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Abstract

Fatigue failure in NiTi based shape memory alloys (SMAs) that are in the austenitic
state is accelerated by the progressive accumulation of stress-induced martensite
(SIM) under cyclic loading, even when the maximum stress of the fatigue cycle is well
below that required for stress-induced martensitic transformation. Wagner et al.
(2008) [1] have shown that periodic annealing of the fatigued specimens at
temperatures well above the austenitic finish temperature, which they termed as
‘healing’, can enhance the fatigue life of the SMAs that are cyclically loaded in the
austenitic state. In this paper, the optimum interval at which healing must be
performed is investigated. Experimental results show that considerable improvement
in the total life of the SMA component can be realized if the fatigued specimens are
healed periodically right after 20% of their service life has lapsed. Healing later (at
40% and 60% of the fatigue life) does not lead to any significant improvement,
indicating that irreversible damage has already set in. Real-time infrared
thermography technique was used to study the thermal signatures during tensile and
fatigue testing. Results show that it is possible to monitor the formation of SIM
during cyclic loading using thermography.
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1. Introduction

Shape memory alloys (SMASs) are susceptible to ‘structural’ and ‘functional’ fatigue
when subjected to cyclic loading [[2], [3], [4], [5], [6], [7], [8]. [9]]. Structural
fatigue refers to accumulation of damage at the microstructural scale, leading to crack
nucleation, growth, and eventual fracture of the component. On the other hand,
functional fatigue refers to the progressive loss of the functional properties such as
degradation of the damping capacity, irreversible changes in the phase transformation
temperatures as well as the stress levels at which they occur (for stress-induced phase
transformations), and a progressive reduction in the recoverable (pseudo-elastic)
strains [2,7,8]. Both these aspects of fatigue in SMAs, which are often coupled, have
been widely studied [[2], [3], [4], [5], [6], [7], [8]]. For SMAs that are in the austenitic
state (i.e., the testing temperature is above the alloy's austenitic finish temperature, As),
progressive stabilization of martensite with mechanical cycling, which is aided by the
dislocation accumulation, occurs even when the maximum stress of the fatigue cycle
is well below the stress required for the austenite to martensite transformation at that
testing temperature. In view of this, many different approaches to enhance the fatigue
performance were explored. It was shown that thermal cycling of a NiTiFe SMA can
‘homogenize’ the accumulated strain, which, in turn, can enhance the fatigue life by
200-500% as compared to that of the solubilized specimens [10]. Periodic heating the
fatigued SMA samples to above Ar was also found to decrease the functional property
degradation via the reversion of the accumulated martensite [1,[11], [12], [13]]. A
preliminary investigation conducted by Wagner et al. [1] has shown that such a
‘healing’ heat treatment has the potential to enhance the fatigue life of NiTi SMAs.
However, a systematic study that illustrates as to when such interventions are most
optimal has not been performed yet. For example, it would be reasonable to assume
that the healing would only work if it is done before the nucleation of a dominant crack
occurs under cyclic loading conditions [1]. On the other hand, healing right after the
SMA component was in service for a small fraction of the estimated fatigue life might
not be also optimal. Keeping this in view, a systematic experimental study was
conducted in this work so as to examine as to when the ‘healing’ intervention can
enhance the fatigue life of the SMA the best.

An additional objective of the present study is to examine the utility of infrared (IR)
thermography, which is a non-destructive, real-time and non-contact technique, in
detecting early region of failure during testing. Due to its high thermal resolution and
high frame capture rates [14], it is particularly suitable to observe the thermal
signatures of SMAs during tensile and fatigue loading. Earlier studies used IR
thermography to observe dynamic temperature distribution in SMA surgical staples as
a function of laser pulse parameters to optimize closure of surgical staples [15] and
local changes of the phase transformation in NiTi SMAs [[16], [17], [18], [19]]. More
recently, evidence of reverse transformation to austenite close to cracks in NiTi SMAs
[20] and the phenomenon of temperature and stress oscillations under cyclic phase
transition of a nano-structured polycrystalline NiTi strip were also studied [21].
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However, the utility of IR thermography for understanding the thermal signatures of
various processes during tensile and fatigue testing of SMAs has not been explored yet.



