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Abstract

In zirconia-based shape memory ceramics (SMCs), cracking during the martensitic
transformation can be avoided in structures that reduce the relative presence of grain boundaries
where high levels of transformation mismatch stress develop. This approach has been well
established in single crystals, but only for sample sizes below about 5 microns. In this paper, we
extend the stratégy of eliminating grain boundaries to bulk specimen scales by fabricating mm-
scale singleverystal SMCs via cold crucible induction melting. For 1.5 and 2.0 mol% Y,03-ZrO,,
we study cyclic martensitic transformation of both single crystal and polycrystal structures.
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Whereas single crystals have very repeatable transformation behavior in terms of hysteresis and
strain amplitude, polycrystals degrade dramatically as they accumulate cracking damage with
repeated cycling. As the polycrystal evolves from a pellet to granular packing of loose single
crystals/grains, the energy dissipation converges with that of the single crystal structure, and the
energy spentsen cracking throughout that process is captured by calorimetry analysis. These
results verify_that _grain boundaries play a key role in damage evolution during martensitic
transformation, ‘and microstructural control can extend the size-scale of viable single-crystal or

oligocrystal SMCs from the micro- to the millimeter scale.

Keywords:'shape memory, ceramics, zirconia, microstructure, single crystal, cracking

Introduction

The field of shape memory materials has come to include both metals and ceramics, with the
latter of increasing interest due to their potential advantages of higher martensitic transformation
temperatures and stresses, improved oxidation and wear resistance, and higher energy dissipation
and work output as compared with shape memory alloys (SMAs). However, there are still
shortcomings that need to be addressed before shape memory ceramics (SMCs) can be used
more broadly as viable alternatives to SMAs. One of the most fundamental limitations of SMCs
that undergo.a.martensitic transformation is that they are prone to transformation cracking. For
example, ZxO, experiences large shape strains of ~16% and a volume expansion of ~4% during
the tetragonal™to” monoclinic phase transformation, and is widely known to crack under these

strains during processing (1-3).

There are samvariety of strategies to avoid cracking in ZrO,-based ceramics. Alloying with
tetragonal-serseubic-stabilizing oxides like Y,0; can suppress the martensitic transformation to
temperatures” below room temperature (as in partially or fully-stabilized tetragonal zirconia
polycrystals, TZP), or even avoid the parent tetragonal phase entirely in favor of the cubic phase
(2,4-7). This approach also underpins ‘transformation toughening’, whereby the transformation
is suppressed during processing (sintering and cooling), but can still be accessed under high

stresses such as near a crack, promoting crack closure (2,5,6). While stabilization is by far the
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most common and widely adopted method of avoiding transformation cracking in ZrO,, it is not
suitable for SMCs, in which the transformation must be reversibly accessed in order to achieve
shape memory properties. Any strategy that avoids the transformation entirely, such as sintering
at low temperatures to attain a full density compact in the monoclinic phase without ever passing
through the transformation temperature, would be similarly unsuitable for SMCs (1). Thus,
methods of,avoiding transformation cracking while undergoing the transformation are more

specificallyneeded for SMCs.

At compositions,where the martensitic transformation can be reversibly accessed, ZrO, ceramics
exhibit the signatures of shape memory but are limited by eventual cracking (4,8—10). Reyes-
Morel et al. (4) assessed the cyclic performance of a stress-driven superelastic transformation in
polycrystalline CeO,-ZrO, and observed diminishing hysteresis with each successive cycle until
failure on the 5% cycle. This failure was attributed to intergranular fracture brought on by the
mismatch stresses developed amongst the phases and grains. Lai et al. (11) observed that this
intergranular cracking in CeO,-ZrO, was reminiscent of that seen in metallic Cu-based shape
memory alloys (12,13), where transformation strains cause cracking at grain boundaries but
where cracking can be avoided by using specimens with relatively fewer grain boundaries and
triple junctions*'(14—16). The same approach was applied to ZrO, by reducing the size scale of the
specimen torachieve “oligocrystalline” micropillars and microparticles with few grain junctions
and constraints (11,17). The decrease in size scale also correlates to an increase in the surface-
area-to-volume ratio, thus resulting in more available free surface to facilitate stress relaxation.
Such micropillars could recover significantly larger strains over 7% and could also be cycled
over 50 times without fracture (11). In superelastic cycling experiments conducted on micron-
sized single, crystal particles of CeO,-ZrO,, fracture occurred in the range of 50 to 100 cycles,
which is eonsistent with the micropillar study (18). In a related study, similar microparticles were
shown to exhibit cyclic superelasticity over hundreds of cycles with a maximum of 502 cycles
probed (19). Subsequent work on open cell foams (20) and granular packings (21,22)
demonstrated extension of shape memory properties to larger length scales by assembly of those
smaller particles‘into larger structures. Notably, the open cell foam structures studied by Zhao et
al. (20) exhibited a thermally activated recoverable strain of 2% and stress induced

