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ARTICLE INFO ABSTRACT

Shape memory alloys achieve their unique and desirable property of large recoverable strains through phase
transformation. The attained magnitudes of transformation strains is strongly affected by the level of
deformation heterogeneity during the transformation process and is impacted by plastic deformation and the
accumulation of retained martensite/austenite following repeated cycling. This paper is dedicated to study the
heterogeneity in the total and transformation strains of the high temperature shape memory alloy
Nisg 3TiosHf24.7 subjected to fatigue loading and aims to provide further insight to the source of transformation
strain instability. Under isobaric loading conditions, full field strain measurements were collected during
thermal cycling and utilized to assess the local changes in the deformation field. Transformation strains
increased globally in the first few cycles of loading followed by a relatively stable response and eventually
started to exhibit drop in their magnitudes with continued loading. No homogenization of the transformation
strain field was observed as a result of either stress increase or thermal cycling. The transformation strains were
localized and the global evolution in their magnitudes was associated with local changes, either increasing or
decreasing local strains, in spatially the same regions. The experimental results are discussed with the aim to
provide a deeper understanding of the stability of transformation strains, their evolution under cyclic loading,
the heterogeneities developing in the deformation field, and the relation between local and global response due
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to the accumulation of irrecoverable strains.

1. Introduction

One of the most promising candidates for high temperature shape
memory alloys (SMA) is NiTiHf [1-3]. The addition of Hf results in an
increase in transformation temperatures (TTs) thus allowing applica-
tions that are otherwise not possible using traditional NiTi SMAs which
can only operate below 100 °C [3,4]. Many studies have demonstrated
shape memory properties and TTs in the range of 100 — 300 °C [5-12]
and a remarkable 400 °C range for the Hf rich compositions [1]. Among
other factors (e.g, heat treatment [9,13-17]), Hf content significantly
affects the properties of the SMA and the resulting TTs. To date, Hf
25 at% has shown the best combination of properties in terms of
operating at high TTs, high strength and large transformation strains
compared to the lower Hf content compositions [1]. Most of the
available experimental works, however, have been focused on a single
or a few loading cycles (e.g., single or few temperature cycles in an
isobaric constant stress loading conditions). One aspect that needs
further investigation is the functional properties of the alloy under
fatigue loading conditions. A better understanding of the evolution of

* Corresponding author.

http://dx.doi.org/10.1016/j.msea.2017.04.097

shape memory properties (e.g., transformation strain) under fatigue is
crucial for the implementation of this class of alloys in critical
applications [18].

The importance of experimental analysis under fatigue loading
conditions becomes extremely important when studying the stability
of the SMA over a large number of cycles [18,19]. Although measure-
ments from a single or few cycles can provide insight into transforma-
tion temperatures, transformations strains, and plastic or irrecoverable
deformation, the evolution of these magnitudes can be significant and
taking place at a relatively fast rate, particularly in the first few cycles.
For example, Kockar et al. have shown an evolution in the transforma-
tion strains over 10 temperature cycles in an isobaric experiment
conducted on NiTi8Hf SMA [19]. These changes were associated with
plastic deformation resulting in cyclic instability and an increase in
total strains. The work of Sedmak et al. provides another example
where Synchrotron X-ray diffraction was used to reveal, in superelastic
cyclic experiments on NiTi SMA, changes in the defect density, lattice
strains and consequently residual stress, and the residual volume
fraction of austenite and martensite [20]. These changes at the

Received 30 December 2016; Received in revised form 24 April 2017; Accepted 25 April 2017

Available online 27 April 2017
0921-5093/ © 2017 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
http://dx.doi.org/10.1016/j.msea.2017.04.097
http://dx.doi.org/10.1016/j.msea.2017.04.097
http://dx.doi.org/10.1016/j.msea.2017.04.097
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2017.04.097&domain=pdf

