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Abstract

loss.

This paper presents a review of the research on the fatigue performance of superelastic polycrystalline
nanocrystalline NiTi shape memory alloys (nc NiTi SMAs). A brief introduction to some focal definitions and basic
concepts of fatigue measurement and response in NiTi SMAs were given. Results found in the literature on fatigue
in nc NiTi SMAs are discussed. Mechanical behavior and energy dissipation capacity of nc NiTi SMAs are explored
and collectively compared with coarse-grained NiTi SMAs, along with an assessment of the influence of grain size
refinement and thermomechanical treatments. Several conclusions and suggestions are made, including that nc NiTi
SMAs exhibit larger functional fatigue resistance, lower crack tolerance, higher superelasticity, and smaller hysteresis
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Introduction and Background

From seismic dampers to spring tires for future Mars rovers and
spacecraft radiators, shape memory alloys are well-established materials
in many industries and possess a broad range of functionality and
immense application potential [1-3]. SMAs are a type of smart material
that possess unique properties including; spontaneous isothermal
realignment to the original shape (superelasticity (SE) also referred to as
pseudoelasticity), return to the predetermined shape by heating (shape
memory effect (SME)), high fatigue strength, vibration absorption,
corrosion resistance, and biocompatibility [4-6]. SME was first
discovered by Chang and Read in 1951, and later observed by Buehler
and Wiley in the near-equiatomic alloy of nickel and titanium (NiTi
SMA) or (Nitinol) which stands for NIckel TItanium Naval Ordnance
Laboratory [7,8]. NiTi SMAs have two phases; austenite and martensite
with three crystallographic structures; twinned martensite, detwinned
martensite, and austenite [9]. Furthermore, austenite is a hard material
with low ductility, while martensite has a lower yield stress and exhibits
more ductile behavior [10]. The high deformation recoverability of
SMAs can be attributed in a simplified way to a reversible microscopic
solid-solid diffusionless phase transformation between martensite (low-
temperature phase) and austenite (high-temperature phase) [11,12]
or more specifically between the monoclinic B19" martensite and the
cubic B2 phase austenite [13]. Bain strain and lattice invariant shear
(collective shear mechanism) are responsible for producing this atomic
rearrangement [14]. Thermal and mechanical stresses are essential for
the occurrence of the phase transformation that impacts both SME
and SE abilities in these alloys [7]. At high temperatures, cooling
NiTi SMA leads to the transformation from the austenite phase to the
martensite phase. The transformation initiates at the martensite start
temperature (Ms) and is complete at the martensite finish temperature
(Mf). Reheating NiTi SMA initiates a reverse transformation that begins
at the austenite start temperature (As) and ends at the austenite finish
temperature (Af) [15].

The effect of average grain size on materials’ strength and fatigue
resistance was first described in early 1950s by E. O. Hall and N. J. Petch
inironand steel. Their novel workled to what isknown as grain boundary
strengthening or Hall-Petch strengthening [16-18]. Nanostructured or
nanocrystalline i.e. nc alloys are predominantly assembled of crystallites
which represent nano-scale building blocks, while grain boundaries are

the adjacent regions between these building blocks [19]. The average
grain sizes of typical nc alloys are under 100 nm, and the mechanical
properties of alloys are deeply affected by crystallites’ chemical
composition, atomic structure, and crystallographic orientation [19,20].
Nc NiTi SMAs exhibit superior fatigue resistance with high strain
recovery. These properties are best exhibited in SMAs with average
grain size below 200 nm and not significantly smaller than 100 nm,
where thermally induced martensitic phase transformation is partially
suppressed and completely suppressed for average grain sizes smaller
than 50 nm [13,21-23].

Nc also known as medical-grade NiTi SMAs generally have average
grain sizes below 100 nm, while coarse-grained counterparts have
typically an average grain size of 10-100 um [24-26]. Apart from the
direct difference in grain size, the key distinction between nc and coarse-
grained NiTi SMAs can be summarized as follows [27,28] (a) the density
of the amorphous phase and grain boundary are higher in nc NiTi
SMAs, and (b) due to the aforementioned fact the nc NiTi SMAs have
number of special qualities including slower heat accumulation in cyclic
loading which improves the cyclic stability and the strain recovery rate
of the SMAs. Furthermore, nc NiTi SMAs exhibit a broader temperature
window for superelasticity and a decrease in deformation rate sensitivity
while maintaining good strain recoverability. Shape memory effect
can be exhibited by nc NiTi SMAs after thermal treatment which can
increase the elastic strain capacity [29].