transformation without fracture.
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Among all the studies outlined above, we note that the cyclical performance of shape memory
ceramics has yet to be assessed for bulk specimens beyond the scale of a few micrometers; the
largest micropillar reported experimentally was at a scale of 2.5 pm diameter (23), while the
struts of the foam in Ref. (20) were about 7.4 um with grain sizes of 3.0 to 3.5 um across, and
the granular.shape memory ceramic powders in Ref. (21) were < 3.0 pm in size. It is therefore an
open question whether the reduction of grain boundary area can unlock desirable cyclic shape
memory transformations at larger specimen scales. It is the purpose of this work to explore this
issue in single*crystal and polycrystal ZrO,-based SMC compositions at the millimeter size scale.
We explore thermal transformation cycles in such SMCs to reveal the role of grain boundaries on

damage accumulation.

Experimental-Materials

We selected yttria-doped ZrO, compositions for which the thermally triggered transformation is
easily accessible, and can be characterized by four transformation temperatures: Mg and Mg,
respectively corfespond to martensite start and finish observed on cooling, while A; and A¢
denote austenite start and finish observed on heating. Here the term ‘martensite’ refers to the
monocliniesphase and ‘austenite’ to tetragonal. The characteristic transformation temperatures
decrease with yttria content, from ~1000 °C in undoped ZrO, to ~400 °C at about 2.0 mol% Y,03
(23). We selected two compositions for detailed study, 1.5 mol% Y,03-ZrO, and 2.0 mol%
Y,05-ZrO,gwhich we prepared in both polycrystal and single crystal structures.

Differential scanning calorimetry (DSC, TGA/DSC 1, Mettler Toledo) was conducted on both
polycrystal'and single crystal specimens in air over the range 225 to 800 °C, with a heating and
cooling ratesof«15 °C/min to capture the critical transformations temperatures for each selected
composition, as summarized in Table 1. In the subsequent sections, we detail the preparation of

these samples.

A. Single'Crystals

Because we are interested in bulk specimens with as few grain boundaries as possible, we elected

to process specimens using a cold-crucible induction melter, or skull melter. This method
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features extreme temperatures and controlled slow cooling and is amenable to the production of
large ceramic single crystals; the method is commonly used to make single crystals of cubic
zirconia (24-26). We applied this technique to our SMC compositions and had ingots of 1.5
mol% Y,0;-ZrO; and 2.0 mol% Y,05-ZrO, prepared at SurfaceNet Gmbh (Rheine, Germany).
The output ofsthis process was approximately 250 mL of solidified ceramic, which appeared to
comprise individual large grains with a long axis of preferential growth along the axis of the
inductionn €6il:"We extracted our single crystal samples by mechanically harvesting large
individual "grains' from the polycrystalline ingot. These grains were typically 3-4 mm in size,
irregularly’ shaped, and partially translucent but not clear due to a multi-variant/multi-domain
substructuresagrreported previously for solidification of similar compositions from a melt (27).
The term ‘single crystal’ therefore most strictly pertains to the inferred structure of the parent
(tetragonal) grain solidified at high temperatures, which transforms (incompletely) to a multi-
domain monoclinic structure; for convenience we refer to the samples as ‘single crystals’
irrespectivesof their phase state. The extracted single crystal specimens were ground on two sides
to create parallel faces (with an irregular perimeter shape) and a thickness of about 2.0-3.5 mm
for testing,“with no control for crystallographic orientation. A stereo microscope (Barska)
equipped with a digital camera attachment (OptixCam summit series) was used for imaging the

top surfacesof the single crystal sample (Fig. 1a,d).