2. Material and experiments

A 15 kg batch of NisosTiss (in at.%) alloy was made by vacuum induction melting
appropriate amounts of pure Ni and commercially pure Ti in a graphite crucible and
then casting into cylindrical ingots of 70 mm diameter. The ingots were then vacuum
arc re-melted and cast into ingots of 110 mm diameter, which were then hot forged at
900 °C into rectangular blocks of 50 x 100 mmz2 cross section. They were subsequently
hot rolled at 900 °C into 15 mm thick slabs and finally solutionized at 850 °C for 1 h.
Flat dog bone shaped specimens with 6 mm width, 2 mm thickness, and 25 mm gage
length were electro-discharge machined from the slabs. A schematic drawing of the
specimen used for tensile and fatigue testing is shown inFig. Sl(a) of the
supplementary information (SI). To impart pseudo-elasticity (PE) and to erase any
history associated with the thermo-mechanical processing and machining, test
specimens were solutionized at 800 °C for 30 min and then air-quenched, followed by
annealing at 500 °C for 30 min and then furnace cooled. All the test specimens were
vacuum sealed in quartz tubes during solutionizing and annealing heat treatments.
The martensitic finish, martensitic start, austenitic start, and austenitic finish
temperatures (M, Ms, As, and Ar, respectively) of the NiTi SMA in the annealed
condition were determined as -2.8, 3.4, 3.1, and 10.5°C, respectively,
using differential scanning calorimetry (DSC) with the heating and cooling rates of
10 °C/min between —20 and 50 °C. Fig. 1shows a representative DSC scan of the
NiTi SMA examined in this study. The alloy exhibits a one-step phase transformation
both during heating and cooling in the investigated temperature range. Since the
alloy's Ar is 10.5 °C, it is austenitic at room temperature (—~23 °C). The obtained values
of martensitic transformation temperatures in the present work are consistent with
those reported by Nayan et al. [22], who
recorded My = -21.4 °C, M; =2.1°C, As = -1.3 °Cand Ar = 23.4 °Cin a Nisos Tl (at.%)
SMA that has a similar processing route as that used in the present study. An increase
in the Ni content by ~0.3 at.% in the alloy used in the present work results in the
stabilization of martensite phase [23] by increasing M from 2.1 to 3.4°C and
reducing M; from -21.4 to —2.8 °C.
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Fig. 1. Representative DSC scan of the austenitic NiTi shape memory alloy in the as-
annealed condition. Various transformation temperatures measured from such scans
are listed in the inset table.

Tensile and unnotched fatigue tests were performed in a servo-hydraulic testing
machine equipped with a data acquisition system and hydraulic grips. A schematic
drawing of the experimental set-up is shown in Fig. S1(b). An extensometer with a
gage length of 25 mm, fastened to the sample, was used for measuring the strain for
both tensile and fatigue tests. Care was taken to avoid slippage of extensometer during
testing. Tensile tests were conducted at room temperature (~23 °C), at a strain rate
of 10 s. Tension-tension fatigue tests were performed at a frequency f 0.5 Hz and
stress ratio, R = 0.1. The test frequency was low enough to prevent self-heating of the
samples during cyclic loading. Fatigue tests were performed in the load-controlled
mode at two fixed stress ranges, Ac (= Oma - Omin) Of 225 and 275 MPa. All the fatigue
tests were conducted at room temperature (~23 °C) using the sinusoidal loading
waveform.

During the tensile and fatigue tests, an IR camera (VarioCAM) was used to
continuously monitor (and record) the temperature of the specimen surface, which
has been highlighted in red in Fig. S1(a). Thermographic data such as maximum (T ma),
minimum (Tmn) and mean (Tmen) temperatures during each fatigue cycle were
recorded during the tests in real time on the specimen surface at a given frame. The
key technical characteristics of the IR camera are as following: maximum picture size
- 640 x 480 pixels, operating spectral range - 7.5—15 um, measurement accuracy -
+1 °C, temperature resolution - 0.03 °C at room temperature, and lateral resolution ~
100 um. The infrared camera was located at ~300 mm from the testing machine in all
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the cases. For avoiding viewing angle effects, the camera axis was oriented
perpendicular to the test specimen surface. Constant ambient temperature (~23 °C)
and humidity was maintained during the experiments. Thermal images were
continuously acquired at a frame capture rate of 1 Hz for majority of the test duration
and was increased to 5Hz close to failure. Real-time tensile stress (o) vs. tensile
strain (¢) and temperature (T) vs. time (t) data were monitored and recorded digitally
until failure of the specimens. Post testing, all the IR thermographic data was analyzed
using a commercial software package.

