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Abstract The shape memory and superelastic effects are
based on mechanically or thermally induced martensitic
transformation. In bulk monolithic shape memory materi-
als, these effects are characterized by a driving force
threshold, such as a critical stress or a critical temperature,
above which the transformation is completed within a
relatively narrow window of stress or temperature. In this
viewpoint article, we discuss the tuning of macroscopic
martensitic transformation characteristics via mesostruc-
ture and microstructure design: with heterogeneous driving
force and low nucleation barrier in meso-/micro-structured
shape memory materials, especially shape memory
ceramics, local transformation events can occur sequen-
tially rather than simultaneously. This can lead to a glob-
ally continuous transformation mode without well-defined
critical stress or temperature. Based on the insights from
mechanics modeling and experimental evidence, we illus-
trate this effect in granular packings, metal matrix com-
posites, and cellular architectures, and discuss how it may
unlock new possibilities for applications involving actua-
tion and energy dissipation.
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Introduction

Shape memory materials are those which can ‘remember’
an initial shape upon heating, even after undergoing
apparently permanent plastic deformation. This is possible
owing to detwinning of the martensite phase in the ‘shape
memory regime’ (T <M, or irreversible martensitic
transformation upon mechanical loading in the ‘interme-
diate regime’ (M, <T < A,) [1]. What appears to be
plastic deformation is instead detwinning or transforma-
tion-mediated plasticity. The differences between the
geometry of twinned and detwinned martensites or
between the austenite and martensite crystal structures are
responsible for the shape change. Heating the material
above a critical temperature will trigger the reverse
martensitic transformation; the original shape is recovered
upon cooling to the initial temperature. This is the so-called
shape memory effect. The same material can display the
superelastic effect as well in the ‘superelastic regime’
(T > Ap), in which large recoverable strains arise as a result
of reversible martensitic transformation upon mechanical
loading and unloading [2]. The shape memory and
superelastic effects have been studied in bulk metallic and
ceramic materials for decades [3-11].

Beyond the conventional bulk form, recent advances in
modeling and processing have allowed materials scientists
to flex their creativity and explore structural and functional
materials in new ways, especially through mesostructure
engineering. Here, “meso-” means intermediate, in
between macro- and micro- scales. In a broader sense,
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mesostructured materials are those with structural or
compositional heterogeneities on the length scale in
between the macroscopic shape and microstructure,
including cellular architectured materials [12, 13], func-
tionally graded materials [14], as well as composites and
hybrid materials [15]. Through topological design and
optimization [16-18] or fractal designs [19], mesostruc-
tured materials can be engineered for specific applications.
For example, metallic honeycombs are demonstrated to
have superior collision energy absorption performance
[20], thin-walled aluminum oxide truss structures can
elastically recover incredible strains [21], and piezoelec-
tric-elastomer composites can harvest mechanical energy
as electricity through bending [22]. Along with topology,
the mesoscale feature size or characteristic length is
another key factor in governing the macroscopic response
of the material. If the feature size is sufficiently small, the
size effect of an individual strut may play a role and result
in unprecedentedly remarkable properties, as seen in nano-
architectured materials [23, 24].

Applying the mesostructure engineering strategy while
leveraging the traditional microstructure engineering wis-
dom can unlock new opportunities for material design,
wherein the material response to external stimuli is
robustly engineered and tailored for target applications
[19, 25-29]. In the context of shape memory ceramics, this
can change the characteristics of thermodynamic driving
force and nucleation barrier in mechanically induced and
thermally induced martensitic transformation. When a
mesostructured shape memory ceramic is subjected to
macroscopically uniform loading like uniaxial compression
or tension, the highly heterogeneous stress distribution can
lead to spatially non-uniform distribution of the trans-
formed regions. When the mesoscale characteristic length
scale, e.g., strut width for a cellular architectured material,
particle size for a granular packing, or filament width for a
composite, is comparable to the microscale characteristic
length scale, which is mostly defined by the grain size, the
mechanical constraint against deformation and martensitic
transformation can be significantly reduced [30]. This can
suppress phenomena commonly observed in bulk mono-
lithic shape memory ceramics, such as autocatalysis. This
is because the transformation-induced strain cannot be
transferred on a larger scale to other particles in granular
packings or composites, or other ligaments in cellular
architectures.