X-ray diffraction (XRD, D8, Bruker) was conducted with Cu k, radiation at room temperature.
2D patterns “‘were collected in Laue mode, and subsequently converted to 1D powder-like
patterns with 20 ranging from 22.5 to 42.5°, by integrating the Debye rings (Fig. 1b,e with 2D
pattern inset). The phase content, which comprises the volume fraction of the monoclinic phase,
Vi, and that of the tetragonal phase, V=1 — V,,, was computed using the approach of Toraya et.
al (28) that=has‘been shown to have excellent correspondence to Rietveld refinement in the

monoclinic-tetragonal zirconia system (29):

1(113),, + I(111),,
Xm = 1@ + 1(110),, + I(10D), (1a)
1.311 Xy
Vm=170311x, (1b)
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where 1(111),, and 1(111),,, are the integrated intensities for the respective monoclinic peaks, I
(101), is the integrated intensity for the tetragonal 101 peak, and X, is the integrated intensity
ratio quantified by fitting the pattern to a pseudo Voigt profile using HighScore Plus software.
At room temperature in the as-prepared condition, the 2.0 mol% Y,0; single crystal was found
to be 60% amoneclinic while the 1.5 mol% Y,0; single crystal was 69% monoclinic; the fine
domain strueturé-in: the solidified structure could be responsible for preventing full martensitic
transformation even when below the My temperature. The DSC curves in Fig. 1c,f, show clear
endothermic_peaks on heating through the critical austenite temperatures, where the specimen
undergoes ‘transformation from the monoclinic to tetragonal phase, and exothermic peaks on
cooling as/the¢ specimen reverts back to the monoclinic phase. Note, within a batch or given
composition of single crystals produced via cold-crucible induction melting, there is some
variability with respect to the transformation temperatures and shape of the exothermic and
endothermie=peaks owing to the formation of different transformation correspondences or
variants, whiehsean explain the presence of double peaks as in Fig 1c. However, the 1.5 mol%
Y,0;5 composition consistently exhibits higher transformation temperatures relative to 2.0 mol%

Y,03; single crystals.

B. Polycrystals

Polycrystalline specimens were produced through a powder route by the Pechini method (30—
32). Zirconium oxychloride octahydrate (ZrOCl,-8H,0, Strem Chemicals) and yttrium nitrate
hexahydrate (Y(NO;);-6H,0O, Strem Chemicals) solutions were combined according to the
formula xY,0;-(100-x)ZrO, where x refers to the target dopant concentration and is selected to
be 1.5 and*2:0umol% Y,O; to match the single crystal specimens above. The solution was
homogenized*by stirring under mild heat (275 °C), after which citric acid monohydrate was
added assa“chelating agent in a 4:1 molar ratio of citric acid to metal cation. After further
homogenizationgmethylene glycol was added as a polymerization agent in a 5:1 molar ratio of
citric acid to ethylene glycol, and the solution was heated to gelatinization. The gel was dried at
150 °C into a crisp, dark orange compact, which was crushed and calcined in air at 600 °C for 2 h

with a 5 °C/min ramp rate. The calcined product was ground into fine powder with a mortar and
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pestle. The powder was then introduced into a 6.35 mm die and pressed at 200 MPa before
sintering at 1500 °C for 10 h with a 10 °C/min ramp rate.

A scanning electron microscope (SEM, JSM-6610LV, JEOL) was used in low vacuum mode at
40 Pa toassesssthe grain size of the polycrystalline microstructures. The 1.5 mol% Y,Os; pellet
had an average grain size of 1.0 um as compared to the 2.0 mol% Y,Oj; pellet which had a
somewhat finer grain size of 0.8 pm (Fig. 2a,d). Powder x-ray diffraction (XRD, X'Pert Pro,
PANalytical) with a heating stage (furnace, HTK1200N, Anton Paar) was conducted with Cu k,
radiation with 26 ranging from 22.5 to 42.5° from room temperature to ~750 °C. According to
the phase diagram proposed by Ruh et al. (33), the sintering temperature for the 2 mol% Y,0;
polycrystal sample falls within the tetragonal and cubic phase fields such that the cubic phase
could be expected to form in small quantities. However, the slow cooling of the samples from the
processing temperature ensured that any cubic phase that formed reverted to the tetragonal phase.
A full XRD pattern collected at room temperature was examined and all peaks could be indexed
with tetragonal or monoclinic reflections. By computing the monoclinic content V,,, using Eq. 1,
for each measured temperature, a hysteresis curve can be constructed for each composition as
shown in_Fig. 2b,e. For both specimens, the monoclinic content is observed to gradually
decrease on heating followed by a region of rapid decrease once Ay is reached until Ay, after
which thesmonoclinic content reaches a stable minimum. On cooling, the monoclinic content
begins to increase when My is reached until My, after which a stable maximum value is reached.
The 1.5 mo61% Y,0;5 specimen shows a 87.6% change in monoclinic content (max. 94.0%, min.
6.5%) as compared to the 2.0 mol% Y,0; pellet which only undergoes a change of 77.9% (max.
88.2%, min._10.3%). DSC curves exhibited the expected transformation peaks on heating and

cooling (Fig. 2¢,f).