W. Abuzaid, H. Sehitoglu

microstructural level have a significant influence on the shape memory
properties of the SMA. The exact steps leading to the instability in
transformation strains is still under debate. However, the accumulation
of plastic strains and/or residual martensite during cycling are known
to impact the functional response and result in transformation strain
deterioration. The accumulation of residual martensite (or austenite)
can be captured using neutron diffraction experiments. This work
emphases is on providing a clear and detailed assessment of the
correlation between plastic strain accumulation (which can’t be mea-
sured using Synchrotron X-ray diffraction) and its impact on transfor-
mation strains over the life of the SMA. We utilized digital image
correlation (DIC) to collect full field strain measurements of the
transformation strains (local measurements) and monitor local changes
in the transformation strain field under isobaric, thermal cycling
loading conditions. The evolution of irrecoverable plastic strains was
analyzed and used to provide further insight into the local changes in
the transformation strains (beyond 10 cycles, 50 cycles — failure in
tension). Also, and to better understand the role of global/local stress,
experiments with incremental increase in stress were conducted. The
increase in stress can alter the local defect density and the local stresses
in the SMA. As will be shown in this paper, the changes introduced by
global stress increase significantly alters the accumulation of plastic
strains and consequently the local transformation strains and their
evolution in fatigue.

In previous experimental works on NiTi and NiTiHf, the deviation
between the experimentally measured transformation strains and the
theoretical expected values based on lattice deformation theory (LDT)
was discussed, e.g., [8,21]. For example, an average transformation
strain of about 8% was reported previously for NiTiHf single crystal
samples loaded along the [111]p, direction compared to an expected
18.9% based on LDT theoretical calculations [22]. In general, this
discrepancy between theoretical calculations and the observed experi-
mental results has been attributed to local regions not contributing to
the transformation (i.e., heterogeneous deformation). As the theoretical
calculations are based on a single crystal of austenite transforming to a
single crystal of martensite, any non-transforming regions will impact
and decrease the measured transformation strains. Patriarca et al. have
observed through high temperature X-Ray diffraction the presence of
residual martensite above the austenite finish temperature A; [22].
Sedmak et al. [20] made similar observations using neutron diffraction.
Another source, as discussed by Stebner et al. is the presence of
precipitates in the matrix which will not contribute to the transforma-
tion process [8]. These previous works provide valuable insight into the
source of mismatch between experiment and theory. However, the
degree of heterogeneity in the transformation strains, which is the
source of the observed mismatch, has not been fully assessed. Also, the
evolution of the transformation strains, and the level of heterogeneity,
under fatigue loading conditions (functional fatigue) is not well
characterized. For example, it's not very clear how the local strains
evolve with continued cycling and whether the transformation homo-
genizes or becomes more heterogeneous. In addition, the impact of
localized plastic strains on the heterogeneity of deformation and the
evolution of transformation strains is not well understood quantita-
tively. In this work, we used DIC to collect full field strain measurement
during isobaric temperature cycling. The collected full field strain
measurements allow for detailed statistical assessment of the degree of
deformation heterogeneity, and its evolution, with temperature cycling
(functional fatigue). With the availability of full field data, the level of
deformation heterogeneity can be visually observed through the strain
contour plots or quantitatively by calculating the deformation field
standard deviation. The local changes in the deformation field impact-
ing the level of heterogeneity can also be captured (e.g., accumulation
of plastic strains and changes in the transformation strains) and used to
explain the observed changes in deformation heterogeneity. For
example, if an increase in transformation strains is triggered by new
regions starting to contribute to transformation, this can be captured
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using DIC and will be manifested as a homogenization process (ie.,
drop in standard deviation and local spreading of high strains).
Alternatively, if the instability in the transformation strains is induced
by local changes in the stress field (e.g., due to increase in defect density
or relaxation induced by plastic deformation), then DIC will portray a
significantly different response. In such a case, the strain field will
essentially experience variations in the same spatial regions and can be
detected using DIC (i.e., local increase or decrease in local transforma-
tion strains magnitude). Such analysis is advantageous as it provides
quantitative insight into the heterogeneous transformation of SMAs
(which is the main cause for deviation between theoretical and
experimentally measured transformation strains), and helps pinpoint
the source of these heterogeneities that eventually lead to instabilities
in the transformation strains.