In this viewpoint article, we discuss how coupled
mesostructure and microstructure design can be used to
tune the global transformation mode in shape memory
ceramics. By matching the feature sizes on the meso- and
microscale, the transformation volume can continuously
change with the amplitude of external stimuli without an
apparent critical stress or temperature. Such a globally

‘continuous mode’ is caused by sequential local transfor-
mation events, distinguishing itself from the threshold-
based transformation behavior in bulk monolithic shape
memory materials. This will unlock new opportunities for
actuation and energy dissipation applications. Through
simulations and experiments, we demonstrate this effect in
granular packings, metal matrix composites, and cellular
architectured materials. While the ‘continuous mode’ of
transformation can also be realized through local compo-
sition modulation [31] or impurity doping [32], the strategy
of microstructure and mesostructure engineering opens
new paths for experimental implementation, e.g., through
advanced materials processing and additive manufacturing.

Central Concept

For the stress-induced martensitic transformation in bulk
monolithic shape memory materials starting with 100%
austenite phase, the content of martensite typically remains
zero until a critical stress is reached as shown in Fig. 1A.
Full conversion of the austenite phase to martensite is
accomplished over a narrow stress window, above which
the material is fully martensite [8]. Fundamentally, this is a
caused by two factors: (i) a relatively uniform stress dis-
tribution in the bulk material upon loading and (ii) strong
intergranular mechanical constraint that results in restricted
transformation characterized by self-accommodation and
autocatalysis. A meso/micro-structured shape memory
material, however, is designed to have a non-uniform stress
state and weak mechanical constraint. This will lead to
transformation behavior more like in Fig. 1B, where
austenite can be converted to martensite even at relatively
low loads due to high stress concentration and low nucle-
ation barrier. While each sub-element would still have a
critical stress for martensite nucleation, the overall
heterogeneous stress means that only a fraction of material
would experience stresses exceeding the critical level at a
given load. Further, since the individual sub-elements are
separated from one another in granular packings, com-
posites, and cellular architectures, the martensite formation
is nucleation-dominated and large-scale growth of the
martensite cannot occur via autocatalysis. As the macro-
scopic load increases incrementally, more martensite is
formed, resulting in sequential local transformation events.

For example, in a granular packing under a given
loading condition, a fraction of the inter-particle contacts is
above the critical stress, but a large fraction of eligible
contacts are not; as the applied compressive load is
increased, the average stress on a particle contact increases,
and the fraction of particles experiencing critical stress also
increases. This initial transformation gives the upward
concavity shown in Fig. 1B. At higher applied loads, as the
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Fig. 1 Volume fraction of martensite from loading for A bulk monolithic and B meso/micro- engineered shape memory materials

austenite is converted to martensite at the areas of maxi-  bulk counterparts. Figure 2A compares the energy

mum stress, the martensitic phase then begins to bear more
of the stress and prevents additional conversion of the
austenite phase [1]. Thus, the rate of transformation as a
function of stress will initially be high as the contact
stresses increase, but then will reduce as less load is
effectively transferred to regions with austenite, as illus-
trated in Fig. 1B. Overall, stress-induced martensitic
transformation in a meso/micro-structured shape memory
material can display a seemingly continuous transforma-
tion mode [1].

Figure 2 illustrates two such applications where the
continuous transformation mode in meso/micro-engineered
shape memory materials can exhibit better traits than their
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Fig. 2 Application differences between the discrete transformation
exhibited by bulk shape memory materials and the continuous
transformation of meso/micro-structured shape memory materials:
A energy absorption where the continuous transformation allows for
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absorption behavior of a panel of bulk shape memory
material and its meso- or micro-structured counterpart that
is characterized by non-uniform stress distribution and
weak mechanical constraint. Using a material in its
superelastic regime would allow energy absorption as the
material is loaded, transforming from austenite to marten-
site, and unloaded, reverting the martensite back to
austenite. The total absorbed energy is defined by the area
of the hysteresis loop between loading and unloading. The
bulk material requires the critical stress to be reached
before any martensitic transformation could occur. Thus, if
the panel is bombarded with particles of masses smaller
than needed to exert the critical stress, then the panel will
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of motion is achievable since the transformation occurs over a broad
temperature range
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not absorb any of the energy outside of the conventional
inelasticity of the impact. In contrast, a panel made from
meso-/micro-structured shape memory material would
exhibit a continuous transformation mode and thus can
absorb energy from particles with a broad range of sizes or
masses, resulting in a more universal energy dissipation
capability.

