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Tuning crystallographic compatibility to enhance shape memory in ceramics
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The extraordinary ability of shape-memory alloys to recover after large imposed deformation motivates
efforts to transpose these properties onto ceramics, which would enable practical shape-memory properties at
high temperatures and in harsh environments. The theory of mechanical compatibility was utilized to predict
promising ceramic candidates in the system (Y0.5 Ta0.5 O2 )1−x -(Zr 0.5 Hf 0.5 O2 )x , 0.6 < x < 0.85. When these
compatibility conditions are met, a reduction in thermal hysteresis by a factor of 2.5, a tripling of deformability,
and a 75% enhancement in strain recovery within the shape-memory effect was found. These findings reveal
that predicting and optimizing the chemical composition of ceramics to attain improved crystallographic
compatibility is a powerful tool for enabling and enhancing their deformability that could ultimately lead to
a highly reversible oxide ceramic shape-memory material.
DOI: 10.1103/PhysRevMaterials.3.093603

I. INTRODUCTION

Shape memory (SM) and the related effect of superelasticity occur in all classes of materials: metals [1], ceramics [2],
and polymers [3]. Some crystalline solids display these effects
with almost perfect shape recovery through a reversible firstorder phase transformation between a low-crystallographicsymmetry low-temperature phase (martensite) and a highersymmetry high-temperature phase (austenite). Extensive investigations of such phase transformations have deepened
the fundamental understanding of shape-memory effect in
metallic SM alloys and facilitated a variety of emerging
applications; for example, NiTi-based SM alloys are now
used as brain stents [4] and devices for minimally invasive
surgery [5].
Properties of SM alloys depend significantly on the reversibility of the underlying phase transformation. It has been
shown in metals that the transformation hysteresis decreases
[6] and fatigue properties improve [7] dramatically with
greater kinematic compatibility between the transforming
phases. The compatibility conditions depend on the transformation stretch tensor [8], which can be directly calculated
from the lattice parameters of austenite and martensite. Tuning lattice parameters by changing composition allows for
optimizing macroscopic properties, i.e., hysteresis and functional fatigue. It has been shown that the middle eigenvalue,
λ2 , of the positive-definite symmetric transformation stretch
tensor equals unity; it brings about perfect compatibility
between a single variant of martensite and the (unstressed)

austenite phase [9]. As λ2 approaches 1, the elastic energy in
the usual stressed transition layer at the habit plane between
austenite and twinned martensite vanishes [10] and this has
a dramatic effect on thermal hysteresis. This condition of
λ2 = 1 is first in a hierarchy of compatibility conditions that
allow additional unstressed microstructures between the two
phases. The strongest known conditions of compatibility are
the so-called cofactor conditions, which include λ2 = 1, as
well as two additional restrictions and an inequality [11].
These conditions imply that many unstressed interfaces between phases become possible, which are either absent or
stressed in common SM materials; this feature is termed
supercompatibility [11,12].
These developments have significantly improved our understanding of metallic shape-memory alloys (SMAs). For
example, the technologically important Ti-rich NiTiCu(Co)
SMAs feature excellent compatibility (middle eigenvalue
λ2 = 1.0008, cofactors CC1 = 4.26 × 10−5 , CC2 = 3.43 ×
10−5 ) that helped reveal this alloy’s low superelastic stress
hysteresis of 50 MPa and its resistance to fatigue-induced
degradation: 10 million tension-stress-induced transformation
cycles did not affect the transformation characteristics [13].
Another alloy discovered through using the cofactor theory,
Zn45 Cu25 Au30 , exhibits extremely small thermal hysteresis of
0.2 ◦ C and nearly full repeatability after 100 000 full transformation cycles at 7% strain and 700 MPa compression stress
cycles [14].
II. CERAMIC SHAPE MEMORY
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Two-phase ceramic shape-memory materials were actively
investigated until the 1990s, which led to the discovery of
now well-known transformation toughened ceramics [15].
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TABLE I. Three possible transformation mechanisms for tetragonal-to-monoclinic transformation in the (Y, Ta)O2 -(Zr, Hf)O2 system.
Mechanism 1
Lattice correspondence

