycling performance with superelastic behavior remain-
ing up to 412 cycles [Fig. 6(c)]. Differences between the sam-
ple processing methods remain an area for future study, as we
expect that the defect structures of the as-prepared sol-gel and

spray-dried particles are different. For example, raw
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Figure 6. Cyclic load—displacement behaviors of (a) and (b) a spray-dried superelastic particle and (c) a sol-gel prepared superelastic particle. Adapted with

permission from Refs. 13, 21.
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nanopowders used in spray drying might contain impurities,
whereas precipitated particles contained less heavy metal impu-
rities. In addition, the shape of sol-gel prepared particles is
more spherical as compared to spray-dried ones, indicating
that the stress distribution might be more symmetric and better
contact can be maintained during cyclic mechanical tests.
Another possible origin of the difference is that the crystal ori-
entations of the particles are not controlled during mechanical
tests, leading to a variation of transformation crystallography.
As reported by Zeng et al.,l'® crystal orientation plays a key
role in determining the transformation stress and strain; samples
with high transformation stresses close to the fracture stress are
more sensitive to cracking during cyclic transformation and
earlier fatigue is more likely to occur.

In any event, the results in Fig. 6 are also similar to what has
been reported in fine pillars of zirconia,!'* and shows that well-
prepared samples can undergo the transformation hundreds of
times; we are not aware of longer duration tests at the time of
this writing, and this remains an area for future work. Among
the possible uses for such repeatable transformations, reversible
energy damping applications, or cyclic shock resistance, seem
to present opportunities for ceramics used in a superelastic con-
dition and subjected to reversible loading cycles. The loss fac-

tor for mechanical damping capacity is defined as:1**!
AW
n= 27 Winax

where W,.x 1s the maximum energy stored at the critical trans-
formation stress during loading and AW is the area of the
superelastic hysteresis loop. The typical merit index for damp-
ing is calculated as E 2., where E is the Young’s modulus.
The loss factor, Young’s modulus, and merit index of
superelastic single-crystal and oligocrystalline zirconia parti-
cles are compiled in Fig. 7, together with other bulk energy
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Figure 7. A comparison of loss factor, Young’s modulus, merit index, and
strain amplitude of superelastic CZ particle!"3 and various energy damping
materials. 22!
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damping materials summarized by San Juan et al.,”**! including
polymers, shape memory metal alloys, and energy damping
composites. Superelastic zirconia stands out for being very
stiff in the landscape of damping materials, and also exhibits
a high loss factor of ~0.068-0.073, comparable to metals and
composites. As a result, zirconia’s merit index for damping
is ~0.96-1.03 at 1 Hz, which ranks it the highest among all
energy damping materials. It is worth noting here that the max-
imum strain amplitude for the materials reported in Fig. 7 varies
significantly from 1072 to 10°, which signifies the extent of
deformation and which is another advantage of shape memory
materials vis-a-vis materials that flex only elastically. The
applied stress level for elastic damping materials can be esti-
mated roughly by multiplying the maximum strain amplitude
with the Young’s modulus, whereas the shape memory materi-
als experience only about 1% elastic strain and much more
superelastic strain that does not increase the applied stress
level. However, it must be noted that although both bulk and
small-volume zirconia exhibit this property, in bulk form it is
sustained only over one or a few cycles of loading before crack-
ing occurs. In fine oligocrystalline and single-crystalline parti-
cles, we have recorded this behavior over hundreds of cycles.
The reliable SE of small-volume zirconia gives it strong poten-
tial for damping applications, especially when reversible or
cyclic performance is of critical importance.

Processing science of shape memory
ceramics: particles and derivative
architectures

The above sections alluded to the importance of processing sci-
ence for fine-scale shape memory ceramics, and this is an area
of significant need for future development. Although zirconia
processing is well established, renewed focus on processing
science with the explicit aim of optimizing shape memory
and superelastic properties is certainly needed. We have
taken a view that scaled-up production of small-volume
shape memory ceramics is likely to begin from microscale par-
ticles, which benefit from the established methods of powder
science and intrinsically access fine-scale oligocrystalline or
single-crystalline structures. Above we noted that well-
established methods such as spray drying, sol-gel, and hydro-
thermal processing methods have been used in work on shape
memory zirconia particles. Given that a typical average grain
size of zirconia-based ceramics after a thermal cycle would
tend to lie in the micron-/submicron-scale, suitable particles
that access oligocrystalline structures naturally would have a
size of ~1-10 pm.