For meso/micro-structured shape memory materials that
have undergone irreversible stress-induced martensitic
transformation, there will be a non-uniform distribution of
the martensite phase upon load removal. Post-load heating
then results in reverse martensitic transformation in pre-
viously partially transformed particles or ligaments. During
heating, although the temperature is uniform in the mate-
rial, the non-uniform initial martensite distribution can also
lead to a continuous transformation mode because local
regions with different values of A, can transform more
independently in the absence of strong mechanical con-
straint [33, 34]. This effect may be leveraged for robust
control of actuation. Figure 2B displays the actuation of a
mechanical arm using wires of shape memory material. For
a bulk shape memory material, the arm will have a rela-
tively discrete actuation as the temperature increases from
A, (point II) to Az (point III). Due to this actuation behavior,
the movement of the mechanical arm is not smooth; it is
challenging for the arm to achieve a region of actuation
between points II and III. In contrast, using a meso/micro-
engineered shape memory material for the wire would
enable continual actuation with heat and would thus allow
for a smoother movement and a larger controllable range of
motion.

From a material design perspective, what is the
requirement for meso/micro-structured shape memory
materials to display the globally continuous transformation
mode? To promote heterogeneous stress distribution,
mesoscale structural heterogeneity is a key; it is available
in granular packings, cellular architectured materials, and
composites and hybrid materials. To lower the nucleation
barrier, mechanical constraint should be minimized. This
can be achieved by increasing the free surface area via
mesostructure engineering and by eliminating the triple
junctions through matching the mesoscale and microscale
characteristic lengths. This is especially important for
shape memory ceramics such as ZrO, in which the trans-
formation strain is larger than its elastic limit, so free
surfaces are necessary to avoid fracture from the transfor-
mation [27]. For granular packings or composites consist-
ing of shape memory particles in a matrix material, the
intergranular constraint can be minimized using single-
crystal particles. For cellular architectured materials,
intergranular constraint can be minimized by forming a
bamboo-like microstructure with the grain size equal to the
strut width.

Figure 3 depicts the localized martensite nucleation with
increasing applied stress for these micro- and meso-engi-
neered structures: a granular packing, a composite, and a
honeycomb structure. The granular packing consists of
single-crystal shape memory particles as shown in Fig. 3A.
The packing is expected to form martensite gradually due
to the evolution of the force chains and weak inter-particle
constraint [35, 36]. The composite contains single-crystal
shape memory particles embedded in a matrix as shown in
Fig. 3B. Having the particles acting as stress concentrators
with zero intergranular mechanical constraint, local
martensitic transformation can occur separately at lower
stresses than the nominal critical stress, resulting in a
continuous transformation mode. The meso/micro-engi-
neered honeycomb structure in Fig. 3C is characterized by
highly heterogeneous stress distribution upon axial com-
pression. Owing to a lot of free surface area and the
absence of triple junctions enabled by bamboo-like
microstructures, the martensite plates would nucleate easily
at stress concentration sites from loading. The main
advantage of the meso/micro-engineered shape memory
material is that it enables precise tuning of the martensite
volume fraction as a function of the external loading by
merely altering the structural arrangement on the two
length scales.

