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Abstract

Shape Memory Alloy (SMA)-actuators are efficient, simple, and robust alternatives to conventional actuators when
a small volume and/or large force and stroke are required. The analysis of their failure response is critical for their
design in order to achieve optimum functionality and performance. Here, (i) the existing knowledge base on the fatigue
and overload fracture response of SMAs under actuation loading is reviewed regarding the failure micromechanisms,
empirical relations for actuation fatigue life prediction, experimental measurements of fracture toughness and fatigue
crack growth rates, and numerical investigations of toughness properties, and (ii) future developments required to
expand the acquired knowledge, enhance the current understanding, and ultimately enable commercial applications
of SMA-actuators are discussed.
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Introduction

Shape Memory Alloy (SMA)-based solid state actuators take advantage of the shape memory effect in these
alloys, which stems from a reversible, solid-to-solid transformation from a low-temperature, low-order phase,
termed martensite to a high-temperature, high-order phase, termed austenite upon heating (Lagoudas 2008;
Otsuka and Wayman 1999). Large strains induced by the “orientation” of martensite variants can be recovered
upon “reverse” phase transformation to austenite. SMA actuators offer simplicity in design, volume, dimension,
and mass reduction and are, thus, an attractive alternative to conventional actuators whenever thermodynamic
efficiency is not essential (Hartl and Lagoudas 2007; Sreekumar et al. 2007; Nespoli et al. 2010; Benafan et al.
2019).

Repeated thermal actuation results in gradual accumulation of dislocations due to the deformation
incompatibility of the phases, which degrades the desired functionality (termed functional fatigue) of SMAs and
microcracks that eventually lead to physical failure (or fracture) after sufficient number of cycles (structural
fatigue) (Karakoc et al. 2017, 2019). The reversibility of phase transformation, latent heat effects, and the
extreme sensitivity to chemical composition and processing-induced microstructure pose extra challenges to the
effective description of the fatigue and overload fracture of SMAs as compared to that of conventional structural
metals (Baxevanis and Lagoudas 2015; Karakoc et al. 2019). Given the complexity of the governing micro-
mechanisms and the diversity of service conditions, predictive models and numerical methods should play a key
role in understanding actuation fatigue deterioration and in design decisions for structural components.
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To facilitate the reading of the present article, it is noted that fatigue is demarcated as usual in three stages:
formation, small crack growth, and long (macro) crack growth. Formation refers to nucleation and transgranular
growth within the initial nucleant grain. The first two stages are concluded when the size of the fatigue crack
reaches a size for which microstructural variability in the crack front is smeared out, thereby attaining similitude
conditions necessary for application of fracture mechanics. The macro-cracks typically grow stably until the
residual cross section is overloaded and the structure fails. Except from the stable macro-crack growth regime,
the first two stages and the final overload fracture are highly sensitive to microstructure. The existing theories and
methods that address fatigue are roughly categorized to (i) total life approaches, including all fatigue stages, e.g.,
S—N curves, and critical plane models (Socie and Marquis 1999), and (ii) defect tolerant approaches that rely on
fracture mechanics to estimate the crack propagation life from the largest defect (Paris and Erdogan 1963; Paris
1964). The former approaches are limited to predicting fatigue life whenever macro-crack growth occupies a small
fraction of the entire life, which is the case for weight and dimension critical actuators. Both total life and defect
tolerant approaches are based on empirical formulae and as such can only predict experimental results when
similitude exists. Fracture is promoted ahead of the crack tip by intrinsic microstructural damage mechanisms,
and impeded by eztrinsic mechanisms acting primarily in the wake of the crack. Despite belonging to a relatively
brittle class of materials, that of intermetallics, the intrinsic damage mechanisms in SMAs involve both cleavage
of specific crystallographic planes and ductile rupture. The extrinsic shielding mechanisms, conversely, result
from inelastic deformation left in the wake of the crack and nonproportional straining in the active fracture
process zone. In general, crack growth in SMAs involves forward phase transformation (or orientation of self-
accommodated martensite), reverse phase transformation due to elastic unloading in the wake of the crack,
martensite reorientation, and nonproportional plastic deformation near the crack tip.