Uninterrupted fatigue tests were first performed at the selected stress ranges (Ao) of
225 or 275 MPa, to determine the number of cycles to failure (Nr) in the absence of any
healing interventions. The load ratio (R) during cyclic loading was always maintained
at 0.1. Note that the maximum stresses of the fatigue cycles (oms), Which are about 250
and 305 MPa for the two stress ranges utilized, are well within the elastic limit of the
SMA investigated. First, the fatigue lives with no healing interruption (N++) at the two
Ao levels were determined. Subsequently, fatigue testing on samples was interrupted
after a predetermined number of cycles (N), which corresponds to either 0.2, 0.4 or
0.6 N«nn. The HHT process involves interrupting the fatigue test after a predetermined
number of fatigue cycles, taking the specimen out of the testing frame, immersing the
specimen in an oil bath that was maintained at a temperature of 60 °C (which is
sufficiently well above Ar) for 300 s, and then allowing it to attain thermal equilibrium
with the ambient temperature by air cooling, before continuing with the fatigue testing.
Various HHT intervals examined in the present work and their acronyms are listed
in Table 1. For example, Nrnro20.4 refers to number of cycles to failure of the fatigue
specimens that were subjected to healing after being subjected to stress cycles that
correspond to 0.2 and 0.4 of the corresponding N«+. For a given condition and stress
range, three tests were performed.

Table 1. Fatigue lives of the austenitic NiTi SMA tested with different HHT intervals.

Acronym Cumulative Average number of cycles to Enhancement in cycles to
healing intervals failure, N; failure due to healing, AN;
Ac=225MPa Ac=275MPa Ac=225MPa Ac=275MPa
N tnm None 4108 (4189, 1960 (1789, NA NA
4119, 4016) 1980, 2140)
Ni4roz 800 5346 (5318, 2438 (25009, 1238 478
(Ao =225 MPa) 5582, 5137) 2281, 2525)
400
(Ao = 275 MPa)
Niumozos  800&1600 5352 (5156, 2632 (2413, 1244 672
(Ao =225MPa) 5114, 5786) 2509, 2973)

400&800
(Ac = 275 MPa)
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Acronym Cumulative Average number of cycles to Enhancement in cycles to
healing intervals failure, N; failure due to healing, AN;

Ac=225MPa Ac =275MPa Ac=225MPa Ac=275MPa

Niiozosos 800&1600&2400 6622 (6278, 2783 (2690, 2514 823
(Ac=225MPa)  7326,6262) 2454, 3204)
400&800&1200

(Ac = 275 MPa)

Ngms 1600 4908 (4933, 2362 (2442, 800 402
(Ac=225MPa)  4672,5120) 2121, 2522)
800

(Ao = 275 MPa)

Neros 2400 4362 (4532, 1925 (1862, 254 -35
(Ac=225MPa)  4352,4202) 1760, 2153)
1200

(Ao = 275 MPa)

The thermographic signature of an austenitic NiTi SMA during tensile testing can
differ significantly from those of regular metallic alloys due to the stress-induced
martensitic transformation (SIMT) in the SMA. For example, the commonly observed
stress plateau in the quasi-static o vs. € response (due to SIMT) of the austenitic SMA
[2,24] is absent in the conventional metallic alloys. This can result in
different T vs. t characteristics during different stages of tensile testing in comparison
to conventional metallic alloys. For comparison purposes, specimens of the Inconel
718 alloy (referred as IN-718 here afterwards) in both the as-cast and heat-treated
conditions, with identical specimen geometries and testing conditions, were tested.
The reasons behind selecting IN-718 are that (a) it is commercially available readily
and (b) the Ni content in NiTi SMA and IN-718 is approximately similar ~50 at.% Ni.
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3. Results and discussion