In summary, this experimental study is dedicated to explore the
functional stability of Niso 3TissHfo4 7 SMA. We particularly address the
accumulation of irrecoverable plastic strains and study their impact on
local transformation strains measured during thermal cycling under
isobaric loading conditions. The strain measurements were collected
using DIC to provide full field data allowing for the assessment of not
only the global response but also the local changes in the transforma-
tions strains. We quantify the changes in the transformation strains and
provide detailed analysis to pinpoint the source of these changes. The
full field data was also used to provide statistical assessment of the
heterogeneity developing during martensitic transformation, which is
one of the main reasons for the experimentally observed difference in
the measured transformation strains and the theoretically expected
magnitudes, and how it evolves in fatigue and responds to incremental
stress increase. The material selected for this work is the high
temperature ternary Nisg 3Ti>sHf>47 (at%) due to superior properties
in terms of high transformation strains, high strength, and high
transformation temperatures. To eliminate any effect from grain
boundaries or texture, single crystals were utilized. Also, as the
transformation strains are orientation dependent, all the reported
experiments were conducted on a single orientation (ie., < 111 >)
tensile samples.

2. Materials and methods

Single crystal ingot of Nisg3TissHf>4, was grown using the
Bridgman technique in He atmosphere. Dogbone tension samples
(1.5 mm X 3 mm gauge section) were electric discharge machined from
the ingot with the loading axis along the [111], direction as detailed in
[22]. All samples were tested in the homogenized state (1050 °C for
20 h) having the following transformation temperatures; austenite start
temperature Ag=251 °C, austenite finish temperature A¢=422 °C, mar-
tensite start temperature M;=340 °C, and martensite finish tempera-
ture M= 214 °C. Such high temperatures far exceed the TTs reported in
early works on lower Hf compositions [13] and opens new potential
applications. Based on diffraction, the austenite and martensite phases
were determined as B2 and B19’ respectively.

Prior to loading, samples were polished using SiC paper up to P1200
to remove any surface scratches. The speckle pattern for DIC measure-
ments was applied using very high temperature black paint that can
withstand temperatures greater than 1000 °C. The quality and stability
of the pattern was suitable for the temperatures considered (up to
450 °C) and span of experiments (up to 285 cycles). The back surface of
the sample was also painted with a high temperature black paint to
allow for temperature measurements and control using an IR thermo-
meter focused on the center of the gauge area. Isobaric thermal cycling
experiments were conducted using an Instron servo hydraulic load
frame and a Lepel induction heating system. Temperature control was
achieved using a Micristar temperature controller. DIC reference images
were captured at the maximum temperature (450 °C) and no load. A
total of 5 images were captured to cover the entire gauge section of the
sample with an imaging resolution of ~2.04 um/pixel. In the first
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Fig. 1. Schematic detailing all the transformation specific properties extracted from an isobaric, constant stress, thermal cycling experiment. Each point plotted in (a) represents the field
average (mean strain) obtained from DIC contour plots as shown in (b). Strain histogram (c) and mean and standard deviation can be calculated for each DIC contour plot as shown in (d).

temperature cycle, deformed images covering the entire section were
also captured after loading to the desired stress level followed by
cooling to the minimum cycle temperature (190 °C) to induce austenite
to martensite phase transformation. Subsequent image collection
(beyond the first cycle) was based on a single image (1600 x 1200
pixels) covering an area of approximately 3.2 mmXx2.4mm and
collected every 10s during thermal cycling. A typical cycle was
16 min; 7 min cooling from 450 to 190 °C (in air), a one minute hold
at 190 °C, 7 min heating to 450 °C, and a 1 min hold at 450 °C before
repeating the cycle (cooling). DIC correlations with reference to the
original image at 450 °C under no load are measurements of total strain
which includes transformation strains and any irrecoverable compo-
nents. Correlations conducted between images collected at the begin-
ning of a cooling cycle (i.e., 450 °C, loaded) and the end of the same
cycle (i.e,, 190 °C, loaded) focus predominantly on the transformation
component of the strain and is not affected by any prior accumulation
of irrecoverable strains.