Mechanical (isothermal) fatigue and overload fracture in SMAs have been the subject of numerous
investigations in the literature, including review papers (Plotino et al. 2009; Robertson et al. 2012; Mahtabi
et al. 2015; Kang and Song 2015; Baxevanis and Lagoudas 2015) via various experimental techniques, such as
synchrotron X-ray microdiffraction, IR thermography, and Digital Image Correlation (DIC) (Robertson et al.
2007; Gollerthan et al. 2009b; Zheng et al. 2017; Sgambitterra et al. 2019; Zhang et al. 2019), in contrast to
actuation fatigue and fracture. Although it can be safely assumed that the micromechanisms and microstructural
impact on the structural fatigue/fracture should be similar under both loading modes, temperature variations
may have a profound impact on the related mechanics. Depending on the geometry, convective boundary
conditions and associated heat transfer, the heating/cooling rate may result in thermal gradients and, thus,
in transformation strain and stress gradients that may impact the fracture process and lifetime. Even under a
uniform temperature variation resulting in forward/reverse phase transformation and thermal strains, the stress
and strain fields close to a (fatigue) crack can be drastically altered. Crystallographic and martensite variants
texture has been shown to affect the bulk thermal expansion (TE) response of SMAs due to the crystallographic
TE anisotropy of the low-crystallographic-symmetry martensite (Monroe et al. 2016; Ahadi et al. 2017; Gehring
et al. 2020). Thus, the impact of thermal strains on actuation fatigue life and the kinetics of fatigue crack growth
is dependent on the mechanical loading that drives the martensite variants texture. Furthermore, the fracture
criteria and fatigue indication parameters proposed for the description of the mechanical (isothermal) failure
response may need to be modified to account for the thermal effects.

The focus of the present perspectives paper is to review (i) the micromechanisms of fatigue and overload
fracture, assuming that they are identical irrespectively of the loading conditions, (ii) the existing experimental
and theoretical/numerical work addressing structural fatigue life and fracture in SMA actuators, and (iii)
discuss the experimental and modeling research priorities that may have the greatest impact on enhancing our
understanding on the actuation fatigue and fracture properties of SMAs. It should be noted that the readers are
assumed to be familiar with the phenomenology of the deformation response of SMAs under thermomechanical
loading, which has been extensively reviewed elsewhere (Lagoudas 2008; Patoor et al. 2006; Lagoudas et al.
2006; Cisse et al. 2016).
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Micromechanisms of Fatigue

Fatigue cracks initiate on surface defects (scratches, notches, voids associated with inclusions, oxide layers
formed in corrosive environment) and are associated with the formation and growth of lattice defects (Pelton
2011; Cocco et al. 2014). Formation of tongue-shaped extrusions/inclusions in polished surfaces can lead to
the surface crack initiation even in the absence of any surface defects (Hornbogen and Eggeler 2004). Cracks
initiate and grow on the plane of maximum shear stress and during the macro-crack propagation stage orient
to the plane of maximum principal stress (Jensen 2005). The fatigue macro-crack propagation is characterized
by fatigue striations and/or cleavage depending on the microstructure. Striations are finely spaced close to
crack initiation site (Sawaguchi et al. 2003; McEvily and Matsunaga 2010; Chen et al. 2020) with the spacing
increasing away from initiation site where large or/and shallow dimples may be formed before final failure that
is indicative of fast fracture.