Nanocrystallization and amorphization (rendering the required
nano-scale grains) of coarse-grained NiTi SMA is facilitated using
severe plastic deformation (SPD), to reach the required nanocrystalline
structure. Recrystallization by heat treatments i.e. annealing needs to
succeed one of the following techniques of SPD: high pressure torsion
(HPT), cold-rolling, cold-drawing, local canning compression, surface
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mechanical attrition treatment (SMAT), equal channel angular pressing
(ECAP), or accumulative roll bonding (ARB) [27-33]. ECAP of NiTi
SMA per se can be utilized to increase yield stress and enhance crack
growth resistance [34].

Due to NiTi SMAs high strain recovery rate (~8%), energy
dissipation capacity, and biocompatibility; they are employed in
many applications of aerospace, civil, robotic, and bioengineering
[35,36]. Fatigue is the reason for nearly half of all structural failures in
mechanical components [37], and the fact that NiTi SMA structural
members in all above-mentioned industries are mostly subjected to
cyclic loading makes it difficult to overemphasize the importance
of studying the fatigue behavior in these alloys [35]. The significance
of lifetime prediction based on fatigue analysis in NiTi SMAs can be
highlighted by considering some applications like heart valve and
endovascular stents [38]. Unpredictability or the sudden nature of
fatigue in NiTi SMAs is one of the main obstacles towards a further
increase in Nitinol usage. Although experimental mechanical analysis
has been the dominant norm; many techniques have been utilized to
model and predict the mechanical behavior of NiTi SMAs based on
macro and micro-phenomenological simulation (e.g. finite element),
thermodynamics, micromechanics, and molecular dynamics (MD)
(39,40].

To date, numerous papers have studied fatigue in NiTi SMAs, but
only a handful of them dealt with fatigue in nc NiTi SMAs [22,25,28,31].
Moreover, and to the best of authors” knowledge, none of the previous
research provided a review of studies on fatigue in nc Nitinol. Therefore;
this paper presents an overview of some basic concepts and definitions
of fatigue in NiTi SMAs and delves into its main objective which is
exploring research on fatigue in nc Nitinol.

Fatigue of NiTi SMAs
Fatigue types in NiTi SMAs

A material’s resistance to repeated cycles of loading is also known
as fatigue capacity, which may be categorized into different types based
primarily on the characteristics of the material [41]. Fatigue in NiTi
SMAs can be attributed to consecutive cycles of thermomechanical
phase transformations [42]. As noted by Humbeeck [43], fatigue in
NiTi SMAs can be subdivided into three groups; classic (structural)
fatigue that ends with the crack propagation failure, thermal cycling
fatigue, and degradation (functional) fatigue. Eggeler [44], has further
categorized fatigue in NiTi SMAs into two types: functional fatigue
and structural fatigue. Functional fatigue or shakedown can be defined
as the progressive deterioration of the SE reactivity i.e. functional
degradation due to an increase in dislocation density [42,44]. From
a stress perspective, functional fatigue transpires if the sum of the
residual and applied stress is greater than the critical stress during
martensitic transformation [45]. Furthermore, residual strain, change in
transformation temperature, and hysteresis or lower dissipated energy
all represents symptoms of functional fatigue [42]. Conversely, structural
fatigue concerns failure that starting from crack initiation, through
crack propagation, and ending with ultimate fracture or separation.
The unique chemical composition of NiTi SMAs and their sensitivity to
temperature fluctuations [46], impurity level [38], and machining make
structural fatigue in NiTi SMAs affected by many thermomechanical
and plastic factors along with interaction of martensitic detwinning or
stress-induced martensite (SIM) [42,44,47,48].