The different measurements and parameters collected and analyzed
in this work are graphically explained in Fig. 1. Each point in the Strain
— Temperature plot (Fig. 1a) was generated from the DIC field average
(i.e., mean strain from DIC) and the corresponding temperature at the
same time the associated deformed image was captured. A typical
contour plot showing the variation and heterogeneity in strain field is
shown in Fig. 1b. The full field data can also be summarized and
represented in the form of a strain histogram (strain distribution) as
shown Fig. 1lc. Calculating the standard deviation from the full field
data (or the strain histogram) provides a clear assessment of the level of
deformation heterogeneity in the area of interest.

3. Results and analysis

The strain-temperature behavior of a sample subjected to 250 MPa
tensile stress and a single temperature cycle is presented in Fig. 2a. The
solid line curve was generated from DIC field averages over a large area
covered by a single reference and deformed images (global region). The
dashed line was generated from a smaller region with localized
transformation strains and represents the local response rather than
the global response. The corresponding contour plot in Fig. 2b shows
the heterogeneity and localizations in the transformation strains field.
The variation between global, macroscopic, strains and local magni-
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tudes is manifested in the contour plot and the two strain-temperature
curves generated from a global region and a local high strain region
(both marked on the contour plot in Fig. 2b).

The strain-temperature behavior of a sample subjected to 200 MPa
tensile stress and 50 temperature cycles is shown in Fig. 3 (selected
cycles for improved clarity). The inset in Fig. 3a provides an enlarged
view focusing on the maximum measured total strain at the end of the
cooling cycle (i.e.,, 190 °C at end of austenite — martensite transforma-
tion). The total measured strains at this point increase with cycle
number with larger increments taking place in the first few cycles
followed by a slower rate of increase towards higher cycle numbers.
Selected contour plots covering the entire gauge section of the sample
are shown in Fig. 3b-c and provide evidence of an increased levels of
local strains (notice the darker red regions in (c) compared to (b)). The
increase and accumulation of irrecoverable strain with cycle loading
can be observed also in Fig. 3a. The total strains reported in Fig. 3
includes transformation strains and any irrecoverable accumulated
strains.

As the focus in this work is on transformation strains, additional
correlations were conducted within each cycle (i.e., reference image at
450 °C and deformed image at the end of the cooling cycle at 190 °C as
explained in Section 2. and Fig. 1). Such procedure allows for the
isolation of the transformation strain component from the total strain
that includes, in addition to transformation strains, the irrecoverable
strains which are observed to accumulate with cycle number. The
evolution of transformation strains with cycle number is shown in
Fig. 4a for the three different stress levels (150, 200, and 250 MPa), all
subjected to similar temperature cycling between 190 to 450 °C. In
general, the transformation strain increase in the first few cycles,
followed by a saturation region where their magnitude appears to be
stable, and finally a third region where they experience a drop in
magnitude with continued loading. The span of the first two regions is
very dependent on the stress level and decrease with increasing stress
level (notice that the number of cycles before transformation strains
start to drop is less for the 250 MPa case compared to the 200 and
150 MPa samples). Another important aspect noticed in Fig. 4a is the
rate at which the transformation strains drop (3rd region); at the
highest considered stress level (250 MPa), the transformation strains
shows a sharp and continuous degradation with cycle number. The rate
of decrease is significantly less at 200 MPa and almost insignificant at
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Fig. 2. (a) Strain — temperature response for a < 111 > single crystal of Niso 3TiosHf>4 7 showing a comparison between global (solid line) and local (dashed line) strains. The contour plot
in (b) was generated from 5 DIC images stitched together to cover the entire gauge section of the sample. The global strain-temperature plot in (a) was generated using a single image
region, marked as “Global DIC Region” in (b). The local data was extracted from the high strain region marked as “Local DIC Region” in (b).