Experimental Investigations of Lifetime

The existing experimental investigations on actuation fatigue of SMAs are rather limited (Thumann and
Hornbogen 1988; Bigeon and Morin 1996; Hornbogen 2004; Eggeler et al. 2004; Achitei et al. 2009; Bertacchini
et al. 2009; Lagoudas et al. 2009; Meier et al. 2012; Konig et al. 2011; Dunand-Chatellet and Moumni 2012;
Mammano and Dragoni 2014b; Saikrishna et al. 2013a; Karaman et al. 2013; Mammano and Dragoni 2014a;
Barrera et al. 2014; Benafan et al. 2014; Karakoc et al. 2018). The available papers focus mostly to complete
temperature-induced phase transformation under the constant-stress loading condition and cover a limited
number of cycles (functional fatigue). The constant-stress loading condition refers to thermal variations under a
constant bias load, which is an idealization of typical loading paths that utilize SMAs as actuators. In an effort to
fill the gap between the test and working conditions, effects of the applied load level (Karakoc et al. 2018; Bigeon
and Morin 1996; Lagoudas et al. 2009), degree of transformation (complete vs partial) (Lagoudas et al. 2009;
Bhaumik et al. 2008; Bertacchini et al. 2003), loading constraints (constant stress vs constant strain) (Mammano
and Dragoni 2014a), variable mechanical loading (linear stress-strain variation) (Wheeler et al. 2013; Mammano
and Dragoni 2014a), upper cycle temperature (Karakoc et al. 2017, 2019), corrosion environment (Bertacchini
et al. 2009; Schick 2009), and intermittent overload cycles (Saikrishna et al. 2013b) were investigated. Higher
fatigue lives were observed for lower applied load levels, lower degree of transformation per cycle, constant strain
as opposed to constant stress, increased slope of linear stress-strain variation, lower upper cycle temperature,
and for intermittent overload cycles, respectively.

Theoretical and Numerical Investigations

Total Life Approaches The first total life approaches to actuation fatigue in SMAs involved characterizing
total life to failure in terms of cyclic stress or strain range in smooth laboratory specimen under controlled
conditions. These methods estimate the number of cycles to fatigue failure based on empirical formulas, such
as the Basquin, o, = aN]’Z (Bigeon and Morin 1996; Mammano and Dragoni 2014a), and the Manson—Coffin,
el = aN;? (Lagoudas et al. 2009; Bertacchini et al. 2009), relationships, where o, stands for the stress amplitude,
P is the plastic strain amplitude, Ny the number of cycles to failure, and a, b are material parameters to be
calibrated from experimental data. The main drawbacks of these methods for predicting actuation fatigue in
SMAs is that (i) at least one of the empirical parameters a and b assumes different values for the cases of complete
and partial transformation for the same constant-stress loading level, and (ii) the empirical parameters a and b
can only capture a specific stress level and need to be varied for different stress conditions.

These shortcomings have been addressed by the Smith—Watson—Topper (SWT) parameter (Smith et al. 1970),
which is based on the premise that fatigue life is dominated by crack initiation and growth along tensile planes,
given by 0pmaz€a = alN 7b, where ¢, is the maximum principal strain amplitude, 0,4, is the maximum normal
stress on the plane of ., and ¢ and b are material parameters (Calhoun et al. 2015). The SWT parameter
belongs to the so called critical plane models, which relate stresses and/or strains to fatigue damage on the
critical planes where fatigue cracks nucleate and grow. Thus, such models aim not only at predicting fatigue
life but also the orientation of the fracture/failure plane, which are dependent on the material and loading
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Figure 1. Relation between omaz€a and cycles to failure Ny. (a) TisoNisoCuio (Lagoudas et al. 2009). Actuation fatigue
data for complete and partial transformation of various constant transformation-strain amplitudes upon cooling; (b)
TisoNisoCuio in a corrosive environment (Bertacchini et al. 2009). Actuation fatigue data for complete and 1% constant
transformation strain amplitude upon cooling; (c) Nigo Tiso (Schick 2009); (d) NiTi (SAES Getters SmartFlex®) (Mammano
and Dragoni 2014b). After Calhoun et al. (2015).

conditions, e.g., maximum shear planes or maximum tensile stress planes. As shown in Figure 1, the SWT
parameter correlates well with actuation experiments under constant-stress loading. A single power law is
sufficient to predict actuation lifetime of a given material system under different bias load levels and complete
or partial transformation conditions.