Stretch tensor

a

b

Mechanism 2

[11̄0]t → [100]m
[110]t → [010]m
[001]t → [001]m
⎛
⎞
σ
τ
ρ
σ
−ρ ⎠
U1a = ⎝ τ
ρ −ρ
η

[001̄]t → [100]m
[110]t → [010]m
[11̄0]t → [001]m
⎛
⎞
σ̄
τ̄
ρ̄
σ̄
−ρ̄ ⎠
U1b = ⎝ τ̄
ρ̄ −ρ̄
η̄

[110]t → [100]m
[001]t → [010]m
[11̄0]t → [001]m
⎛
⎞
ξ
κ
0
V = ⎝κ ω 0 ⎠
0 0 β̄

In the important class of ZrO2 -based structural ceramics,
metastable tetragonal homoprecipitates transform to the monoclinic phase in the stress field of a crack, blunt further
crack propagation, and inhibit failure. This line of research
stagnated as the materials approached their technological limits, with very limited efforts dedicated to developing shapememory ceramics that display metal-like shape-memory properties [16]. Potential shape-memory ceramics display relatively large thermal hysteresis [17] when compared to many
metallic shape-memory alloys. Various approaches have been
used to change the transformation temperatures of matrix and
particles, e.g., solid solutions formed with CeO2 [18] or stabilization by Y2 O3 [19]. The superelastic and shape-memory
behavior was demonstrated in freestanding CeO2 -ZrO2 pillars
of approximately 1 μm diameter [2]. This experiment proved
that ceramics possess all the necessary requirements for a
shape-memory effect, but the low compatibility rooted in
these ZrO2 -based ceramics is much larger than that found
in most metallic SM alloys. This leads to an extremely
large stress hysteresis that exceeds 1 GPa so that any shapememory-like properties in ceramics are currently of limited use [2]. Here, we show that the success in improving
the repeatability and lowering of the superelastic hysteresis and shape-memory effects in metallic SMAs by satisfying conditions of compatibility can be translated to oxide
ceramics.
We apply compatibility theory to a systematic
investigation of structural ceramics in the system
(Y0.5 Ta0.5 O2 )1−x -(Zr 0.5 Hf 0.5 O2 )x , with 0.6 < x < 0.85; a
transformation of the tetragonal into a monoclinic phase
had already been identified for (Y0.5 Ta0.5 O2 )1−x -(ZrO2 )x at
0.6 < x < 1 [16]. We focused on ZrO2 -HfO2 solid solutions
because the crystal structures, chemical behavior, and lattice
parameters of ZrO2 and HfO2 are virtually identical. HfO2 has
a higher transition temperature that stabilizes the monoclinic
phase at higher temperatures and provides the first-order
phase transition at higher doping levels [17]. We demonstrate
a close correlation between |λ2 = 1| and hysteresis in
this promising oxide system, and present a comparison of
stress-induced variant rearrangement and the shape-memory
effect in low- and high-hysteresis samples.
III. TRANSFORMATION MECHANISM

The optimization of the complex phase-transforming
(Y, Ta)O2 -(Zr, Hf)O2 system begins with the identification
of the transformation mechanism so that the transformation
stretch tensor, and hence the middle eigenvalue λ2 as well as