150 MPa and can only be observed at relatively much larger cycle
number (exceeding 250 cycles) as shown in Fig. 4b.

To further investigate the correlation between the global applied
stress and the transformation strain evolution, an isobaric experiment
was conducted with incremental stress increase after 15 temperature
cycles at each stress level starting from 150 MPa to 250 MPa on the
same sample. The loading conditions are detailed in Fig. 5 while the
strain-temperature for selected cycles at each stress level are shown in
Fig. 6. The total strains increase with cycle number and every time the
global stress is increased. The accumulation of irrecoverable strains
with cycle number is insignificant at 150 MPa, increases slightly at
200 MPa, and experiences significant accumulation once the stress is

raised to 250 MPa. For increased clarity, the first cycle at each stress
level is plotted on a single figure (Fig. 6d). Besides the significant
increase in total strain with stress increase, an increase in TH is
observed along with an increase in the A; temperature.

The transformation strain (not the total strain) contour plots for first
cycle at each stress level are shown in Fig. 7 for the entire gauge
section. An increase in the local transformation strain magnitudes is
observed. This increase appears to take place in the same spatial
regions. Some regions with very small, or no contribution to the
transformation strain (i.e., the blue regions in the contour plots) are
persistent and do not change the transformation strains once the stress
is increased. The corresponding strain histograms are shown in Fig. 7d
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Fig. 3. (a) Strain - temperature response for a < 111 > single crystal of Nisq 3TizsHf24 7 loaded at a constant stress of 200 MPa and subjected to 50 temperature cycles. The contour plots
for the first 2 cycles are presented in (b) and (c) and show a clear increase in local strains for the second cycle. A clear increase in the total strain is observed in the first few cycles. The rate
of increase slows down with continued loading. Accumulation of irrecoverable strains is also observed with continued loading (i.e., increase in the total strains measured at 450 °C).
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Fig. 4. (a) The evolution of transformation strains with cycle number (50 cycles) for samples subjected to isobaric thermal cycling loading conditions, three sample with three different
stress levels. A drop in transformation strains was not observed in the first 50 cycles at 150 MPa, however a slight decrease becomes visible beyond 100 cycles as shown in (b) for the same

stress level.

and shows widening of the histogram that can be associated with an
increased level of deformation heterogeneity developing in the material
(notice the increase in the standard deviation). Cycle — cycle analysis is
presented in Fig. 8.

To better understand the cycle-cycle changes taking place during
thermal cycling and the disruption introduced by global stress increase,
the evolution of the transformation strains is presented for the entire
experiment (a global region of ~ 2.8 1.8 mm as captured using a
single image) in Fig. 8a. The transformation strain at 150 MPa, similar
to what was observed in separate experiments in Fig. 4, increased in the
first few cycles followed by a saturation region. The incremental
increase in transformation strain was resumed, and triggered, by the
global stress increase to 200 MPa. The last 2 point at 200 MPa showed
no change indicating that the saturation region was reached. The final
stress increase to 250 MPa triggered transformation strain increase
another time but was followed by a very short saturation region and
eventually a drop in transformation strains with continued cycling. In
the cases where a transformation strain increases was observed within
the first few cycles at each stress level, a corresponding increase in the
DIC transformation strain field standard deviation was measured as
shown in Fig. 8b. The regions where saturation was more prevalent, the
transformation strain experienced very little fluctuations.

To further elaborate on the local changes in the transformation
strain field leading to changes in the standard deviation and an
increased level of deformation heterogeneity in the first few cycles
(ie., regions where an increase in the transformation strain was
observed), we focus on the 150 MPa. This stress level was selected as
it did not show any decrease in the transformation strains during the
considered number of cycles. Strain histograms for selected cycles are
presented in Fig. 9b and show the initial increase in strain followed by
saturation. The line scan analysis (drawn on the contour plot in Fig. 9a)
shows that the transformation strains clearly and predominantly
accumulated in the same regions while low strain regions experienced
insignificant change during continued thermal cycling. The contour
plots for a selected region (also marked in Fig. 9a) supports the line scan

analysis and clearly shows a local increase in the transformation strains.