Cycling Behavior

Cyclic martensitic transformations were studied in a thermal mechanical analyzer (TMA, model
402 F3 Hyperion, Netzsch) in air using triangular thermal cycles over the range 200 to 900 °C at
a rate 15 °C/min and under a negligible fixed load of 0.1 N. Fig. 3 depicts a typical response
curve for the 1.5 mol% Y,O; polycrystal sample, which initiates with dilatation upon heating due

to thermal expansion within the monoclinic phase. In the polycrystal sample, this region is
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followed by a section of gradual shrinkage that initiates at ~380 °C, which could point to a small
amount of transformation from the monoclinic to the tetragonal phase prior to reaching A,. This
observation is consistent with the slight decrease in measured monoclinic phase fraction with
temperaturg in Fig. 2b prior to A;. The measured slope of ~5.3x10° K-! for the 1.5 mol% Y,0;
single crystalsspecimen of unknown crystallographic orientation is in line with reported values,
which range from _1.4x10¢ K-! to 8.0x10-% K-! for monoclinic ZrO, (34,35). Once the critical
temperature, Ay, is reached, there is a large shrinkage strain associated with phase transformation
to the tetragonal phase, which is complete at Ay The slope on cooling is the tetragonal
coefficient of thermal expansion, measured as 1.2x10-> K-! here, again in good agreement with
reported valuegsnyfor pure ZrO, in the tetragonal phase, which range from 1.07x10 K-! to
1.31x10 K=" (34,35). Upon cooling to M, the specimen begins to dilate as the monoclinic

phase evolves, completing at M.

The shape@and details of the thermal cycling curve of Fig. 3 evolve with the number of cycles,
and in what follows we have therefore extracted several numerical quantities for analysis
including (a) the residual strain after a full cycle, (b) the strain amplitude of the transformation,
and (c) thermal hysteresis of the transformation; these alphabetic labels are shown in Fig. 3.

Thermal hysteresis is more specifically defined as:

A5+Af M5+Mf
ar =t M @

with the characteristic martensite temperatures assessed using the typical approach based on

intersection,of tangent lines as shown for A; in Fig. 3.

Using the same conditions, an additional set of samples were prepared and subjected to thermal
transformation cycles within the DSC. Between cycles, the samples were occasionally cooled to

room temperature and transferred to the stereo microscope for characterization.

A. 1.5 mol% Y,0; - ZrO,

The strain-temperature curves generated by the TMA for the 1.5 mol% Y,O;3 samples are
displayed in Fig. 4 with a,b corresponding to the single crystal and ¢,d corresponding to the

polycrystal sample. Referring to the overlay of multiple transformation cycles for the single
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crystal specimen (Fig. 4a), one can see that the cycles show good agreement in the
transformation behavior, with the exception of the first transformation cycle; this difference is
likely due to a “training” effect with some accumulation of dislocations (36), and perhaps a
different degree of transformation attained under these cooling conditions as compared with the
original solidification cooling during processing. Fig. 4b presents the evolution of the strain-
temperature,curve for a selection of cycles that include the 1%, the 5% to capture any early onset
evolution, the'14™ to capture any saturation effect, and the 45 or last cycle measured. It is clear
that the singlé“crystal transformation behavior appears stable with little variation in the height
(strain % on heating) or width (thermal hysteresis) of the strain-temperature curves from cycle to
cycle. The eurve also appears to be a closed loop with no evidence of ratcheting or residual

strain.

In stark contrast, the overlay plot for the polycrystal sample in Fig. 4¢ shows much less
repeatability. There is a large spread in both the strains and thermal hysteresis. From Fig. 4d, it is
clear that there'is significant elongational ratcheting and residual strain accumulation in the early
cycles, which diminishes on subsequent cycling until crossing over into a mode where ratcheting
occurs in_a shrinkage mode. The shrinkage mode is shown to persist and even increase in

magnitude through the remaining tested cycles.