3.1. Quasi-static tensile stress-strain responses

Fig. 2 shows the quasi-static engineering stress vs. engineering strain responses for
the austenitic NiTi SMA in tension. While some of the tensile specimens were
unloaded after ~3.1% engineering strain to examine the PE characteristics of the SMA
under investigation, others were loaded continuously until failure. Following the
initial linear elastic regime, inelastic strain accumulates at nearly-constant stress due
to SIMT, which begins at a stress, 6SAM, of 375 MPa and finishes at cFAM= 400 MPa
with a total transformation strain of 2.5% (efAM-eSAM) [25]. When the sample is
unloaded after a tensile strain e of ~3.1%, the reverse transformation from martensite
to austenite occurs. Excellent PE was observed with the stress-strain responses
showing reproducibility over five load-unload cycles with no residual strain. When
loaded continuously to failure, the SIMT regime is followed by the elastic
deformation of the martensite until it yields [26,27], which is immediately followed by
the specimen failure at a stress of ~1050 MPa with a corresponding failure strain
of e ~7.3%.

1200

L | —e— Pseudo-elastic
| | —=—To failure

——
=
o
L]

o o
= 2
= =

Eng. Stress (MPa)

200

0 1 2 3 4 5 6 7 B
Strain (%)

1. Download: Download high-res image (266KB)

2. Download: Download full-size image
Fig. 2. Engineering stress vs. strain responses of the austenitic NiTi shape memory
alloy. The red curve, which was obtained by unloading after deforming the SMA to
~3.1% engineering strain, illustrates its pseudo-elastic behavior. The blue curve is
obtained by continuous loading of the tensile specimen to failure. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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The engineering stress-strain responses of the IN-718 alloy in the as-cast and heat-
treated conditions are displayed as Fig. S2 in Sl. The stress levels for IN-718 alloy in
the heat-treated condition was significantly higher in comparison to the as-cast
condition. This was mainly attributed to precipitation hardening from the y'/y”
precipitates formed during ageing heat-treatment [28]. While IN-718 in the as-cast
condition showed significant strain-hardening, it was limited in the heat-treated
condition before failure. Specimens of IN-718 in the as-cast condition did not fail even
though they were loaded until € ~35%, whereupon the tests were stopped as the
maximum extension limit of the machine was reached.

Figs. 3 and S3 show the variations of engineering stress and (&) Tmen and (b) Tmax With t,
recorded using thermographic measurements for NiTi SMA and IN-718, respectively.
In these figures, open symbols refer to o while filled symbols refer to Tmean/ Tma. From
these plots, the distinct tensile and thermal characteristics of the two materials can be
seen. In the SMA, both T and Tmax cOntinuously increase, but in a nonlinear fashion
with t, up to the end of the PE regime. If the sample was unloaded at the end of this
regime (as in Fig. 2), a precipitous drop in both the temperatures was observed. If, on
the other hand, the specimen is continuously loaded beyond PE (to failure), both
Tmean @and Tmax reduce gradually from the peak, before attaining the steady state values
of 23.5 and 24 °C, respectively, att > 800 s. A steep increase in Tmax (by ~4 °C) was
noted when the specimen fails, the increase in T IS cOmparatively insignificant
(=1°C). For the IN-718 alloy in as-cast and heat-treated conditions (Fig. S3), the
variations in both Tmen and Tma With t were marginal and gradual during the elastic
deformation regime and up to elastic-to-plastic transition. Post yielding, a gradual rise
in both Tmen and Tma Was observed, which contrasts with the thermal signature
observed during the deformation of NiTi SMA, where both Tmen and Tma gradually
decrease before stabilizing with steep increase in Tm at failure. Both Tmen and
Tma INCrease in @ marked manner in IN-718 close to failure in the heat-treated
condition; such a thermal signature was absent in as-cast condition as test was
interrupted before specimen could reach necking or failure.