The other important aspect under investigation in this work is the
drop in the transformation strains with continued thermal loading (see
Figs. 4 and 8). The extreme case of 250 MPa stress, which clearly shows
the drop and decline in the magnitude of transformation strains was
selected for this analysis. Fig. 10a shows histograms of the total strains
(includes transformation and irrecoverable strains). A shift in the
histograms was observed with mean, minimum (associated with
irrecoverable accumulated strains), and maximum strains all increas-
ing. To shed further insight into the source of this shift in strains (i.e., is
the change induced by changes in the transformations strains or the
irrecoverable strain component), strain histograms of the transforma-
tion strains only were constructed (Fig. 10b). A summary of the total
and transformation strain evolution with cycle number is presented in
Fig. 10c. The change in the total strains over the 15 cycles considered at
250 MPa was about 2% increase while the transformation strains
experienced a decrease of about 0.4% over the considered number of
cycles. The contour plots presented in Fig. 10d-g provides examples of
local regions that experience a degradation in the transformation
strains with cycling which is consistent with the global/average results
shown in the Fig. 10b -c.

At the end of the incremental experiment (i.e., the 15 cycles at each
stress level) and after observing a relatively large drop in transforma-
tion strains accompanied with continued accumulation of irrecoverable
strains at the highest stress, 250 MPa, the question of whether dropping
the stress below 250 MPa will stop the degradation in transformation
strains arises. To address this question, 3 additional cycles at each stress
level were applied to the same sample and the transformation strains
were measured. The measured transformation strains for each cycle and
stress level are presented in Fig. 11. After dropping the stress level to
150 MPa, the transformation strains were constant through the 3 cycles.
The incremental decline in transformation strain was resumed once the
stress level was increased back to 250 MPa.
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Fig. 5. Loading conditions for the incremental stress loading experiment. The same sample was loaded for 15 temperature cycles at the each particular stress level.
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Fig. 6. (a) - (c) Strain — temperature response for a < 111 > single crystal of Nisg 3Ti>sHfo4 7 loaded incrementally as shown in Fig. 5. (d) A comparison between the first cycle at each

stress level showing a clear increase in A temperature and temperature hysteresis TH with increasing stress level.

4. Discussion
4.1. Local and global transformation strain measurements

The work presented in this paper was focused on providing further
insight into the functional fatigue properties of the high temperature
Nisg 3TiasHf54 7 SMA. The utilization of DIC to collect full field strain
measurements has been crucial in highlighting the heterogeneity
developed in the material during transformation and how it evolved
when subjected to temperature cycling. For example, the contour plots
shown in Fig. 2 shows a clear level of deformation heterogeneity with
strain localizations in the transformation strain field. This heterogene-
ity, and the fact that some regions are clearly not contributing to the
transformation process (notice the blue regions in Fig. 2) is one source
why the global measured transformation strains will in general be lower
than what is expected by theory. The local strains, however, are in
closer agreement with theory and should be a fundamental quantity to
consider when studying the transformation capacity of SMAs. Although
DIC can highlight this variation between local and global measurements
and clearly delineate domains that do not contribute to the transforma-
tion process, the reason behind this response remains unanswered.
Further analysis will be required to highlight possible causes. In
previous work by Patriarca et al. [22] using the same material
considered in this study, high temperature X-ray diffraction revealed
the presence of residual martensite above A;. Obviously these regions