The parameters identified for analysis in Fig. 3 are collected for these samples as a function of
cycle number in Fig. 5, including thermal hysteresis (Fig. 5a), strain amplitude (Fig. 5b), and
strain recovery,(Fig. S¢), where positive values are elongational and negative values correspond
to axial shrinkage. In general, the 1.5 mol% Y,0; single crystal sample shows remarkable
repeatability in“terms of all analyzed parameters, indicating stability with cyclic martensitic
transformation; the cycles are closed without residual strains and the hysteresis and strain
amplitude "are approximately constant at an average of 140 °C and 3.2%, respectively.
Conversely, the 'polycrystal structure evolves through a decrease in thermal hysteresis until
reaching a minimum of 167 °C on the 3™ cycle (Fig. 5a), followed by an increase to a maximum
of 315 °Crafter 45 transformation cycles. The rate of change of hysteresis is quite high at first
(from cycles 3 to 8, at ~15.4 °C per cycle) and then reduces. In Fig. Sb, the strain amplitude of
the polycrystal first increases over the first three cycles, and then decreases until a fairly stable

value of ~1.5% is reached at the 10™ cycle. The polycrystal structure first shows significant net
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positive residual strain (Fig. 5¢), reaching a maximum on the 3" cycle, and then dropping to

negative values. The strain recovery continues to decrease in a steadier fashion beyond cycle 10.

The consistency of the single crystal cycle properties and the lack thereof in the polycrystal
speak toma .difference in the stability of those samples. These stability trends are strikingly
confirmed in the photographs of Fig. 6, taken intermittently between thermal cycles in the DSC.
For a given'cycle, the polycrystal exhibits deterioration by intergranular cracking and subsequent
grain loss while the single crystal does not. Mass loss measurements (Fig. Sd) confirm that small
portions ofsthespolycrystal are bodily lost from the bulk of the specimen upon cycling (and
handling). ‘Ad.the final collected cycle (45™ cycle), the polycrystal pellet is only 64.3% of its
initial mass. The single crystal shows no discernable mass loss, even when cycled well past the

last cycle measured for the polycrystal structure (45™), out to at least 125 cycles (Fig. 6).

The occurrence of cracking with thermal cycling of the polycrystalline sample provides a basis
for interpretation of the curves in Fig. 5a-c. For example, all of the measured parameters appear
to have a criticaliminimum or maximum on the 3 cycle. These extrema suggest that in the first
few cycles;ythere is crack initiation and associated swelling of the sample’s extensive volume
increase, as evidenced by the increase in strain amplitude (Fig. Sb) and residual strain (Fig. 5c).
With subsequent cycling the sample integrity is further reduced prior to the onset of substantial
mass loss, with a network of cracks permeating the sample along grain boundaries and triple
junctions. g The gradual disaggregation of the sample into a granular packing leads to the
observed sign.change of strain recovery (Fig. S¢), the increase in thermal hysteresis (Fig. 5a),
and the decrease in strain amplitude (Fig. Sb), all of which are indicative of irreversible damage
and energy’losses as a result of the cyclic martensitic transformation. Finally, mass loss from
grain drop-out'sets on after the sample has achieved relatively stable cycling properties as a loose
assemblage of individual small grains/crystals. This loose assemblage ratchets compressively on

every cycle because it lacks sufficient cohesive restoring force.

B. 2.0 mol% Y,0; - ZrO,

The same basic set of cycling experiments was conducted on the 2.0 mol% Y,0; samples as on
the 1.5 mol% Y,0; specimens, with the only difference being the lower transformation

temperatures for 2.0 mol% Y,0s3. The results of those experiments are largely the same as we
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have just elaborated for the 1.5 mol% Y,0; specimen with regards to the microstructural
dependence of the transformation properties. Therefore, we only briefly present those results
here, with TMA curves in Fig. 7 and summarized cycling results in Fig. 8. After a training
period in the first four cycles, the single crystal structure showed stable cycling, especially in
comparisonte, the polycrystal structure, which shows significant variability in terms of
hysteresis, forward strain amplitude, and level of residual strain with repeated transformations.
This is "confirmed to be due to the polycrystal’s continually evolving microstructure with

intergranular eracking, visually confirmed via stereo microscopy in Fig. 6.

With regardssterthe compositional dependence of the transformation behavior, Figs. 5 and 8 can
be directly/compared. Close inspection finds that most of the measured variables in those figures
show similar trends and magnitudes between the two compositions. The one exception to this is
that the two_single crystal samples exhibited a noticeable difference in their measured stable
forward strain amplitudes, being about 0.9% for the 2.0 mol% Y,0O; samples and a much larger
3.2% for the 1.5 mol% Y,0; sample (averaged from cycle 5 to the last collected cycle). We
believe that |this difference is likely due to the strong orientation dependence of the
transformation_strain; our measurement axis was selected without cognizance of the crystal
orientation, andswdifferent orientations can easily show strain differences as large or even much
larger thansthat«found here (23). Interestingly, there is no clear composition dependence in the
forward strain amplitude of the polycrystal specimen, which sample many orientations and thus

are free of this‘effect.