the twinning parameters, can be computed. This information
was used as a tuning guide towards our search for the lowesthysteresis ceramic shape-memory material in this system.
Given the measured lattice parameters and symmetries for
parent and child phases, we exploit an algorithm [8] that finds
the proper lattice correspondence and delivers the corresponding stretch tensor with the least transformation strain (measured by a suitable norm). We identified three mechanisms
that are associated with low transformation strains, as shown
in Table I. The existence of multiple lattice correspondences
in a low-symmetry system is supported by the findings of
Hayakawa et al. [20,21] for the t → m transformation in
ZrO2 –2 mol.% Y2 O3 .
The lengthy expressions for σ , τ , η, etc., in terms of
standard lattice parameters are given in the Supplemental
Material [22]. For each of these cases there are four variants of the monoclinic phase and all pairs of variants can
be twinned. The calculated values of λ2 from mechanisms
1a and 1b are the same due to a special symmetry arising from this tetragonal-to-monoclinic phase transformation
[22].
We use the conventional notation for austenite start (As ),
austenite finish (A f ), martensite start (Ms ), and martensite
finish (M f ) temperatures. The measurement of transformation start and finish temperatures was performed by differential thermal analysis (DTA) and differential scanning
calorimetry (DSC) (see the Supplemental Material [22]). Figure 1(a) shows that As and Ms increase with x in the system
(Y0.5 Ta0.5 O2 )1−x -(Zr 0.5 Hf 0.5 O2 )x and that a compositional
range exists where they approach each other. At those concentrations, the hysteresis ( T = 0.5|(A f + As ) − (Ms + M f )|)
becomes considerably smaller than at other compositions with
a minimum of approximately 120 K for a concentration of
x ≈ 0.73. This value means a reduction of the hysteresis of a
factor of 2.5 between the maximum and minimum hysteresis
in the compositional range 0.6 < x < 0.85.
In view of the multiple likely transformation mechanisms,
the analysis of the drop of hysteresis requires care. We show
in Fig. 1(b) the values of both mechanisms 1 (open squares)
and 2 (solid squares). By comparison of Figs. 1(a) and 1(b),
we see that the lowest value of hysteresis at x ≈ 0.73 is close
to the crossing point where the maximum deviation of λ2 from
1 is smallest (see Supplemental Material item 3 for detail
on how to extract lattice parameters for λ2 calculation [22]).
This finding is consistent with the quantitative theory for the
influence of λ2 on hysteresis [10]. That theory is based on
the analysis of an energy barrier to initiate the growth of
a twinned platelet in the low-temperature phase. When the
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FIG. 1. (a) Transformation temperatures in the system (Y0.5 Ta0.5 O2 )1−x -(Zr 0.5 Hf 0.5 O2 )x for 0.6 < x < 0.85 between monoclinic and
tetragonal phase (As ), as well as the temperatures for the reverse transformation (Ms ) with trend lines for different doping concentrations.
The thermal hysteresis T = 0.5|(A f + As ) − (Ms + M f )| is shown in blue with a minimum value of approximately 120 K at x ≈ 0.73.
Mechanical experiments were conducted on high-hysteresis samples (x = 0.6) and low-hysteresis samples (x = 0.735). (b) |λ2 − 1|, which
describes the distance from the optimal value of λ2 = 1 for the two mechanisms which satisfy this condition the closest in the system
(Y0.5 Ta0.5 O2 )1−x -(Zr 0.5 Hf 0.5 O2 )x for 0.6 < x < 0.85. The lines indicate the trend of the case with higher values. The crossing of those lines is
close to the concentration that shows the lowest thermal hysteresis for its transformation.

platelet is small, interfacial energy dominates, leading to an
increase of energy vs size. As the platelet grows, the twin
density changes and a barrier is overcome when the bulk
energy begins to dominate. The critical size of the inclusion at
the barrier is extremely sensitive to the value of λ2 . Our results
strongly suggest that it is the larger of the barriers of the two
mechanisms that dominates the behavior (mechanism 1 for
high-hysteresis and mechanism 2 for low-hysteresis samples),
at least in the present low-symmetry system.
Another important observation relates to the numbers of
twin systems. We modeled all twin systems of the phasetransforming samples for mechanisms 1 and 2 and discovered
that for the lowest-hysteresis sample at x ≈ 0.73, there exist 8
compatible austenite/martensite interfaces formed by mechanism 1 and 16 compatible austenite/martensite interfaces
enabled by mechanism 2. Compared with the number of
compatible austenite/martensite interfaces, samples with concentrations away from 0.73 consist of only one-half to threequarters of the compatible interfaces from both mechanisms.
The irregular contrast or fringes in the TEM bright-field
images [Figs. 2(b) and 2(e)] are due to local changes in the
diffraction quality, which can result from many sources such
as thickness change, physical distortion, or material defects
[23]. The fact that there is no clear periodicity in any one
direction in the observed fringes suggests that it is most
likely a result of heterogeneous lattice distortion, either bend
contours or in-plane residual stresses. We indeed suspect that
these distortions are consequences of imperfect compatibility
during phase transformation, which inevitably cause residual
strain in the martensite phase, since these strain fringes are
similar to the contrast from lattice strain around defects in
well-studied crystalline materials [24]. However, although
the two images are taken using the same set of TEM settings, since the contrast is highly dependent on experimental

conditions such as the diffraction error and beam convergence
angle [25], no quantitative conclusion could be made solely
based on the different contrast level in the two cases.
IV. MICROSTRUCTURE