During tensile deformation of metallic alloys like IN-718, plastic work done is
thermodynamically irreversible and a large fraction (~95%) of the total mechanical
work is dissipated as heat while the remaining work is expended for microstructural
changes [29]. This causes continuous increase in the specimen temperature in the
work-hardening regime due to plastic deformation prior to necking, which is
consistent with the observations made from Fig. S3. The observed temperature
increase in the neck region prior to failure is due to localized plastic deformation. In
the elastic and elastic-to-plastic transition regimes, the extent of plastic deformation is
limited with little or no rise in Tmean @and Tma. Moreover, as the tensile tests are
performed at a low strain rate (10 st) sufficient time is available for the generated
heat to dissipate through the specimen surface to the surrounding. This was further
confirmed by the measured values of Tmen and Tma Which are in the range of ~24—
26 °C in the elastic and elastic-to-plastic transition regimes.
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The gradual increase in Tmen @nd Tmax With t during the PE regime of the NiTi SMA is
related to SIMT and is consistent with the findings of Gadaj et al. [30]. In their
work, tensile testing on an austenitic NiTi SMA in sheet form was performed in the
temperature range 22—80 °C and the evolution of temperature on the specimen
surface was also monitored using the IR thermography technique. It was found that
during loading portion of the stress-strain response, SIMT is always accompanied by
an increase in temperature while temperature decreases during unloading due to the
reverse transformation from martensite to austenite. Similarly, in the present study,
the NIiTi SMA is nearly-completely martensitic at the end of PE, and reverse
transformation from martensite to austenite during unloading results in a decrease of
both Tmea and Tma (Fig. 3). Beyond SIMT, when loaded to failure, elastic
deformation of the martensite phase results in gradual decrease Of Tmean @and Tmax, and
the observed temperature plateau is due to the attainment of a thermal equilibrium
between the deforming specimen and the surroundings.
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Fig. 3. The variations of engineering stress and (a) the mean temperature (T men) and
(b) the maximum temperature (Tms) with time, recorded by the real-time
thermographic measurements on the tensile specimens of the NiTi shape memory
alloy in pseudo-elastic and load to failure conditions.

3.2. Effect of HHT on the fatigue properties

The measured fatigue lives of NiTi SMA with and without HHT, cycled at Ac of 225
and 275 MPa, are summarized in Table 1. In it, both the average values as well as the
actual N+ values (which are used for computing the average) are listed. It can be noted
from them that the scatter in Ny, in general, is not significant. The average values of
N:nn at Ao of 225 and 275 MPa are 4108 and 1960. On their basis, 800, 1600, and 2400
cycles, which correspond to ~0.2, 0.4, and 0.6N+, respectively, were selected for
healing interventions on specimens fatigued at Ao =225 MPa. The corresponding
cycles are 400, 800, and 1200 for specimens fatigued at Ac = 275 MPa. The observed
enhancement in fatigue life, due to healing (AN;), if any, is estimated by subtracting
respective N1 from the average fatigue lives of the healed specimens and is also listed
in Table 1.

From the results obtained, it can be first noted that when healing was performed
relatively late in the fatigue life (~0.6Ninw, i.e., after 2400 and 1200 cycles for Ac = 225
and 275 MPa, respectively), no clear benefit due to healing could be seen as the
measured fatigue lives of healed specimens are within the scatter band of the N+ data.
This observation suggests that irreversible microstructural damage already sets in
when the samples are cycled for 0.6N:. When healing was performed earlier in the
fatigue life than the previous instance, i.e., at ~0.4Nn (i.e., after 1600 and 800 cycles
for Ao =225 and 275 MPa, respectively), some enhancements in the average fatigue
life could be observed at both Ao examined. However, the average enhancements are
only about half of the number of cycles used for the healing interval (see Table 1). This
observation implies that healing interventions even at ~0.4N:x are not necessarily
optimal (or early enough). Together, the observations made of specimens healed at 40%
and 60% of N+ imply that permanent fatigue damage in SMAs could be setting in
relatively early as compared to that in regular (or non-transforming) metallic
materials. In the latter case, the fraction of the fatigue life that is expended before a
dominant fatigue crack nucleates in the nominally defect free unnotched specimens
can be as high as 80% [31].