As the compositions explored in this work are both within the shape memory regime, the
similarities’between the relative trends observed in the transformation behavior between the
single crystal“and polycrystal structures point to the impact of microstructure on martensitic

transformation irrespective of the composition within this particular regime.

Discussion

The most prominent result of the present work is the observation that large mm-scale single
crystals of zirconia survive the martensitic transformation, even through 125 cycles, and without

measurable signatures of degradation in the thermal or strain response. This is significant since
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polycrystalline zirconia compositions are widely known to fracture during the transformation,
and the side-by-side comparison at the same composition in this work confirms a critical role of
grain structure in such fracture. Prior studies on very small, micro-scale specimens of zirconia
have shown cyclic transformation survivability of single crystals at the few-micron scale (11,18);

this work extends the observation by about three orders of magnitude in length scale.

This observation also further builds the analogy of SMCs with their intermetallic counterparts,
many of which exhibit cracking under cyclic martensitic transformations, especially in the Cu-
based systems (12,13,16). In those systems the removal of grain boundaries and triple junctions
has been related to lower internal mismatch stresses (14), which is certainly relevant in bulk
single crystal/ SMCs as well. Moreover, the highly repeatable transformations in the present
single crystals_are accompanied by a very high uniaxial strain output of ~3.2%. To our
knowledge_this/strain is the highest recorded without fracture for bulk ceramic zirconia;
Tiefenbachfet al." (37) reported less than 1% with apparent cracking in bulk 9 mol% CeO,-ZrO,
while Reyé&s-Morel et al. (4) demonstrated strain recovery of just 0.7% by the shape memory
effect in 12 mol% CeO,-ZrO,.

We can further explore the SMC/SMA analogy through consideration of hysteresis, as in SMAs
there is a well=established correlation between smaller hysteresis levels and better cyclic stability
(38-43). For those metallic systems, polycrystal structures have a larger hysteresis than single
crystal structures (44,45), but we are not aware that those trends have been previously
established in.martensitic ceramics. Our observations in Figs. Sa and 8a align with the SMA
literature injthatthe single crystals indeed have a lower hysteresis over most every cycle, in some
cases by quite a’large margin. We can also examine hysteresis in terms of the heat loss over a
given full (two transformation) thermal cycle, which we explore in Fig. 9a,b. Here we show the
evolution of the total heat absorbed on the reverse endothermic reaction (heat of austenite
transformation Q) and released on the forward exothermic reaction (heat of martensite
transformationsQy), respectively, as measured in the DSC during cycling of the 1.5 mol% Y,0;

samples.

The heats of transformation for the single crystal structure, while more stable compared to those
of the polycrystal structure, do show a small and gradual decrease with the number of

transformation cycles, which we attribute to substructure evolution through generation and
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motion of dislocations (36,46). By contrast, the polycrystal sample shows greater evolution of
these heats over cycling, and greater variability between the forward and reverse transformations.
In the forward transformation regime, the polycrystal deviates from the single crystal by
releasing significantly more exothermic heat over the whole range of the cycling, with the most
occurring in.the first ~15 cycles. The reverse transformation seems to absorb the same amount
of endothermic heat as does the single crystal, until approximately cycle 30, beyond which there

is divergence:

When put tegether, the differences in these DSC signals between the polycrystal and single
crystal speakstothow energy is dissipated during the phase transformation; the samples have the
same compositions and thus the same phase properties (such as heat capacity), and so the
differences_between them can be taken to reveal the effect of microstructure. In Fig. 9¢, we
show the net_endothermic heat absorption after each full cycle of forward and reverse
transformations (Q,-Qy); this quantity is positive because of the hysteresis of the transformation,
which invélves heat dissipation. We plot this energy normalized by the average value of the
absolute heat teleased and absorbed over a cycle, Quve = 2(Qa+Qwm), to permit direct comparison
between the two samples, and the y-axis thus plots the fraction of the transformation heat that is
lost on each cyele. This quantity is relatively stable for the single crystal sample, which aligns
with allfofsoursprior observations above that the martensitic transformation is very repeatable
with only limited structural evolution. However, in the polycrystal structure, this quantity is
evolving contintously with cycling and is shifted in an exothermic direction as compared to the

single crystal.