Structural fatigue in NiTi SMAs

A comprehensive understanding of structural fatigue in NiTi SMAs

may not be feasible following conventional fatigue theories directly,
partially because of SIM formation that accompanies mechanical
deformation [35], and NiTi SMAs are intrinsically phase-oriented
materials with unconventional mechanical properties (e.g. large stress
plateau (0,-0)) i.e. maximum stress remains constant for large range of
strain) [6,49]. Structural fatigue in NiTi SMAs can be analyzed using a
total-life approach (i.e. stress-life fatigue, strain-life fatigue), damage-
tolerant analysis, and energy-based methods [50,51]. The total-life
approach involves measuring the fatigue crack growth in a specimen
that resembles the commercially equivalent structural member (the
same heat and surface treatment). The measurement of crack nucleation
and propagation depends upon testing the specimen as is, therefore
the initial crack emerges from local stress concentration points like
surface/subsurface discontinuities or particle/void assemblies (PVA’s),
inclusions, impurities, and grain boundaries [25,52,53]. On the other
hand, the damage-tolerant approach requires introducing a defect into
the sample and measuring the crack growth from this defect to analyze
fatigue crack propagation [25]. Energy-based methods depend upon
finding the relationship between the dissipated energy and the number
of cycles to establish a comparison between the superelastic behavior
and plastic deformation [54,55].

The NiTi SMAs properties are strongly influenced by the
temperature fluctuations; and consequently, mechanical experiments
which typically don’t include the thermal effects are not sufficient to
accurately analyze the fatigue behavior [54]. Moreover, the temperature
at which the experimental analyses carried out needs to be comparable
to that which the component will be placed i.e. they need to be
isothermal (or approximately so). In the case of endodontic rotary NiTi
files, it has been shown that the number of cycles to fracture decreases as
the temperature increases from room temperature to the actual (in vivo)
temperature [56]. For small-scale NiTi SMA members like micro-tubes
used in endovascular stents, the critical crack size is minuscule and
failure quickly follows crack development. Therefore, crack initiation
monitoring is recommended instead of crack propagation control
[35,57].

Fatigue crack growth and fracture toughness have been studied for
thin-walled (400 um) superelastic nitinol tubes used for endovascular
stents, crack paths were monitored using compliance-based methods
(capacitance-based load-line displacement gauges), and crack growth
behavior, measured in Hanks’ balanced saline solution indicated a
direct relationship between load ratio and the crack growth [58]. In a
study done on 41.3-mm diameter Nitinol rod, the same type of crack
monitoring was used, and propagation of crack found to be dependent
on temperature and microstructure for all three distinct forms of
Nitinol; stable austenite, superelastic austenite, and martensite. Crack
growth resistance of both microstructures of austenite found to be
similar on the other hand their fatigue crack growth resistance found
to be lower than that of martensite [59]. In a study on edge cracked thin
sheets of Nitinol (160 um) the strain fields in the vicinity of the crack
has been analyzed using digital image correlation (DIC) [60]. Scanning
electron microscopy (SEM) is used to study crack initiation on fracture
surface, and to identify stress concentration points [61].

Specimen types and testing methods

Fatigue strength of different NiTi SMAs components can be tested
experimentally using four types of specimens [35,38]:

NiTi SMA wires: Used to analyze the fatigue under axial loading,
this type of specimens is not suitable for fatigue characterization under
torsional and compressive loads.
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Surrogate specimens: Resemble the critical properties of actual
NiTi SMA member (the same dimensions, identical composition and
machining techniques, along with equal thermal and surface treatment
as well). Diamond-shaped specimens have been used to replicate the
actual components under cyclic bending. Finite element analysis is
often used to calculate maximum local strains.

Tension specimens: Dogbone-shaped specimen is commonly
used to determine the stress-strain properties of the tested NiTi SMAs.
Hollow dogbone-shaped specimens can be used to test fatigue under
torsional loading. Specimen alloy composition and thermomechanical
history must match those of the finished NiTi SMA member.