When the first healing treatment was performed at relatively early stage of the fatigue
life (corresponding to ~0.2N¢+, i.e., after 800 and 400 cycles for Ao =225 and
275 MPa, respectively) and then repeated at the same N intervals, unambiguous
accrual of the benefit in terms of enhanced fatigue life could be noted. Data presented
in Table 1 indicates that the increment in N is more pronounced for the lower of the
two Ao levels investigated. It is also apparent that the net enhancement in N¢ often
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exceeds the cumulative number of healing cycles, indicating that the periodic healing
treatments can delay the fatigue failure substantially. To ascertain that the increased
fatigue life is due to healing and not because of interruption of the tests (which were
necessary for performing the healing treatment), afatigue testwas performed at
Ao = 225 MPa with a hold period of 300 s after 800 cycles and then resuming the test
till failure. The hold interval is similar to the time it takes to complete one healing
round. Here afterwards, this test will be referred as ‘Interrupted’ for brevity. The
obtained fatigue life of the specimen that subjected to such interruption was 4084
cycles, which is within the scatter band of Niw measured with Ao =225 MPa
(see Table 1). This result confirms that HHT is responsible for the increased fatigue
life rather than interruption in the fatigue testing that is necessary for healing.

A comparison of the variations in the maximum accumulated plastic strain due to
fatigue, &5, with loading cycles in NH and HHT conditions for Ao of 225 and 275 MPa
is made in Fig. 4(a) and (b), respectively. As expected, the level of g, is higher in
Ao =275 MPa as compared to that in Ao =225 MPa. In the specimen that was
continuously  fatigue tested until failure (without any healing or
interruptions), e, increases steadily with loading cycles until failure of the specimen.
In the HHT specimen, &, increases with N, interruption in testing for HHT causes a
significant drop in g, and with the resumption in testing g, increases again until it
reaches plateau value which is maintained till failure. Nayan et al. [22] have
demonstrated that plastic strain accumulation with the loading cycles during fatigue
testing of an austenitic NiTi SMA mainly arises from SIMT, which eventually leads to
failure. On that basis, we infer that the accumulated plastic strain due to fatigue gets
partially relieved during HHT as it transforms the stabilized martensite back to
austenite and delays failure. Any elastic strain associated with the austenite
phase during fatigue testing at Ao = 225 and 275 MPa (which are well below the stress
required for inducing SIM under quasi-static loading conditions), will be completely
recovered during unloading.
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Fig. 4. The variation of the maximum plastic strain, &,, accumulated with loading cycle
in NH and HHT conditions at Ao of (a) 225 and (b) 275 MPa. The healing heat
treatments (HHT) performed at 800 and 400 cycles in (a) and (b) are highlighted with
arrows.

Fig. 5(a) and (b) show the variations of the stress-strain hysteresis loop areas, AH, with
loading cycles in NH and HHT conditions at Ao of 225 and 275 MPa, respectively. For
comparison, variation of AH in the ‘Interrupted’ test performed at Ao = 225 MPa is
also shown in Fig. 5(c). Unlike &,, AH increases sigmoidally with N, viz. with an initial
low-sloped portion followed by a region with higher slope and subsequent saturation.
The saturation in AH occurs at about ~0.2N¢ (~800 and 400 cycles at Ac = 225 and
275 MPa, respectively), as seen in both Fig. 5 (a) and (b). Upon performing HHT, the
area of the hysteresis loop takes significantly longer ~4600 and 1800 cycles at
Ao =225 and 275 MPa, respectively, to reach saturation levels again, possibly due to
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reverse transformation to austenite due to HHT. On the other hand, in the ‘Interrupted’
test (Fig. 5(c)), AH increased to the earlier level (prior to hold period) in the same
300—400 cycle window as opposed to ~4600 and 1800 cycles in Nt condition, with
no noticeable increase in fatigue life due to the interruption as already mentioned. It
is important to mention that &, vs. N and AH vs. N plots in Fig. 4, Fig. 5 are plotted on
a log-linear plot.
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Fig. 5. Variations of the stress-strain hysteresis loop areas in NH and HHT conditions
in fatigue tests conducted at Ao of (a) 225 and (b) 275 MPa. HHT was performed at
800 and 400 cycles in (a) and (b), respectively, and is shown with arrows. (c) Area of
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the stress-strain hysteresis loop in the ‘Interrupted’ test conducted at Ao = 225 MPa.
The arrow in (c) indicates test interrupted at 800 cycles for 300 s without any HHT.