Insights from Constitutive Modeling

Mechanics analysis and constitutive modeling can provide
insights into the martensitic transformation behavior of the
meso/micro-structured shape memory materials. The ther-
modynamical constitutive modeling for shape memory
materials allows us to predict the martensite content as a
function of macroscopic loading [37]. This treatment is not
intended to simulate details of the austenite—martensite
transformation, which depends on the stress state as well as
microstructure and crystallography. Instead, we approach
the problem from a perspective of state variables to
approximate the transformed volume that might be
achieved on average. Here, finite element analysis is
implemented via COMSOL Multiphysics 5.6 using the
Lagoudas model in the Nonlinear Structural Materials
Module, which defines the Gibbs free energy of the system
using stress and temperature as the state variables [38—41].
For the two models shown in Fig. 4, the following
parameters are used to define stress-induced transforma-
tion: martensite start stress of 1050 MPa, martensite finish
stress of 1350 MPa, austenite start stress of 600 MPa, and
austenite finish stress of 200 MPa [8, 42, 43]. These
numbers reflect the high critical stresses of ZrO,-based
shape memory ceramics. The depicted structures are fixed
on the bottom face, while the top face is subjected to

@ Springer



120 Shap. Mem. Superelasticity (2023) 9:116-126

Fig. 3 Martensite formation A
from applied stress for

A granular packings, B metal |nCreaSing
matrix composites, and C meso- t
engineered structures; for all stress
scenarios, martensite forms due
to heterogeneous stress !
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martensite formation in regions
with low and high mechanical
constraints, respectively, in
which the lower mechanical
constraints allow for further
martensite nucleation
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Fig. 4 Simulations of martensite content versus displacement during compression and the resulting local von Mises stress and martensite volume
fraction for A ZrO, particles in an aluminum matrix and B a pure ZrO, meso-engineered structure
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constant displacement, simulating a typical compression
test. Each node within the model has a critical stress above
which it transforms from austenite to martensite.

We first analyze a metal matrix composite, Al-
22vol%Zr0O,, in which single-crystal shape memory cera-
mic ZrO, particles are embedded into the Al matrix. Here,
ZrO, is doped with an appropriate amount of other oxides
(e.g., 15-mol% CeO,) to be in the superelastic regime.
Figure 4A depicts a two-dimensional model of the com-
posite 22 x 22 pm in size with the ZrO, particle size of
1 pm. The composite is subjected to compression with a
displacement rate of 0.2 um/s. Similar to the behavior of a
bulk shape memory alloy illustrated in Fig. 1A, the com-
posite has no martensite formation until a critical dis-
placement; however, the martensite content then gradually
increases with further displacement, more closely matching
the behavior depicted in Fig. 1B. The gradual increase in
martensite content is due to the heterogeneous stress
experienced by the individual particles as depicted by the
von Mises stresses at the maximum displacement in the
inset of Fig. 4A. Likewise, the martensite content of the
individual ZrO, particles shows a location dependence that
is directly tied to the heterogeneous stress experienced
during compression. By tuning the spatial, size, composi-
tion, and orientation distribution of ZrO, particles, chang-
ing the shape of the entire composite material, or changing
the testing condition (i.e., temperature, hydrostatic pres-
sure, and loading configuration and direction), the resulting
macroscopic transformation behavior can be tuned
robustly.

We next analyze the transformation behavior of a
superelastic cellular micro-architectured material also
based on shape memory ceramic ZrO,. Figure 4B depicts a
three-dimensional model of a meso/micro-engineered ZrO,
structure consisting of 125 (5 x 5 x 5) repeated auxetic
(negative Poisson ratio) truss structures—each 13.9 x 13.9
x 18.1 mm in size with vertical struts of 9 mm, re-entrant
struts of 4.5 mm, re-entrant angles of 60°, and strut
thicknesses of 1.6 mm [44]. During compression, the dis-
placement rate is 2 mm/s. The martensite content during
loading closely resembles the simulated metal matrix
composite in Fig. 4A, with no martensite formation until a
critical displacement, followed by a gradual increase as
displacement increases. The martensite formation behavior
is likewise due to the heterogeneous stress distribution
within the structure, with larger von Mises stresses and
local martensite contents at the joints of the structure.
Stress concentration sites will first transform under load;
the spatial distribution, orientation, and connectivity of the
stress concentration sites are thus factors in governing the
shape memory performance of the meso/micro-structured
shape memory material.