Real-life components: Various testing methods used to evaluate
fatigue in NiTi SMAs like rotating-bending test or bending rotation
fatigue (BRF) (strain-controlled), closed-loop fatigue uniaxial test,
closed-loop fatigue multiaxial test, and rotary beam fatigue testing
(RBF) (stress-controlled) [35,62]. Fractography is usually carried out
using SEM accompanied with energy dispersive X-ray spectroscopy
(EDS) to identify the chemical composition and transmission electron
microscopy (TEM) to examine formation and growth of dislocations.
These techniques are of help to understand the micromechanism of
fatigue response [57,62].

Analysis techniques

Fatigue resistance of NiTi SMAs can be assessed using the following
methods [25,38,63]:

»  Stress-life (S-N) method, using Goodman or Soderberg criteria.

+ Strain-life (¢ -N) method, was developed by Coffin, Manson,
and Morrow.

» Damage-tolerant method, based on fracture mechanics; was
first proposed by Paris et al. (Paris law).

As noted in Reference 38, it’s essential to confirm that the used strain
limit diagrams are not created based on data of two different specimens
(e.g. diamond-shaped specimens and tension specimens), since the
tensile specimen’s data always are more conservative (the whole coupon
section will be subjected to the target cyclic strain) than the surrogate
specimen data and consequently the strain limit diagram that ensued
will not be the same for those two specimens. Using isothermal BRF
testing, Rahim et al. [52] studied the low cycle fatigue, and high cycle
fatigue of 0.75 mm NiTi wires made of three different SMAs; high
purity, maximum allowed level of oxides, and maximum allowed level
of carbides alloy. This study showed that surface condition is the most
deterministic factor for fatigue resistance in all investigated alloys. The
existence of surface defects makes the different alloys experience crack
initiation in a similar manner, regardless of their impurity content. It
also found that two wires with identical surface treatment can exhibit
different fatigue resistance attributable to distinct amounts of PVA’s.
The amounts of PVA’s noted to be of significant effect on crack
nucleation as compared to other factors such as embedded particles.
Higher oxide contents were observed to be related to larger PVA’s
and consequently, the wires with maximum oxide level showed the
lowest fatigue resistance. On the other hand, cyclic crack propagation
appeared to follow the Paris law for all different impurity levels. Fatigue
resistance of NiTi SMAs components can be analyzed by applying cyclic
loading with zero mean strain. However, in many applications these
components are subjected to cyclic loading along with mean or constant
strain. Some studies reported that mean strain has a negative impact
on fatigue strength [6], while others showed that tensile mean strain
had a positive effect on fatigue resistance [64,65]. It has been found that

Goodman and Smith-Watson-Topper relationships cannot be applied
directly to predict the fatigue behavior since the NiTi SMAs exhibit
large plateau regions [6]. Patel suggested employing strain values above
and below the SIM for fatigue test in NiTi SMAs as this value is where
the reversible martensitic phase transformation occurs [62]. Recent
research suggested that fatigue life of NiTi SMAs can be improved
by controlling some microstructural features like crystallographic
orientation [66]. This paper is by no account intended to provide a
review of all studies on fatigue in NiTi SMAs, however, a good account
can be found in the following references [35,44,57].

Fatigue in nc NiTi SMA

Grain refinement by SPD has proven to be a feasible way to enhance
mechanical properties of NiTi SMA. Pushin et al. showed that SPD
followed by annealing of NiTi SMA increased the strain recovery up
to 10%, and it was possible for the nc alloy to recover from a stress of
1.5 GPa [67]. Using MD simulation, grain boundaries were found to
influence the SME and SE of nc NiTi SMAs. Furthermore, it was shown
that pre-training using cyclic loading can reduce the irrecoverable
strain that occurs due to plastic deformation at grain boundaries [49].
The increasing number of proposed and existing applications of nc NiTi
SMAs in microscopic devices (Microelectromechanical) and stents
make fatigue analysis a priority for many recent studies [22,68].