One straightforward processing approach that has been used
to achieve such particles is spray drying. By spraying a slurry
composed of zirconia and ceria nanoparticles at 135 °C with
N, gas, watery droplets were dried, and spherical- or donut-
shaped particles with a size of ~1-20 um were formed
[Fig. 8(a)] in Ref. 13. Spray drying can also be easily scaled
to high production volumes, although the resulting particles
usually have a broad size distribution as there is limited control
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Figure 8. The fabrication of shape memory particles with (a) spray drying""®! and (b) sol-gel.?"]

of size and shape during processing. An alternative approach is
sol—gel processing, which can produce highly monodisperse
spherical particles by controlled hydrolysis of the precursors
[Fig. 8(b)].*") As compared to spray drying, the sol-gel
method provides better control of the size and shape of the par-
ticles, albeit at lower production rates. The particle sizes pre-
pared with sol-gel method range from ~0.8 to 2 um, which
can be fine-tuned via the acid/water ratio in the precursor, as
has been discussed by Du et al.*!! Judging from the resulting
size similarity between the grains and particles, crystallized
sol—gel particles are more likely to have single-crystalline or
oligocrystalline structures with fewer grain boundaries, which
is beneficial for shape memory properties.

Shape memory ceramic particles can be assembled in a vari-
ety of ways to more macroscopic architectures, many of which
maintain the desirable ratio of surface area to grain boundary
area that would be oligocrystalline. For example, a granular
packing of shape memory ceramic particles has been shown
to retain all of the shape memory and superelastic properties
of the particles, while easily increasing the scale of application
by orders of magnitude.** Such packings offer a scalable
approach to zirconia’s use as an energy damping material

https://doi.org/10.1557/mrc.2017.99 Published online by Cambridge University Press

(e.g., if a high operation temperature or high merit index is
desired). The dissipated energy density of superelastic packings
cyclically loaded was shown to gradually stabilize to ~2 J/g;
while this is slightly smaller than measured in individual
superelastic pillars and particles (~2—4 J/g),!"*! it is much larger
than for shape memory alloys. From a random granular packing
to more ordered colloidal crystal arrangements, we envision
that monodisperse spheres could potentially be assembled
into bulk powder compacts with an ordered structure.
Alternatively, the microscale features of shape memory
ceramics could be scaled-up into foam structures. Zhao et al.
reported the first demonstration of shape memory zirconia
foams with an ice templating method.**! Clear martensitic
transformations were observed during multicycle thermal heat-
ing and up to 2% recoverable strain was obtained. Such non-
uniform foam structures suffer from generally low macroscopic
fracture stresses, and future work could address structural opti-
mization, such as making an ordered inverse opal structure with
controlled pore arrangement and size. Another potential
approach is to use shape memory ceramic particles as reinforce-
ments in adhesive matrices like polymers or metals; each parti-
cle can act as a shape memory or superelastic site whose
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transformation strain could be accommodated by (and transmit-
ted through) the surrounding matrix.

In addition to the above approaches based on particles, other
structural variations like fibers or thin films both admit potential
oligocrystalline or even single-crystalline forms, which may be
amenable to reproducible shape memory properties. Fibers are
of particular interest for future work to extend the length of an
oligocrystalline structure by orders of magnitude as compared
with particles and pillars. Ribbons or fabrics made of fibers
could also serve an alternative scaling-up approach with aniso-
tropic properties in terms of strength and flexibility.

Summary

Zirconia-based ceramics exhibit significantly enhanced shape
memory and SE properties when they are produced in small
volumes with oligocrystalline or single-crystal structures.
Their high transformation stresses, large recoverable strains,
and highly tunable operation temperatures suggest a variety
of possible applications for zirconia-based ceramics with
shape memory properties. While micro-machined pillars offer
scientific insight on the martensitic transformation mechanism,
fine particles also exhibit the same sets of properties and are
more amenable to large-scale production and have more practi-
cal implications. With good cyclic transformation performance,
a large mechanical energy loss factor, and high merit index for
damping, superelastic zirconia-based particles may see use in
energy damping applications. The ability to magnify particles’
properties to larger scales through, e.g., granular materials,
foams, or fibers, also suggests a variety of possible directions
for future work.
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