In the aforementioned fatigue life estimates, the stress and strain fields can be safely assumed uniform for
most of the specimen lifetimes and the SWT parameter can be interpreted in terms of the actuation strain
energy density. For more complex configurations, e.g., in the presence of notches, such as thread roots, bolt and
rivet holes, which induce stress concentrations and stress gradients, fatigue life estimates are highly conservative
when damage is evaluated at a critical point. Such an approach does not coincide with the fatigue damage
mechanism that operates in a region of several grains (Harvey et al. 1994). The field intensity approach, which
characterizes fatigue damage over a critical region, is more in line with the fatigue failure mechanisms and
more comprehensive in explaining fatigue phenomena. This approach calculates an average damage evolution
by integrating the damage distribution over a critical region. The field intensity approach combined with the
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Figure 2. (a) Plate actuator designs; (b) SWT; vs lifetime for all experiments. A least-square fit of lifetimes vs SWT; was
performed over all experiments performed on the DB, CH, and N actuators to obtain the size of the domain of integration, r,
and constants a and b. Note that the lifetimes of EH plates were not included in the calibration and thus the SWT line in
the figure represents a pure prediction of the experimental lifetimes for these plates. The size of the domain of integration,

r 2~ 0.41 mm is considered representative of the size of the domain in which the micro-mechanisms of fatigue damage are
most active, which, in accordance to experiments, should span just a few grains. After Hasan and Baxevanis (2019).

SWT parameter takes the general form SWT; = & [, SWT(r)¢(r)dD, where SWT(r) = 0maz(r)eq(r) and ¢(r)
is a weight function that depends on the position vector r within a critical, highly stressed, volume domain D
in which fatigue damage is expected. The weight function is introduced in order to capture configuration and
size effects that originate primarily from stress gradients in a non-uniform field while in an uniform field the
size effects are mainly due to variability in the number of fatigue damage sources in accordance to weakest-link
statistics (Le et al. 2018). ¢(r) should satisfy the following properties (Weixing 1993; Yao 1996) (i) 0 < ¢(r) <1
is a decreasing function; (ii) ¢(0) = 1; and (iii) ¢(r) = 1 for Vo = 0, where o is the stress tensor and the operator
V denotes the “gradient of”. The correlation of the SWT intensity parameter with experimental data is shown
for 4 different NiggTis0 (Wt%) actuator geometries; dogbones (DB) and 3 plate actuator designs, i.e., plates with
a centered hole (CH), a notch (N), and an eccentric hole (EH) (Figure 2 and Table 1) performed by Wheeler
et al. (2016). The SWT intensity parameter was evaluated from finite element calculations by employing a

constitutive model for the cycling response of SMAs, the Palmgren-Miner’s linear damage rule (Neuber 1960)
SWT(T)
SWTmax

the notch root axis (Shang et al. 2001), and (ii) the domain of integration to be a line along the notch root axis
on the surface of the specimen. The test conditions and lifetimes are given in Table 1.

and by assuming (i) p(r) =1 — {1 - } (14 sin@)r, where r and 6 are polar coordinates with respect to

Damage Tolerance Approaches The damage tolerance approaches to fatigue rely on fracture mechanics concepts
to explicitly account for the fatigue crack growth process. These approaches typically adopt the Paris law,
da/dN = CAK™, which relates the crack growth per cycle to the range of variation AK of the mode-I stress
intensity factor during cyclic loading by means of the experimentally calibrated parameters C' and m, and, thus,
are valid only in the so-called Paris regime, i.e., the stable macro-crack growth regime. Ad hoc modifications
of the Paris power law resulted to NASGRO equation (Mettu et al. 1999), which has been shown to reproduce
characteristic aspects of the fatigue response, such as crack nucleation and growth, crack closure, and maximum
load effects (Rabold et al. 2013; Rabold and Kuna 2014).

The extent of phase transformation during actuation restricts the applicability of AK to actuation fatigue
crack growth resistance in SMAs; AK requires the material to be deformed elastically everywhere except to a
small, compared to the characteristic dimensions of the crack configuration, process zone close to the crack tip.
A Paris-type power-law crack growth expression based on an extended AJ-integral (Lamba 1975; Tanaka 1983;
Lambert et al. 1988; Banks-Sills and Volpert 1991), which accounts for thermomechanical loading, has been
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Table 1. Test conditions and lifetimes. Each test was repeated twice. The uniaxial experiments show higher variability in
lifetime than the rest of the specimen due to weakest-link statistics over, a larger than the high-stressed domain near the
holes, gage section (Wheeler et al. 2016). The local approach, which evaluates damage at the critical point of maximum
SWT parameter value, yields, as expected, highly conservative life estimates for the CH, N, and EH specimens when
calibrated from the lifetimes of the DB specimens. Both the experimental and predicted lifetimes for the EH plates refer to
the failure of the small ligament and not the final failure (Wheeler et al. 2016).