will not contribute to the transformation process during the cooling
cycle and will results in the non-transforming regions observed in the
DIC strains field. Another source observed in this work is the presence
of large Hf rich inclusion in the material as shown in the SEM
micrograph with corresponding EDX analysis in Fig. 12. These inclu-
sions will not transform during temperature cycling. Eliminating these
inclusions will potentially help in reducing the level of deformation
heterogeneity and result in an increase in the global transformation
strain (obtained from DIC field average). We note that full field
analysis, as conducted in this paper using DIC, provides adequate
means for capturing the localizations introduced by these microstruc-
tural features and will be a proper tool to assess and compare any
changes affecting the presence of these inclusions and thus the resulting
transformation strains. We finally note that the conducted measure-
ments are limited to the surface of the material and lacks full
assessment of subsurface effects. This limitation, which is common in
all surface measurement techniques, is not expected to have a major
impact on the conclusions made in this work as single crystal samples
were considered.

4.2. The evolution of total and residual strains — potential role of plasticity

The strain — temperature response curves for 50 cycles (Fig. 3)
shows an increase in both the total and the residual irrecoverable
strains with temperature cycling. Similar instability in the material
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Figs. 5 and 6.

response has been observed by other researchers. For example, Kockar
et al. have made similar observations on the total strains and have
attributed the instability to plastic deformation via dislocation slip [19].
However, as the total strain includes both transformation and irrecov-
erable, it's important to isolate the transformation strains (eyans) to
better understand if the observed changes in total strains are dominated
by the accumulation of irrecoverable strains or changes in the
transformation strains field. For instance, despite the fact that the total
strains increase with temperature cycling, the analysis of the transfor-
mation strain evolution (Fig. 4) has revealed different stages in their
response with an obvious stress dependence. In general, the transfor-
mation strains increase initially, then stabilize, and eventually start to
decrease with continued loading. The rates of ey.,s increase and
decrease is strongly affected by stress level, for example, a drop of
about 0.4% in ey,s Was observed for the 200 MPa isobaric experiment
over 50 temperature cycles while that magnitude increased to 2.6% for
the 250 MPa experiment over the same number of cycles. Lowering the
stress further to 150 MPa resulted in a much slower rate of drop with a
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total decrease of 0.25% over 285 cycles. The correlation between
increasing the stress level and the rate of &.,ys drop suggest that plastic
deformation may be the source of such response. The incremental
experiment discussed in Fig. 6, which was conducted on a single
sample, thus eliminating any sample dependence effects, provides
additional insight into this question of why the transformation strains
drop with temperature cycling. By incrementally increasing the stress
level on the same sample, the level of accumulated irrecoverable strains
clearly increased. In addition, the increase in temperature hysteresis as
observed in the first cycle at each stress level also suggests the
accumulation of plastic strains [23].

Although the previous observations highlights the correlation
between the accumulation of irrecoverable strains and the drop in
transformation strains, it is not clear yet how the accumulation of
irrecoverable strains induces a drop in transformation strains. Also, the
question of why the transformation strains increase in the first few
cycles remains unanswered. The local measurements of the transforma-
tion strains were utilized to provide further insight into these issues. To
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Fig. 10. (a) Strain histograms for the total strains measured during the incremental experiment described in Fig. 5 at the 250 MPa stress level. A clear increase in the total strains is
observed. (b) Strain histograms for the transformation strain only. (c) Mean strain evolution for the histograms shown in (a) and (b), note that although the total strain increases with
continued loading, the transformation strains actually experience reduction. (d) - (g) Contour plot of the transformation strain for select cycles showing local decrease in strain (notice the
2 marked regions).
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loading condition, 3 stress levels and 3 cycles at each stress level. The results represent
additional loading for the same sample presented in Figs. 5-10.