Mechanical fatigue

In a study conducted by Schaffer [22] microcrystalline (mc) NiTi
(Ti-50.9 at.% Ni) wires of 177 um diameter were tested and compared
with the same diameter nc NiTi wires. The fatigue capacity of nc
NiTi wires at 107 cycles found to be 30% larger than their mc NiTi
counterparts, moreover, the exhibited isothermal residual strain values
of nc NiTi wires were smaller. Rotary beam fatigue at 3600 r/min (60 s')
in ambient temperature of 24.85°C was used to examine the structural
fatigue behavior of five distinct groups of NiTi SMA wires that differ
in median grain sizes, with the five selected median grain sizes of: 50
nm, 100 nm, 2 um, 5 pm, and 10 pm. Strains range varied from 0.5%-
1.5% while the maximum number of cycles was 10% It was shown that
fatigue resistance increases with decreasing grain size. This trend was
clearly pronounced for samples with lives between 10°-107 cycles. An
alternating strain level of 0.9% was resisted for more than 107 cycles by
wires with a 50-nm mean grain size while the 10-um grain wire resisted
fracture at strain levels of 0.6% for the same number of cycles.

Resnina et al. [69] studied the effect of grain size on the mechanical
properties of Ti-50 at %Ni SMA. Discs of NiTi SMA of 6 mm diameter
and 0.1 thickness were used to make bone-shaped samples 5 mm in
gage length and a width of 1 mm. After HPT, post-deformation heating
was applied. The samples were heated to different temperatures to reach
the required median grain sizes (10-550 nm). The studied samples
were named after their post-deformation temperature (S359, S365,...).
Tension loading and unloading occurred at a rate of 0.01 mm/min on
samples at two different temperatures; at 130°C where all samples were
in an austenite phase (B2) and at 25°C in which S359 and S365 were
in the rhombohedral (R) phase, S380 contained R+ B19’ phases, and
$550 was in B19’ phase. It was observed that samples in an austenite
B2 phase deformed plastically by dislocation slip without exhibiting SE
effect. However, in the samples at 25 °C, the martensitic reorientation of
crystals was observed before slip, which is the same phenomenon found
in coarse-grained NiTi SMAs. At 130°C, samples with mean grain sizes
of 500 nm exhibited the highest tensile strength and the largest strain
values. For samples at 25°C, the highest strength was maintained by
samples with a grain size of 40 nm and smaller, while the highest strain
values before failure were observed in samples of 500 nm grain size.
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A stress-controlled tensile fatigue study of nc NiTi SMA (Ti-53.9
at % Ni) was conducted by Yin et al. [70], using cold-rolled dogbone-
shaped samples with final thicknesses of 1.16 mm, gage lengths and
widths of 12.5 and 2 mm. 10 nm grain size samples were obtained after
cold rolling. However, samples of 42 and 80 nm were obtained after heat
treatment. Low-cycle fatigue (N<10* cycles) tests were performed using
a stress of 450 MPa, and intermediate-cycle tests (N=10* cycles) were
conducted using a stress of 300 MPa. For a stress level of 300 MPa, the
results of the three grain sizes were comparable with an average fatigue
life of 15,219 cycles and strain amplitudes of 0.6%, 0.9%, and 1.4%.
Stress-strain results of samples tested at 450 MPa and strain amplitudes
0f 0.9%, 1.6%, and 4.5%, varied significantly based on the median grain
size. Fatigue life of 10 nm grain size specimens (6022 cycles) was found
to be about three times that of 80 nm sample. An accumulated acoustic
energy (AE) technique that utilized the acquisition of acoustic emission
signals was evaluated and it was observed that the curves of AE as a
function of number of cycles can be divided into three segments. The
first two segments included slow and fast crack propagation and could
be used to predict fatigue life using AE signals of a sample with an
existing crack. It was concluded that the fatigue life of nc NiTi SMAs
(other than low-cycle regimen) does not correlate with the hysteresis
loop area as their coarse-grained counterparts do. The fatigue life
increase for the intermediate-cycle regimen may be attributed to
increased concentration of both grain (thickness of about 1 nm acting
as elastic frames that constrain crystallite deformation) and phase
boundaries (thickness of about 1 nm separates the lattice of austenite
from that of martensite). Fracture surface examination of samples
can be divided into two groups; the first is micro cracks on surfaces
for 10 nm samples under low-cycle fatigue testing conditions as well
as all samples subjected to intermediate-cycle fatigue. The second is
microvoid dominated surfaces for all low-cycle samples except those
with median grain sizes of 10 nm.