We believe'that the difference between the curves in Fig. 9c¢ is directly related to the additional
mechanisms of structural evolution in the polycrystal, namely, cracking in the early cycles,
followed perhaps by interparticle sliding and friction as the sample comminutes. Interestingly,
the difference between the curves in Fig. 9c¢ is large at first, but reduces on cycling as the
polycrystal beeomes a loose aggregate of small, presumably single crystalline particles; after
about the"34™ cycle, the powdered polycrystal has converged on the single crystal result to

within some scatter.

Pursuing this line of reasoning, the difference between the polycrystal and single crystal trends in

Fig. 9¢, which is shaded and labeled E,.k, can be used to quantify the energy spent on cracking

This article is protected by copyright. All rights reserved



in the polycrystal. By multiplying this difference by Q. of the polycrystal sample, the extra

exothermic energy with cracking accumulated over each cycle (E  ack tota1) 1S presented in Fig. 9d.

According to our construction, Fig. 9d shows the total energy liberated by the sequence of
cracking ;andscomminution events over the course of thermal cycling. It is interesting that the
rate of enérgy accumulation here is rapid at first, slowing gradually and then reaching an
apparent plateau at about 10 kJ/mol around cycle 34. The shape of this trend is certainly
consistent with the gradual cracking of the polycrystal over many cycles and its eventual
disaggregation to a point where it need no longer crack. To evaluate whether the amount of
released energysat ~10 kJ/mol is in line with expectations for cracking, we consider the classical
Griffith-like view of brittle fracture as comprising an endothermic energy associated with surface

creation (Egyface)s and an exothermic contribution of stress relief attained by cracking (Eggess relief):

Ecracking = Estress relief — Esurface (3)
written suchithatpositive values are exothermic (as in Fig. 9¢,d).

The energy due to the creation of surfaces can be computed using a space-filling polyhedron
(tetrakaidecahedra) to model the total grain boundary area Ay, and presuming that it cracks to
give double that'area in free surfaces with y is the surface energy (given as 2.5 J/m? by Ref.
(47)). For our grain size of ~1.0 um, calculated from SEM (Fig. 1a), the predicted total surface
energy is approximately 0.33 kJ/mol. The energy due to stress relief can be approximated using
the total transformation strain energy density, Egyegs relier ~ 72 Cijui€ij€ri, , With Cijg the fourth order
stiffness tensor and ¢;; and g both represent the transformation strain tensor, which is computed
from the stretehstensor minus the identity matrix. This calculation is an upper bound, as it
assumes=the*full=transformation takes place and is accommodated only elastically, but it should
give a reasonable order of magnitude estimate. The inputs for this computation are given by Ref.

(48) and (49), and yield a value of Eg e relier = 15.3 kJ/mol.

We observesthat the elastic relaxation energy is far larger than that of surface area creation (0.33
kJ/mol), so using Eq. 3, we expect a net exothermic cracking energy of about 15 kJ/mol. This
value is of the same order of magnitude as the experimentally derived cracking energy
accumulated over the course of cycling in Fig. 9, which amounts to about 10 kJ/mol. As

expected, due to the upper-bound nature of our calculation of Eq. 3, the experimental value is
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lower than the theoretical one. In light of this, the agreement is considered quite good, and we
conclude, therefore, that the differences in the DSC data of our single crystal vs. polycrystalline

samples are well explained in a quantitative sense by cracking.

Summary and Conclusions

We have'studied cyclic martensitic transformation between monoclinic and tetragonal phases in
single crystal¥and polycrystal zirconia-based SMCs in order to reveal the impact of grain
boundaries on damage evolution. For two different compositions, thermal cycling experiments
carried outy over dozens of cycles revealed that single crystals had highly repeatable
transformation behavior in terms of thermal hysteresis, strain amplitude, residual strain, and
structural integrity, thereby encouraging further study of cold-crucible induction melting as a
means to achieve SMCs with highly consistent transformation properties. In contrast,
irreversible.damage develops in the polycrystal sample beginning from the early cycles, where
an increasedystrain amplitude and residual ratcheting strains point to an increase in volume
associated withecrack formation. Subsequent cycling led to the disaggregation of the pellet and
was accompanied by an increase in hysteresis, decrease in strain amplitude, and sign change in
the residual=Strain. The development of cracks also had a measurable influence on energy
dissipation, which we examined by assessing the difference in the transformation enthalpies on
the forward and reverse transformations, and comparing the single crystal and polycrystal
samples quantitatively. The evolution of cracks could explain an extra exothermic quantity of

energy on cachscycle of the polycrystal, until it was fully disaggregated after about 35 cycles.