Geometry  Bias stress (MPa)  Test # Cycles to failure
experiment prediction
SWT; SWT
DB 200 1 5089 5194
2 3307 2809
DB 250 1 2298 1828
2 1797 1924
DB 300 1 1502 2007
2 1274 1567
CH 118 1 973 922 238
2 872 922 238
N 86 1 1523 1548 316
2 1573 1548 316
EH 136 1 1062 962 152
2 1021 962 152

recently proposed instead

6(Auz) ds

AJ* = / {Aw*dy — At; ,
T (9m

where Aw* = IOAEU AO’ij (Eij,T) d(AEij), AEij = (€¢j)2 — (€ij)1, AO’ij = (O’ij)g — (Jij>1a Atl = (t1)2 — (ti)la and
Au; = (u;)2 — (u;)1 are variations between two loading states 1 and 2 corresponding to the beginning and end
of a half cycle, o;; are the components of the stress tensor, €;; are the components of the strain tensor, u; the
components of the displacement vector, I' is an arbitrary contour surrounding the crack tip, ¢; = o;;n; denote
the components of surface tractions, n; the components of the unit vector normal to I', ds is the length increment
along the contour, x and y the rectangular coordinates at the crack tip, and 7" is the absolute temperature. The
prefix A designates changes in stress, strain, traction, and displacement, however, does not represent changes
in J* and w*, which are functions of their arguments. Therefore, AJ* does not correspond to the range of
a J*-integral. AJ* is related to the rate of change of potential energy with respect to crack size, and scales
the stress and strain fields in the crack tip deformation zone. AJ* qualifies as a potential descriptor of fatigue
crack growth resistance in SMAs for a wide range of thermomechanical loading paths, an assertion, which has
been tested for data from both purely mechanical and actuation fatigue crack growth experiments of a high
temperature shape memory alloy, Nisg 3Tiag 7Hfsg (Figure 3) (Haghgouyan et al. 2021). Note that the crack
growth rate data from both the isothermal mechanical and actuation loading fall approximately on the same
straight line in the log-log plot. It is, thus, quite probable that the grain size (Chen et al. 2020; Lepage et al.
2018) and texture (Lepage et al. 2021) effects on the fatigue crack growth rates experimentally observed under
mechanical loading to hold under actuation loading as well.

Overload Fracture

Overload fracture in SMAs usually represents the last stage of structural fatigue, once a macro-crack has grown
stably until the residual cross section is overloaded and the structure fails.

Micromechanisms of Overload Fracture

Overload fracture is known to be highly sensitive to microstructure. The fracture surfaces of SMAs are
characterized by both cleavage and dimples, with the latter being indicative of ductile rupture (Figure 4). Ductile
rupture involves in general nucleation, growth, and coalescence of microvoids. T'wo clear differentiators of SMAs
from other intermetallics, which may contribute to the presence of ductile rupture are their ability to transform
their crystallographic structure and the presence of precipitates in large volume fractions, which act as void
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Figure 3. AJ* vs da/dN plot for mechanical and actuation fatigue crack growth of NiTiHf disc compact tension specimens
demonstrating a unified description of mechanical and actuation loading (Haghgouyan et al. 2021).