In the work carried out by Xiao et al. [71], the fatigue life of Ti-50.2
at.% Ni SMA samples with grain sizes of less than 30 nm was explored
using strain-controlled tensile cycling at a frequency of 1 Hz. Cold-
rolled dogbone-shaped samples with nominal thicknesses of 0.9 mm
and gage lengths and widths of 15 mm and 3 mm respectively, were
annealed under conditions to develop grain sizes of 9, 14, 20, and 24
nm. The 6 nm grain size resulted directly after annealing (as rolled).
After applying a strain amplitude of 1% and mean strain of 2%, it was
noticed that the the degradation of the dissipated energy was lower
for samples with grain sizes less than 14 nm. In general, samples with
smaller median grain sizes have smaller area encircled by strain-strain
curve. The highest fatigue life was measured for 24 nm grain size
sample, however, the range of fatigue life for annealed samples was
only 238 cycles.

Fatigue crack growth was studied by Le Page et al., using notched
(pre-cracked) samples made of Ti-50.9 at % Ni. It was suggested for
high AK (K__-K_ ) that samples of 10 nm and 18 nm had lower
crack growth rate than other samples in the nanoscale range (42 nm
and 80 nm) due to the existence of the residual strain. Positive o and
strict crystallographic texture were theorized as reason of the oblique
angle of crack growth path for 10 nm samples. It was concluded that
samples of 80 nm had the lowest fracture toughness, while 1500 nm
samples maintained the highest crack resistance rate. The findings
on fracture behavior agree with previously mentioned studies that
demonstrated lower fracture toughness for nc NiTi SMAs [72,73]. It
has been suggested that conventional coarse-grained materials have
lower fatigue resistance if there is no crack. However, the crack growth
process advances easier in nc materials due to elevated grain boundary

density [72]. Moreover, in a research conducted by Ahadi and Sun on
Ti-50.9 at % Ni SMA [73] using rectangular (26 mm x 21 mm) notched
compact tension specimens with thicknesses of 1 mm and grain sizes
of 10-1500 nm, showed that grain size refinement decreased fracture
toughness. Therefore, [72] efforts to increase crack propagation
resistance of nc NiTi SMAs represents a promising opportunity
to increase the applicability of this type of materials. The granular
properties might be customized depending upon requirements for the
device being considered. A gradient of grain size might produce some
benefits if there was adequate knowledge of the product and all states
of loading and environmental conditions.

Thermomechanical fatigue

Many studies explored microstructures made of ultra-fine and nc
alloys and showed that their dislocation resistance is higher than that
of their coarse-grained counterparts [74,75]. This may interpreted to
a certain extent as the smaller the grain size the better the functional
performance of the microstructure. Frenzel et al., explored the effect
of ultra-fine and nc NiTi SMA on functional fatigue and degradation
resistance of spring actuators. Thermomechanical cycling was applied
to nc NiTi SMA (Ti-50.1 at %Ni) spring actuators made of 0.8 mm wire.
The wire had 20 turns, an outer diameter of 6.5 mm, and grain sizes of
34 nm and 106 nm. The functional behaviour was compared to that
of conventional 5.7 pm grain size NiTi SMA actuator. One hundred
cycles of heating and cooling were applied to all spring actuators,
and a simple mechanism was used to evaluate the thermomechanical
response (Figure 1).

spring actuator

1
\ counter waight
L
{hermocouple
load cell X, m
l F=m-g
o g
' m !
Zu_¥_) l
F ¥
1
1
laser sensor