Further investigations of the twin systems were conducted
under a transmission electron microscope (TEM). Figure 2(a)
contains a TEM image of a martensite grain in a lowhysteresis sample (x = 0.735, T = 120 K) and reveals a
twinning microstructure with laminates ranging from 40 to
500 nm in thickness. Figure 2(b) shows its bright-field (BF)
image with a [001] zone axis in the martensite basis (as
below), where the corresponding indexed diffraction pattern
(inset) for the grain contains no twinning patterns, which
suggests that all variants share the common two-fold axis
[001]. No visible defects were observed within any variant,
which indicates that the crystal is in a low-energy state with
minimal internal stresses. The majority of twinning planes
are found to be along (100)-, (010)-, and (110)-type planes.
As the theory suggests, both mechanism 1 and mechanism
2 produce compatible austenite/martensite interfaces along
(100) and (001), so the population of (100) twin planes supports the theoretical prediction that for x = 0.735 the sample
contains the maximum number of austenite/martensite interfaces. TEM images reveal that the mirror planes are mostly
coherent, with an occasional incoherency, for example, the
partial dislocation cutting through a (010) plane highlighted
by an arrow in the high-resolution image in Fig. 2(c). TEM
images of a high-hysteresis sample (x = 0.6, T = 315 K)
reveal similar twinning microstructures at the near-micron
scale shown in Fig. 2(d). Further investigation with BF at a
higher resolution [Fig. 2(e)] shows that, although the twinning direction and mirror planes are identical to those in the
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FIG. 2. (a) TEM image of a martensite grain from a low-hysteresis sample that reveals its complicated twinning microstructure with
laminates as thin as 40 nm. (b) A close-up BF image with an indexed diffraction pattern that reveals mirror planes of mainly (100), (010), and
(110) type, and two-fold axes along the diffracting zone axis [001]. (c) High-resolution image of a coherent twin boundary intersected by a
dislocation, indicated by the small arrow. (d–f) TEM images of a high-hysteresis sample that reveal similar microstructure and twin systems
but populated with multiple defects within individual variants and at twin boundaries.

low-hysteresis system, the crystal is much more distorted and
is populated with dislocations, which cut through individual
variants (indicated by the small arrows; see also the Supplemental Material [22]). The high-resolution image of the
high-hysteresis sample in Fig. 2(f) displays a complicated
twin-boundary structure with multiple dislocations. This microstructural analysis supports that the high-hysteresis sample
contains greater internal stress during phase transformation
compared with the low-hysteresis system, as a result of its low
compatibility.
Figure 3 shows stress-induced detwinning of the martensite
phase, which is a prerequisite for shape memory and superelasticity [1]. Figure 3(a) demonstrates recoverable strain
through martensite reorientation obtained from uniaxial compression of a typical single-crystalline 900-nm-diam pillar
extracted using a focused ion beam (FIB) from the lowand high-hysteresis samples. The inset plot gives the crystallographic orientations along the loading direction using
equal area projections from electron backscattered diffraction
(EBSD; details in the Supplemental Material [22]). This plot
reveals that both pillars favor the (100)[001̄] twin system:
in the low-hysteresis sample, the onset of detwinning at
about 800 MPa is followed by a steady serrated flow at a
constant applied stress, similar to the serrated detwinning
stress plateau seen in the deformation of macroscopic metallic
SMAs [26]. Unlike these previously studied systems, where
the detwinning plateau is followed by a uniform nonlinear deformation due to incomplete reorientation [27,28], the

detwinning process in this pillar ends with a rapid strain burst
at the same stress, which suggests that the reorientation is
completed at 5.9% strain. This strain burst and the subsequent
stress drop at 6.3% are clear signatures of a dislocationmediated slip in small-scale plasticity [29,30], followed by
steep plastic hardening starting at 6.6% strain. The highhysteresis sample undergoes a similar process after the first
detwinning event at about 800 MPa and has a significantly
less recoverable strain from detwinning—it quickly transitions into the burst-governed plasticity at 1.3% strain, and
begins to harden at 2.2% strain. This suggests that as the
compatibility conditions become better satisfied, the postelastic-deformation mechanism transitions from a detwinning
process to dislocation slip. This could be related to the preexistence of defects in the high-hysteresis system as shown in
Fig. 2(f).
V. SHAPE MEMORY