Figure 4. SEM-images showing (a) voids, cleavage facets, and ridges, and (b) NiTis islands with micro-cracks on the
fracture surface of a specimen with R = 0.75mm. After Olsen et al. (2012).

initiation sites. SMAs are generally heat treated to produce metastable precipitates, of large volume fractions,
which have been estimated around 2 ~ 7% depending on aging (Dlouhy et al. 2004). Large second phases are
also present in both Ti-rich (NiTiz/NiaTisO,~type) and Ni-rich (TiNis-type) compositions. Decreasing NiyTiz
precipitate size in Ni-rich NiTi results in a less “ductile” response and a weaker presence of dimples in the fracture
surface of SMAs (Gall et al. 1998). Similar is the effect of decreasing grain size (Ahadi and Sun 2016). The
available experimental data on notched round-bars indicate that precipitation-hardened SMAs do not exhibit a
softening response prior to failure. Given that void coalescence always occurs past the maximum-stress points
on the effective stress—effective strain curve, it is reasonable to assume that flow localization in the intervoid

ligaments is limited and that void initiation/growth is mostly followed by cleavage (Makkar and Baxevanis
2021).
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Experimental Measurement of Fracture Toughness

The experimental measurement of fracture toughness is imperative in the application of fracture mechanics
methods to the performance evaluation and quality assurance of SMA actuators.

The American Society for Testing and Materials (ASTM) developed fracture toughness test standards that
provide guidelines on choosing and measuring the appropriate fracture parameter to characterize the fracture
toughness of conventional structural metals. In brittle fracture, the energy stored in the test machine at initiation
of crack advance is often higher than the energy needed to maintain crack growth and the well-defined point
of the sudden load drop can be characterized by the stress intensity factor K (or the energy release rate G).
Tougher materials display slow and stable crack growth, i.e., the material resistance against fracture increases
as the crack grows, and, thus, the fracture toughness is usually described by a resistance curve, R-curve, using
the J-integral. SMAs may display both unstable (Young et al. 2019) and stable crack growth (Haghgouyan
et al. 2019) depending on their composition and microstructure. Stable crack growth in SMAs is termed as
transformation toughening.

A necessary modification of the ASTM standards for K and J-dominance in SMAs requires that the
specimen dimensions should be large in comparison to the size of the zone of phase transformation (orientation
of self-accommodated martensite) for superelastic (or martensitic) materials rather than the zone of plastic
deformation; the former are usually lower than the latter. This is the only required modification for calculating
fracture toughness in terms of K. For measuring fracture toughness in SMAs in terms of the J-integral, a
modification of ASTM standards regarding the determination of the elastic part of the J-value, J¢, has been
recently proposed in an effort to account for the mismatch among the apparent elastic properties of austenite,
self-accommodated, and oriented martensite (Haghgouyan et al. 2019). In more recent papers (Makkar and
Baxevanis 2020; Makkar et al. 2021a), (i) the expected degree of improvement in the measurement accuracy
by the aforementioned proposed modification to ASTM standards, the need for further modifications regarding
(ii) the uncertainty as to where to specify the fracture point on the obtained resistance curve and (iii) the
specimen thickness requirement to ensure a constraint-independent measurement, as well as (iv) the dependence
of the measurements on the extent of unloading in the unloading/reloading cycles used to distinguish between
the elastic and inelastic components in the incremental correction of J-value for advancing cracks have been
discussed. It should be noted that according to the results presented in Haghgouyan et al. (2019), the fracture
toughness at temperatures below M, corresponds to martensite and that above M, to austenite; for nominal
temperatures above M, the austenite phase is stable and the deformation response of the SMA is similar to
that of a conventional ductile metal. The fracture toughness of austenite was found considerably higher than
that of martensite (Figure 5).

It should further be noted that in the literature (Gollerthan et al. 2009a; Robertson et al. 2007; Maletta et al.
2016), it was argued, based on Linear Elastic Fracture Mechanics (LEFM), that the fracture toughness of SMAs
depends monotonically on temperature. However, the published data, as discussed in Baxevanis and Lagoudas
(2015), appears to be determined from tests that do not comply with the small-scale transformation condition
which is a perquisite for LEFM to be valid.

Recently, the first experimental measurement of the fracture toughness of SMAs under actuation loading
conditions was reported (Makkar et al. 2021b). The interpretation of the data was based on an approximation
of the value of the modified J*-integral introduced in Section “Damage Tolerance Approaches” by the load—load
line displacement record measured. The obtained results suggest that the employed contour integral should
achieve similitude for a wide range of thermomechanical loading conditions and geometric configurations since
the fracture toughness, i.e., the critical J7_-values, measured under actuation loading were in close proximity
to those measured under isothermal mechanical loading.