Figure 1: lllustration of the test components in Frenzel et al. study [15].
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The heating and cooling cycle used during testing may be explained
as follows: the actuator material at low temperature is in a martensite
phase and the position of the counterweight as shown in Figure 1 is
X, Heating the actuator leads to a transformation to austenite which
makes the actuator contract which lifts the attached weight. After full
contraction X, is the position and the difference between it and X,
is denoted by AX. Cooling the spring actuator results in the reverse
transformation to martensite, which the weight returns to X, . It has
been observed that AX changes with median grain size; a spring actuator
with a grain size of 34 nm had a AX equal to 49 mm versus 95 mm for
the 5.7 pm grain size actuator. Results from both thermomechanical
and differential scanning calorimetry (DSC) cycling showed that grain
size refinement is linked with significant improvement in functional
fatigue behavior. In the low-temperature state (20°C), irreversible
plastic elongation of 125 mm was recorded for the 5.7 um grain size
actuator after 100 cycles. Conversely, the increase in the 34 nm actuator
length was only 15 mm. Accumulation of dislocations leads to a strain
buildup, and the number of dislocations is larger in the early stages
of cycling. Superior functional stability of nc NiTi SMA actuators was
found by Frenzel et al. specifically, grain size refinement introduces
a hardening effect which reduces dislocation activity. Furthermore,
dislocation initiation is easier in coarse-grained NiTi SMAs and their
mobility is higher. Crysallographic homogeneity is better in nc NiTi
SMAs due to a lower angle of the B19' martensite, which leads to
smaller accumulated strain. Finally, compound twins found in nc NiTi
SMAs have smaller compatibility stresses between them, in contrast
with type I and type II twins that exist in conventional NiTi SMAs.
It should be noted that extreme grain size refinement is accompanied
by several disadvantages, like lower Ms and Mf temperatures that
can be lead to incomplete martensitic transformation upon cooling.
Therefore, it’s essential to optimize the median grain size to obtain a
good balance between functionality and stability. It is well known that
SME is widely employed in actuators where electrical current is usually
used to thermally adjust their shape due to the high-temperature
degree for transformation. SE is used generally in medical devices and
implants, where the transformation degree is low therefore for these
Nitinol alloys the super elastic property is induced by stress, the medical
devices and implants are generally in a medium of higher temperature
than the transformation degree of SE Nitinol alloy [76,77].

Demers et al. [72] conducted thermomechanical fatigue tests on
1 mm diameter wires made of NiTi SMA (Ti-50.26 at %Ni) subjected
to the same post-deformation annealing processes (400°C for 1 h) in
conjunction with water cooling. Five different cold rolling intensities
quantified as e = 0.25, 0.75, 1, 1.5, and 2; were used where e provides
a measure of work imported to the the material and it is equal to
the natural logarithm of the pre-rolling thickness divided by post-
rolling thickness (e = In(h /h)). The annealing processes leads to the
development of nanograins of (20-120 nm). The reference sample was
cold rolled at e=0.25, and annealed at 700°C for 1 h, followed by water
cooling to room temperature. Thermomechanical fatigue capacity was
tested using; (a) stress-free recovery, (b) constrained recovery, and (c)
assisted two-way SME (ATWSME) (Figure 2.)

Stress-free recovery shows a situation in which the sample
approaches the highest value of elastic strain. Constrained recovery
is consistent with a case in which the recovery stress is approaches
maximum value while the recovery strain is essentially zero. Finally,
ATWSME represents a case in which the sample is under axial load and
subsequently subjected to heating. The latter process makes the sample
contract and lifts the weight due to transformation to an austenite
phase. The results of all three techniques utilized by Demers et al. have

O-A-B-E B-C

(Stress-free recavery )
1- Not deformed

(Constrained-recovery)] | (__ ATWSME )
1- Not deformed 1- Not deformed

2- Deformed 2- Deformed 2- Deformed with a
3- Heated 3- Fixed mass
(@)| | 4-Heated (b)| |3 &4- Heated (c)

Figure 2: Schematic of test techniques applied by Demers et al. [72].

been used to generate relationships between the recovery stress and
recoverable strain. From results obtained for stress-free recovery up
to 10* cycles or until failure, the following conclusions may be drawn:
larger e values were found to be associated with higher recoverable
strain (high SE) and a lower strain degradation rate. However, high e
values were accompanied by shorter fatigue lives. On the other hand,
fatigue life found to be affected by cold rolling intensity; it increased
from the reference sample to e = 0.75, but decreased with e values of
1 and larger. The data from constrained recovery for samples with e =
0.25 to 2 for 22 x 10* cycles or failure may be explained as follows: The
recovery stress associated with the first cycle found to increase with an
increase in e. Cold work increases fatigue life up until e = 0.75. For e =
0.25-2 the correspondent maximum recovery stress values were 550-
1200 MPa while the maximum recovery stress for the reference sample
was 270 MPa.