In the above two examples based on shape memory
ceramics, the continuous transformation mode is achieved
but the critical stress or displacement does exist. This is
because of the moderate level of mechanical constraint
arising from the geometrical features of composites and
architectured materials. If the mechanical constraint can be
further reduced like that in a granular packing, the critical
stress may no longer exist. In the literature, the transfor-
mation behavior of mesostructured shape memory alloy
NiTi has been investigated [19], which is modeled as
Menger sponge-like structures with different fractal
dimensions using constitutive models based on Lagoudas
[39-41] and Auricchio [45-47].

Experimental Evidence

While the central concept of tuning the transformation
mode via meso/micro-structure design has been demon-
strated in mechanics modeling, it is desirable to prove that
in experiment. A simple approach to experimentally
investigating this phenomenon is to employ granular
packings, which are naturally heterogeneous with weak
constraint. The heterogeneity of granular materials arises
from the randomness of their structure and the sheer
quantity of discrete sub-elements. Any given particle in a
granular medium might, for example, possess fewer or
more than 6 contact sites with other particles—of which
there are ~ 10'”in every 1 g of shape memory powder—
and be irregularly shaped. Since the granular packing is
non-bonded by definition, the structure will evolve during
compression, adding more complexity to the problem. As
shown in Fig. 3, however, the specific manner of hetero-
geneity in a granular packing is still analogous to the stress
concentration sites responsible for the hypothesized con-
tinuous transformation mode of composites or architec-
tured structures.

Stress-induced martensitic transformation in granular
shape memory ceramic (CeO,-doped ZrO,) packings has
been in situ investigated by Rauch et al. [34]. Using the
in situ neutron diffraction setup shown in Fig. 5A, two
different compositions of CeO,-doped ZrO, granular
packings consisting of single-crystal particles are subjected
to compression: 12-mol% CeO, and 15-mol% CeO,. The
12-mol% CeO, particles have a metastable austenite phase
such that any martensite formed during loading is not
transformed back to austenite during unloading (Fig. 5B).
The 15-mol% CeO, particles correspond to a
stable austenite phase that exhibits superelastic behavior:
martensite forms during loading and then is reverted back
to austenite during unloading (Fig. 5C) [1, 34]. The hys-
teresis between the forward martensitic transformation and
the reverse transformation back to austenite is due to the
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for granular packings. Martensite content versus applied load for
ZrO, particles with B 12-mol% CeO, and C 15-mol% CeO, [34].
Reprinted from Acta Materialia, Vol 168, Rauch HA, Chen Y, An K,

lower critical stress for the reverse transformation [27]. For
both compositions, the martensite nucleation occurs over a
wide load range, as seen in Fig. 5B and C, due to the force
chain-based mesoscale stress distribution and Hertzian
contact-based microscale stress distribution, matching the
expected behavior of a continuous transformation mode in
Fig. 1B. In this data, there is no apparent critical stress
because of the minimal mechanical constraint among
particles.

The distribution of force experienced by particles in a
granular packing is depicted in Fig. 6A. At any given
loading condition, a majority of particles experience little
or no forces aside from gravity. As the applied load on the
granular packing is increased, the overall probability dis-
tribution of the force on the particles broadens, more par-
ticles experience non-zero load, and more particles exhibit
loads above the critical load for the forward transformation
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Yu HZ, In situ investigation of stress-induced martensitic transfor-
mation in granular shape memory ceramic packings, Pages 362-375,
Copyright 2019, with permission from Elsevier

(i.e., the load corresponding to the critical stress for that
particular particle) and would thus nucleate martensite. A
depiction of the resulting force chains and martensitic
nucleation with increasing displacement or external load is
shown in Fig. 6B. Matching the overall force distribution
in Fig. 6A, the force from particle—particle contact
increases with increasing displacement, so is the number of
martensitic plates [34]. As the external load is then
removed, the critical load for the reverse transformation to
transform martensite to austenite is lower than for the
forward transformation and lies to the left of the dotted line
in Fig. 6A. Thus, for the same external load, the fraction of
particles under a load state above the lower critical load for
the reverse transformation will be greater than for the
forward transformation, so the applied load must be
reduced further before any martensite is reverted back to
martensite, causing the hysteresis shown in Fig. 5C.
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Fig. 6 A The probability density function of the force distribution in
a granular packing and the effect of increasing load; F™¢ s the
critical force for martensite nucleation. B The force chain and
martensite phase evolution in granular packing under increasing