Experimental Observations of (Stable) Crack Growth under Actuation Loading

As already mentioned overload fracture usually represents the last stage of actuation fatigue, however, overload
fracture may even occur due to a monotonic temperature change under a constant sufficiently high bias load.
Cooling under constant applied tensile loads, which were substantially lower than the corresponding isothermal
strength of the material, resulted in unstable fracture of double notched specimen NiTi (Baxevanis and Lagoudas
2015; Iliopoulos et al. 2017). Jape et al. (2021) performed experiments on pre-cracked compact tension specimens
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Figure 5. Extrapolated fracture toughness values, K, , for NiTi CT specimens tested at 25°C, 80°C, and 170°C. At 25°C
the material is in martensite state, at 80°C the material originally in austenite phase undergoes stress-induced phase
transformation, and at 170°C the material deforms as a conventional elastic—plastic material in austenite state. The
extrapolated values at temperatures 25°C and 80°C, which are below M, are found to be approximately the

same (Haghgouyan et al. 2019).

under actuation loading. Such a geometry allowed for stable crack growth through multiple actuation cycles
where the crack advanced during cooling for every thermal cycle and stopped once the phase transformation
was completed. In all the aforementioned experiments, unstable or stable crack growth was initiated from
the very first cycle and stopped in the latter cases when the driving force for crack growth, i.e., phase
transformation induced by cooling under a constant load, ceased, thus, these experiments can be characterized
as “interrupted overload fracture” experiments. The isothermal mechanical analogue would be overload fracture
under monotonic mechanical loading interrupted by unloading-reloading cycles, similar to the loading path
suggested in the ASTM standards (ASTM-E561 2020; ASTM-E1820 2016) for measuring compliance and in
turn crack length in constructing resistance curves.

Theoretical and Numerical Investigations

The existing numerical investigations of fracture toughness in SMAs deal almost entirely with the extrinsic
shielding. These, so called “global”, approaches do not pay attention to the failure micromechanisms. By way
of contrast, the “local” approaches to fracture aim at predicting the fracture response on micromechanistical
grounds.

Global Approach Thus far, only a handful of numerical investigations examined stable crack growth in SMAs
under thermomechanical loading (Baxevanis et al. 2016; Jape et al. 2018, 2016). Phase transformation and
transformation-induced phase transformation (TRIP) were found to affect the driving force for crack growth.
Large-scale phase transformation during cooling and accumulation of TRIP over cycling in regions in front of
the crack tip may (eventually) raise the driving force for crack growth above a material specific “critical” value
triggering crack growth (Figure 6a), which is then stabilized by the transformation and TRIP strains left in
wake of the crack (Figure 6b). Thus, transformation and TRIP strains play a dual role, raising the driving
force for crack growth when in front of the crack tip and shielding the crack when left behind in the wake of
the advancing crack. Depending on the bias load, either there is no crack growth or crack growth ceases once
the whole material is transformed or steady-state crack growth conditions are met during cooling in the first
thermal cycle (Fig. 6b)). In the former cases, multiple cooling/heating cycles are needed for crack growth to
eventually reach nominally steady state conditions. Note that crack may also advance during heating as the
shielding effect of transformation behind the crack tip is lost.
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Figure 6. (a) Evolution of the normalized crack-tip energy release rate, G;/Go, versus uniform normalized temperature, T,
over three thermal cycles under a constant bias load. G stands for the crack tip energy release rate and G for its value due
to the bias load before the first cooling. The energy release rate, i.e., the driving force for crack growth, increases during
cooling and can potentially result in crack advance if a material specific “critical” value is reached. The accumulation of
TRIP with cycling results in higher levels of the driving force as the number of cycles increases. After Jape et al. (2018). (b)

Normalized temperature, T, vs. normalized crack growth, da/a, showing the crack resistance “R-curve” behavior for varying
bias loads. The bias load levels are normalized with respect to the critical energy release rate for initiation of crack advance,
Ger. The higher the ratio Ge¢r/Goo, the smaller the bias load. Note that in Fig. 6b cooling takes place for decreasing values

of the normalized temperature, T', while in Fig. 6a is the other way around. After Jape et al. (2016).