3.3. Thermographic observations

With the baseline thermographic data for the loading, unloading, and failure of the
NiTi SMA in place, real-time thermographic measurements were performed during
fatigue testing of NiTi SMA samples. Fig. S4 shows the variation of Tmen VS. tat
different frame capture rates of 1 and 5 Hz. The hysteresis of T e increases from ~0.35
to ~0.6 °C with the increase in frame capture rate from 1 to 5 Hz. However, the
instantaneous fluctuation of Tmen Still aligns itself with the frequency of
testing, f = 0.5 Hz, as seen by the 2 s gap between any two successive peaks/valleys.
This means that the high thermal resolution of the IR camera is still capable of
capturing thermographic signature associated with SIMT during loading and the
reverse transformation during unloading even at lower frame capture rate of 1 Hz.
However, the difference in temperature levels at each peak and valley might not be
represented commensurately at lower frame capture rate but instead, at a fraction of
~60% of the original difference.

To examine the effect of position on the specimen surface (within gage length) on the
thermographic data, the highlighted region in red in Fig. S1(a) on which temperature
is measured in real time using IR thermography technique is analyzed further by
dividing this area into three equal parts: Top third, Middle third and Bottom third.
From the acquired IR images at a given frame, these areas of interest analyzed for T mean,
Tmax, @nd Tmin IN them. Fig. S5 shows the variations of Tmen With tin them. It appears
that Tm..n depends on the position in the gage length with respect to the actuator of the
servo-hydraulic machine. Since the actuator is located at the bottom, see Fig. S1(b),
Tmean Was highest at regions closest to the bottom since it would get stretched first i.e.
closest to the actuator. However, the spatial variation in Tmen did Not cause any
discernible difference between the conduction of heat throughout the sample --the
entire sample showed a hysteresis of Tmen, albeit at slightly different levels at the test
frequency of f = 0.5 Hz. Thus, within the gauge length the hottest regions are most
likely to be near the bottom parts and the coldest at the top.

Typical thermal images showing temperature evolution near failure during (a)
unloading and (b) loading of a HHT specimen subjected to Ac = 275 MPa are shown
in Fig. 6(a) and (b), respectively. The thermal image of the specimen at failure is also
shown in Fig. 6(c). Corresponding video can be found in the Sl file. The temperature
field evolution is different during the unloading and the loading parts of the fatigue
cycle with the temperature at the surface of the specimen being higher in latter. It can
also be seen that fracture occurs at the Middle third area of the gauge length. Close to
failure, several “hotspots” are formed, as seen in Fig. 6(b), which are hotter than their
surroundings at every cycle. These regions correspond to SIMT, which has stabilized
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after many fatigue cycles and where eventual fracture was observed to occur. This
observation indicates that IR thermography technique is capable of prior indication of
the region of failure during fatigue testing. Fig. 7 is the representative plot of T and
Tmean IN the “soon to fail” Middle third region of the gauge length. In comparison to the
Middle third region where failure will occur — extreme temperature zones - Bottom
third could be expected to be the hottest region and the Top third could be expected to
be the coldest region in the gauge length of the sample. Hence, an indicator of the
“hotness”, Tmax readings from the Bottom third and the “coldness”, Tmi» readings from
the Top third are contrasted in Fig. S6 with the magnitudes of Tmx and Tmin from the
“soon to fail” Middle third region of the gage length. It can be seen from Figs.
7 and S6 that specimen has failed in the Middle third region of the gauge length at t ~
6238 s with Tm value of ~24.9 °C. One may argue that SIM formation at the hotspot
location with T~ 24.9 °C is within experimental range of variation of room
temperature (~23 °C). However, the high temperature resolution of the IR camera
(~0.03 °C) easily distinguishes temperature rise associated with SIM formation (red
region in Fig. 6(b)) with green-yellowish regions associated with austenite phase.
Moreover, the fatigue test frequency utilized (0.5 Hz) is not too small to conduct heat
away from the hotspot formation location to the surrounding and make the specimen
surface temperature uniform ~23 °C (room temperature), which is not observed.