Specimens of 70 mm length for ATWSME fatigue measurements
were tested at a maximum number of cycles of 22 x 10*or up to failure.
Recoverable strain values for the same types of samples were plotted
with their correspondent number of cycles. It was observed that the
reference sample gave the smallest recoverable strain (0.75%) after
only two cycles, however, only specimens with e = 0.75-1.5 had lives
in excess of 10 cycles. Since heating process was carried out up to the
temperature in which imposed recoverable strain can be generated, two
distinct values of strain are obtained i.e. martensitic and austenitic. The
highest value of the strain at the end of the plateau stress obtained when
e=1.5and e = 2. Various degradation rates were the result of imposing
samples to cycling at different levels of controlled recoverable strain.
It’s conclusively stated that optimum cold rolling for this study was
between e = 0.75-2. Furthermore, the cold rolling intensity is inversely
proportional to the number of cycles that the sample can withstand.
Generally, cold work needs to be applied in order to reach the required
nanostructure, and cold work defects are responsible for the low fatigue
resistance exhibited by pure nanostructured alloys [78].

The work done by Kreitcberg et al.[79] may be considered
complementary to the previous paper. Various types of
thermomechanical treatments were carried out on 1 mm diameter
wire of NiTi (Ti-50.26 at %Ni) SMA. One of the goals was to explore
the properties of NiTi SMA samples that contain nc and amorphous
(nanosubgrained (ns)) structures to improve the functional fatigue life
associated with nc NiTi SMAs without losing the advantages of the
nanostructural components. Introducing an intermediate annealing
step (which believed to increase grain and subgrain size and decrease
lattice defect density) along with warm rolling resulted in significant
enhancement in functional fatigue performance by maintaining both
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nc (15-70 nm) and ns structures (about 200 nm). It was concluded
that cold rolling (e=1) followed by intermediate annealing (400°C for
1 hr), and finally introducing warm rolling at 150°C (e=0.2), resulted
in the sharpest B2-austenite texture which is associated with improved
functional fatigue performance (strain recoverability and superelastic
response).

Conclusions

The research found in literature on fatigue behavior of nc NiTi
SMAs was presented and briefly discussed in this study, the following
conclusions can be drawn:

The fatigue response of nc NiTi SMAs studied in the literature
generally suggest that as the grain size of samples gets smaller the
superelastic properties get better and fracture tolerance gets lower.

Functional fatigue resistance of nc NiTi SMAs are superior to
that of coarse-grained NiTi SMAs, however, fatigue crack growth rate
seems to be higher for nc NiTi SMAs. The higher crack initiation and
dislocation resistance of nc NiTi SMA can be attributed to the effect of
high density of grain boundaries.

Deterioration rate of the dissipated energy is lower in nc NiTi and
the area surrounded by the strain-stress curve is smaller.

Thermomechanical treatments (cold rolling, warm rolling,
intermediate annealing, and post-annealing) can be utilized to enhance
nc NiTi fatigue resistance or more specifically crack propagation
resistance which can be maintained by obtaining both ns and nc in
samples. On the other hand, the AAE technique potentially represents
a viable approach to predict fracture resistance capacity.

Introducing standardized techniques to inclusively test nc
NiTi SMAs fatigue capacity for both total-life and damage-tolerant
approaches would be of benefit in the pursuit of understanding the
influence of grain size on fatigue characteristics exhibited by these
materials.

There is a need to conduct extensive parametric studies in which
fatigue performance can be measured and compared for nc NiTi
SMAs that differ in terms of grain size, chemical composition, cycling
loading, thermomechanical treatment, and impurities percentage. MD
technique represents a promising tool to simulate the fatigue reactivity
of nc NiTi SMAs and can be used presumptively to complement the
experimental results.
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