Local Approach A constitutive model that accounts for void growth in the realm of the Gurson-Tvergaard-
Needleman model, which assumes a stress-triaxiality dependence on the strain and void volume fraction
evolution, has been developed in the literature but has not been applied towards the description of actuation
fracture in SMAs (Bahrami et al. 2019b,a).

Perspectives

Despite the considerable progress achieved in the assessment of the mechanical fatigue and fracture response of
SMAs and the transferability of part of the acquired knowledge to the respective actuation response of these
materials, clearly further experimental and modeling work is needed to further enhance our understanding of
the latter.

Future experimental and modeling research studies that may greatly impact the current understanding of
fatigue/fracture response and practice of related mechanics concepts in SMAs are discussed below.

e Effect of actuation loading conditions.— Multiaxial, in- and out-of-phase, thermomechanical fatigue
experiments are currently critically missing. The deformation response of SMAs under multiaxial
(thermo)mechanical loading is completely different from uniaxial loading and, thus, so should the structural
fatigue be as well. In service, multiaxial stress states may result from multi-directional loading, stress
concentrations, or residual stresses. Similarly, there is a pressing need for torsion actuation fatigue
investigations, given the recent interest in SMA toque tube actuators in the aerospace industry (Icardi and
Ferrero 2009; Stroud and Hartl 2020). The available experiments on SMA toque tube actuators are limited
to investigations of functional degradation under a limited number of cycles (Benafan and Gaydosh 2018;
Mabe et al. 2004; Kaya et al. 2020; Akgul et al. 2020; Casati et al. 2011).

e Small fatigue crack growth experiments.— Compared with the behavior of corresponding large cracks
at equivalent stress intensity ranges, small cracks generally display elevated growth rates and lower
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fatigue threshold values (TerMaath et al. 2020; Main et al. 2021). Thus far, there have been no reported
experimental tests that actually have measured small crack growth and small crack thresholds under either
mechanical or actuation loading. Such measurements, which, however, are difficult to obtain and highly
prone to significant scatter, are especially needed for weight critical structures, in which formation and
small crack growth occupy most of the lifetime.

e Microstructure sensitive fatigue simulations.— Computational approaches that include the microstructure
as a design variable for fatigue resistance are an emerging frontier (McDowell and Dunne 2010; Fullwood
et al. 2010; Przybyla et al. 2010; Hazeli et al. 2015). Such approaches can (i) aid in the design of
fatigue-resistant SMAs whereas traditional models that employ parameters fit to experimental data are
not adequate for this purpose; (ii) leverage costly experimental characterization of the variability of the
fatigue response; (iii) facilitate a broader exploration of the design space, reducing the development time
and the associated costs; and (iv) offer promise for integration with nondestructive evaluation methods
for prognosis and health monitoring.

e Uncertainty quantification € data-driven methods.— For physically-realistic and efficient designs, empirical
safety factors should be replaced by confidence bounds that can account for the uncertainty associated
with the material and mechanical properties of the component, systematic experimental noise, statistical
properties of the stochastic loading, and modeling errors (Li et al. 2021; Tang et al. 2020; Sankararaman
et al. 2011). Uncertainty quantification analysis may also bring into light sensitivities and correlations
among physical phenomena that affect the failure response of SMAs (Honarmandi et al. 2021).
Furthermore, data-driven methods offer promise as an alternative to simplistic modeling for failure
prognosis, which can can only predict experimental results when similitude exists (Spear et al. 2018;
Rovinelli et al. 2018; Eleftheroglou et al. 2020).

e Local approach to fracture.— The local approach to fracture (Lemaitre 1986; Pineau 2006) can in
general assist experiments in gaining a further insight into the mechanisms that drive fracture in
SMAs since the relative importance of the microstructural attributes and fracture modes, i.e., void
formation/growth/coalescence and cleavage, cannot be deduced from fractography, stress-strain, and R-
curves alone. Such studies are expected to shed light in the role of second phase particles/grain boundaries,
and the void nucleation process.
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