The suppression of cracking that we see in single crystals of ZrO, compositions during the
monoclinie-tetragonal transformation aligns with observations in the literature but at a much
larger length scales: reducing grain boundaries and triple junctions lowers internal stress
concentrations and helps avoid intergranular fracture. Whereas most prior studies of this effect
are in micron-scale samples, this work, by fabricating larger scale single crystals, brings the
discussion of shape memory properties in zirconia into the millimeter range and presents cold-
crucible induction melting as a potentially viable method for the production of SMCs. Future
investigations should examine cyclic transformation triggered under stress (superelastic cycles),

and be compared to the present thermal transformations in the shape memory regime.
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Table 1. The measured critical transformation temperatures for the as-prepared polycrystal and single

crystal specimens.

Composition Single Crystal (°C) Polycrystal (°C)

M, My A A¢ M My A Ag

1.5 mol% 643 478 594 743 551 504 671 709
Y,03

2.0 mol% |\ 500 322 476 603 412 316 499 618
Y203

Fig. 1. Singleverystals used in the present work; (a-c) correspond to 1.5 mol% Y,0j; crystal, and (d-f)
correspond to 2.0 mol% Y,O; crystal. (a,d) stereo microscopy images, (b,e) integrated 1D X-ray
diffraction spectraswith labeled characteristic tetragonal (t) and monoclinic (m) peaks and inset of the 2D
pattern, and (c,f) differential scanning calorimeter curves with labeled critical transformation

temperatures.

Fig. 2. Polyerystal specimens used in the present work; (a-c) correspond to 1.5 mol% Y,Oj; crystal, and
(d-f) correspond to 2.0 mol% Y,0; crystal. (a,d) scanning electron microscopy showing the grain
structure of the sintered pellets, (b,e) in-situ XRD for a complete transformation cycle with labeled
critical tfansformation temperatures, and (c,f) differential scanning calorimeter thermal curves with

labeled critical transformation temperatures.

Fig. 3. A single characteristic strain-temperature hysteresis loop for the 1.5 mol% Y,0; polycrystal
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specimen with labeled key components including (a) negative residual strain, (b) strain amplitude of
reverse transformation on heating, and (c) thermal hysteresis with labeled critical transformation

temperatures.

Fig. 4. Transformation hysteresis loops in strain-temperature space for the 1.5 mol% Y,0O; single crystal
and polycrystal“structures; (a-b) correspond to curves generated for the single crystal specimen while (c-
d) correspond to polycrystal equivalent. (a,c) overlaid hysteresis loops for transformation cycles and (b,d)

select cycles plotted adjacent to one another.

Fig. S. Extracted thermal cycling characteristics in 1.5 mol% Y,0; single crystal and polycrystal
structures as"a“function of the thermal cycle number N; (a) thermal hysteresis, (b) strain amplitude, (c)
residual strainsbetween final and initial strain measurements on each cycle, and (d) nominal mass. (a-c)

were paramegters extracted from TMA thermal hysteresis curves and (d) was measured using the DSC.

Fig. 6. Stereo microscopy images of (A) 1.5 mol% Y,0; single crystal, (B) 1.5 mol% Y,0; polycrystal
structures, and,(C) 2.0 mol% Y,Oj; polycrystal structure, collected in between thermal cycles conducted in
the DSC. The"cycle number is denoted in the upper left-hand corner of each image with the direction of

increasing cycles indicated by the arrow.

Fig. 7. Transformation hysteresis loops in strain-temperature space for the 2.0 mol% Y,0Os; single crystal
and polycrystal structures; (a-b) correspond to curves generated for the single crystal specimen while (c-
d) correspond to polycrystal equivalent. (a,c) overlaid hysteresis loops for transformation cycles and (b,d)

select cycles.plotted adjacent to one another.

Fig. 8. Extraeted thermal cycling characteristics in 2.0 mol% Y,0; single crystal and polycrystal
structures asya ‘function of the thermal cycle number N; (a) thermal hysteresis, (b) strain amplitude, and
(c) residual strain between final and initial strain measurements on each cycle. (a-c) were parameters

extracted from TMA thermal hysteresis curves.
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Fig. 9. Calorimetry analysis of energy dissipation for 1.5 mol% Y,0; samples; (a) total heat released on
the reverse endothermic reaction, (b) total heat absorbed on the forward exothermic reaction, (c) fraction
of net endothermic heat absorbed after each full cycle of forward and reverse transformations, (d)
cumulative total cracking energy in the polycrystal, found by accumulating the extra exothermic energy

found relative to the single crystal in (c).
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