Similar to granular packings, cellular architectured
materials have likewise shown to form martensite prefer-
entially due to stress concentration, as previously dis-
cussed. Recently, a slurry based on yttrium-stabilized
tetragonal zirconia polycrystals (Y-TZP) has been devel-
oped for stereolithography to additively manufacture
micro-honeycomb structures. Upon compression, the
Y-TZP micro-honeycomb forms approximately 10-vol%
martensite when it is loaded to a maximum axial stress of
270 MPa [25].

In addition to stress-induced martensitic transformation,
the meso/micro-structured shape memory materials can
exhibit interesting behavior in thermally induced reverse
martensitic phase transformation. Figure 7A and B shows
the behavior of a granular packing consisting of ZrO,
particles and a Cu-ZrO, (20 vol%) composite. The former
is adapted from published work in Reference [34]; the
latter is part of the authors’ ongoing work on solid-state
additive manufacturing of metal matrix composites. In both
cases, the shape memory ceramic ZrO, is doped with
12-mol% CeO,. The granular packing and composite are
first subjected to compression with axial compressive
stresses of approximately 1000 MPa and 915 MPa,
respectively. After compression, there is non-uniform dis-
tribution of the martensite phase; upon heating, thermally
induced reverse martensitic transformation occurs sepa-
rately among local regions due to factors such as particle
morphology, size, and the dependence of A; on the

Force Chain Martensite Phase

% B Y

displacement [34]. Reprinted from Acta Materialia, Vol 168, Rauch
HA, Chen Y, An K, Yu HZ, In situ investigation of stress-induced
martensitic transformation in granular shape memory ceramic pack-
ings, Pages 362-375, Copyright 2019, with permission from Elsevier

martensite concentration [33]. As a result, the martensite
content gradually decreases over a very wide temperature
range without a well-defined A, or A These results may be
viewed as examples of continuous transformation mode in
thermally induced martensitic transformation.

Note that the modeling insights and experimental evi-
dence above are discussed in the context of shape memory
ceramics, in which intergranular constraint governs the
transformation characteristics. The same mesostructure and
micro-structure design strategy may be applicable to some
shape memory metal alloys as well, like Cu-based or
NiMnGa, for which an increase of the surface area and a
decrease of the triple junctions also promote martensitic
transformation. For NiTi, however, the shape strain upon
transformation is very small, and intergranular constraint
effect is not significant. Instead, the triple junctions act as
nucleation sites for martensitic transformation, resulting in
a different effect on the global transformation behavior
[48].

Conclusions and Future Perspectives

We have discussed how mesostructure and microstructure
engineering can be leveraged to change the characteristics
of thermodynamic driving force and nucleation barrier in
martensitic transformation of shape memory ceramics.
With heterogeneous driving force and weak mechanical
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constraint demonstrated in granular packings, metal matrix
composites, and cellular architectured materials, the
martensitic transformation can occur locally and sequen-
tially without long-range growth via autocatalysis. This is
in great contrast to bulk monolithic shape memory
ceramics, resulting in a globally continuous transformation
mode. This new transformation mode is characterized by a
continuous transformation volume change with the load or
temperature; there may no longer be well-defined critical
stresses or temperatures.

Using the mesostructure and microstructure design
strategy, the exact relationship between the transformed
volume and external stimulus can be controlled, which
paves the road toward broader applications of shape
memory materials, such as universal energy dissipation and
continual actuation. This design strategy can be accelerated
with the aid of computer modeling, thanks to which the
quantitative transformation—stimulus relationship can be
quickly tested and controlled via structural optimization.
Practical implementation of this strategy will rely on future
advances in additive manufacturing and advanced materi-
als processing, which will allow one to create mesostruc-
tures and microstructures with desired geometries and
characteristic length scales.
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