T(*C)

Austenite Failure position
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Fig. 6. Representative thermal images obtained during fatigue testing at Ao = 275 MPa
of HHT specimen near failure during (a) unloading and (b) loading part of the fatigue
cycle. (¢) Thermal image at failure. Color code for temperature is shown in the right
side of the figure. Temperature and lateral resolutions of the IR camera are 0.03 °C
and ~ 100 um, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 7. Variations of the mean and maximum temperatures (T mean and Tma, respectively)
with time (t) in the middle third region of the gauge length.

Figs. S7 (a)—(c) show the corresponding thermal maps for the whole experimental
setup. It can be seen in Fig. S7 that the extremes of the temperature have shifted from
the terminal ends of the gage length to the Middle third region, where, presumably,
failure is due to occur (Fig. S7b). In Fig. 6(c), it can be seen that failure has begun at
the region of hotspot formation and then spread to the left, thus breaking the sample
into two pieces. This local effect of thermal cycling, where the hot zone is due to the
thermal signature of exothermic SIM formation while the cold regions (in the
neighborhood, as seen Fig. 6(a)) indicate the reverse transformation. This behavior
was also observed during crack extension in NiTi SMAs [20], where, martensite was
found to form in front of the crack tip upon application of a tensile stress. But the
affected zone undergoes reverse transformation to austenite upon unloading. Their
study also used thermographic methods to observe a scenario where a crack grew
into SIM microstructure, which reverse transforms into to austenite in the crack-wake.

Possible reasons behind the observed beneficial effects of HHT were also studied with
the help of thermographic measurements. Fig. 8 compares the variation of real-time
Tmean With tin HHT and Interrupted conditions. The hysteresis of Tmen IS quite steady
in both the cases. However, the magnitude of Tm.n decreases after resumption in
fatigue loading after HHT at 800 cycles for 300s. On the other hand, in the
Interrupted test, the hold period at 300 s without HHT showed no change in T e UpON
resumption of testing. This further supports the hypothesis that HHT increases fatigue
life by reverse transforming the stabilized martensite (that occurs due to fatigue
loading) to austenite and thus delays failure. A similar trend was observed in the case
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of Tma also, which is an indicator of the success of HHT in reverse transforming the
entire sample to austenite.
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Fig. 8. The variation of Tmen With t in HHT and Interrupted fatigue tests.
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4. Summary and conclusions

In this study, the possibility of enhancing the fatigue life of an austenitic NiTi shape
memory alloy cyclically loaded at room temperature via periodic healing heat
treatment was examined systematically. This was coupled with real-time infrared
thermographic measurements to ascertain thermal signatures during tensile and
fatigue testing. Following main conclusions are drawn from this work:

)

(2)

The fatigue life of an austenitic NiTi SMA, in which cyclic loading causes the
stabilization of the martensite, can be improved substantially (by up to 61%)
through periodic healing treatments that involve heating the fatigued specimen to
temperatures above its austenite finish temperature and annealing to revert the
stabilized martensite into austenite. Healing is particularly beneficial when
performed early in service (at about 20% of the fatigue life estimated with
continuous testing until failure). From the practical feasibility standpoint of view,
it should be possible to perform healing quite easily in actual service conditions.
Localized heating methods like laser, electromagnetic induction, infrared (IR)
techniques can be used [[32], [33], [34], [35]], which can avoid service life
disruption of the component along with improved fatigue life. This is particularly
true for majority of the applications of NiTi SMAs which are used in very small
forms like wires, tubes etc. where localized heating is practically feasible due to the
small size of the component.

Thermal imaging of the fatigue specimens showed several “hotspots” on the
specimen surface close to failure, which are signatures of martensite that has
stabilized after many fatigue cycles and where eventually fracture occurred. It was
found that IR thermography technique is capable of prior indication of the region
of failure during fatigue testing.
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