The absence of steplike offsets on the pillar surface of
Figs. 3(b) and 3(c) supports our conclusion that the strain
during compression is largely carried out by detwinning and
less from plastic slip [31,32]. The less pronounced shape
change in the high-hysteresis pillar [Fig. 3(b)] compared to
the low-hysteresis pillar [Fig. 3(c)] is indicative of lesser deformation from detwinning in the low-compatibility sample.
The twin band structure, indicated by the yellow arrows, is
oriented at approximately 30◦ to the horizontal plane in the
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low-hysteresis pillar, similar to that theoretically predicted in
Fig. 3(d).
It is assumed that the pillar compression starts as a single
variant of martensite that is compressed along [011] in a
monoclinic lattice. Since the low-hysteresis sample achieves
6% reorientation strain, as shown in Fig. 3(a), we considered all possible twinning systems. The type-II twin between
variants 1 and 4 in mechanisms 1a and 1b is favored by the
Schmid law and exhibits 5.9% strain by reorientation as in the
experiment.
We also demonstrate the one-way shape-memory effect
through experiments on irregularly shaped particles. Average
deformation gradients F were mapped using points on the
particle whose spatial coordinates were found using image
correlation, and the stretch tensors Ucomp and Uheat were determined for each particle postcompression and postheating,
using its original shape as the reference configuration (see
the Supplemental Material [22] for details). We define the
recovery of a particle as
r=

FIG. 3. (a) Stress-strain response of 900-nm-diam martensite
pillars milled from low- and high-hysteresis samples, both with
variant orientations that favor the (100)[001̄] twin system (inset plot
shows the loading direction inverted pole figure for each pillar). Preand postcompression scanning electron microscopy (SEM) images
of the pillars tested (a) carved out from a grain within the (b) highhysteresis and the (c) low-hysteresis phase. The boundaries between
sheared variants are signified by the yellow arrows. (d) Theoretical
prediction of the microstructure given by the Schmid law in the
low-hysteresis case shows good agreement (5.9% strain) with (c).

|Ucomp − Uheat |
.
|Ucomp − I|

(1)

A schematic of this experimental process is shown in Fig. 4(a),
where each particle is first imaged in the SEM, compressed to
a strain of |Ucomp − I|, imaged again, heated to 100 ◦ C above
its previously measured A f , and then imaged again at room
temperature. Figures 4(b)–4(d) provide SEM images of an
irregularly shaped low-hysteresis particle at room temperature
before compression by approximately 15% of the particle
height, after compression, and after heating to 850 ◦ C. To
better visualize the shape recovery, the original shape of the
particle is traced in white and overlaid on all three images,
along with partial outlines of the particle after compression (red) and after heating (blue). These images reveal that

FIG. 4. (a) Schematic representation of the compression-heating cycle. The original shape of the particle is traced in white and overlaid
on all three images, along with outlines of a selected face after compression (red) and after heating (blue). Images of a low-hysteresis particle
(b) before compression, (c) after compression, and (d) after heating to 850 ◦ C and cooling to room temperature showing almost complete shape
recovery. (e–g) Same process for a high-hysteresis particle showing that there is less recovery postheating.
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the low-hysteresis particle exhibits near-complete recovery
[Figs. 4(b)–4(d)], while the high-hysteresis particle does not
[Figs. 4(e)–4(g)]. We found the recovery r to be 94.5 ±
5.9% (N = 5) for low-hysteresis particles and 62.3 ± 13.3%
(N = 3) for the high-hysteresis particles, proving that the
low-hysteresis system exhibits near-complete shape recovery
through the shape-memory effect.
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