address the first questions (i.e., why do &uans drop), we focus on the
results presented in Fig. 10 which were collected at 250 MPa. The
largest drop in transformation strains was observed at this stress level.
The strain histograms and the corresponding summary data in Fig. 10c
shows an increase of about 2% in the total strains accompanied by a
drop of only 0.4% in eyans Over 15 temperature cycles. The contour
plots in Fig. 10d-g delineates the regions where the drop in &yans
occurred (notice the marked regions). In the two marked regions, a
clear drop in the local level of &,,s Wwas measured using DIC (regions
going from dark red at cycle 2 to green at cycle 15). The reason behind
why these local regions seized to contribute, or experienced a drop in
transformation strains, can be either local stress relaxation due to
plasticity or the accumulation of retained austenite or martensite in the
transforming regions so that they stop contributing to the transforma-
tion during further temperate cycling. From a DIC perspective both of
these will appear the same as a local decrease in transformation strains.
However, if the accumulation of retained martensite was the sole source
behind the drop in transformation strains, then the total increase in
irrecoverable strains would have been equal to the total drop in
transformation strains (given the fact that no major redistribution of
the transformation strains was observed as discussed in Fig. 7). This is
however not the case in the observed results which suggest a major role

50 M| 255

0 N o5
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for plastic deformation relaxing the local stress field and leading to
incremental drop in the local transformation strains as observed in the
contour plots in Fig. 10. Although local stress measurements was not
available in this work, other relevant studies in the literature have
collected local stress measurements in SMAs subjected to cyclic loading.
For example, Sedmak et al. used neutron diffraction experiments and
reported a drop in the lattice strains, and consequently a drop in local
stresses, for NiTi samples subjected to fatigue loading. In the samples
analyzed in this work, such a drop in local stresses, due to plastic
deformation as shown in the accumulation of irrecoverable strains, will
result in the observed local degradation in transformation strains as
highlighted using DIC and eventually lead to the total incremental drop
in global transformation strains with continued cyclic loading.

If the incremental accumulation of irrecoverable strains, dominated
by plasticity as discussed above, was the source behind the drop in
transformation strains, then dropping the stress back to 150 MPa should
stop, or significantly slow, the incremental drop in transformation
strains. To confirm this, the sample used in the incremental experiment
was subjected to additional cycling starting from the lowest stress level
(i.e., 150 MPa) and back to highest stress of 250 MPa. The transforma-
tion strain response of three cycles at each stress level discussed in
Fig. 11 confirms that dropping the stress back to 150 MPa resulted in a
more stable response with no obvious degradation in e,,s over three
loading cycles. Increasing the stress back to 250 MPa, has triggered
back the incremental degradation in &y.,s as clear accumulation of
irrecoverable strains takes place at this stress level.

4.3. The initial increase in transformation strains and localization effects

The other outstanding issue observed in ey ,,s during the first few
fatigue cycles, particularly at 150 and 200 MPa, is the reason behind
the initial increase in the magnitude of the transformation strains. The
driving force for such an increase in the globally measured magnitudes
could be a local increase in the stress field. With higher local stresses,
the resulting local transformation strains are expected to rise. Another
possibility is a homogenization process where more regions start to
contribute to transformation and thus result in a total increase in global
transformation strains. With full field and local strain measurements
using DIC, homogenization can by quantified using the full field

EDX Analysis for regions marked in (a)

(c)

(d

Location Ni Atom % | Ti Atom % | Hf Atom %
A 51.78 21.53 26.69
B 48.06 21.20 30.74
C 13.86 5.51 80.63

(e)

Fig. 12. (a) SEM micrograph showing a typical inclusion observed in the SMA considered in this study. Notice the small cracks developing within and around the inclusion. (b) - (d) EDX
maps for alloy constituents. Quantitative elemental analysis for the three regions marked in (a) is presented in (e).
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standard deviation and an increased level of strain localizations can be
visually observed using the contour plots. To investigate these aspects
due to both global stress increase and cyclic loading, we focus the
discussion on the experiment with incremental stress increase (15
cycles at each stress level, all on the same sample). The full field & ans
contour plots in Fig. 7 shows a local increase in the level of
transformation strains in the same spatial regions with global stress
increase. Observing some regions that persistently did not contribute to
the transformation strains (notice blue region in the contour plots) and
the fact that total increase in transformation strains took place in the
same local regions provides evidence that no homogenization of the
transformation strain field or redistribution of the transformation
strains occurred with increasing the stress level (notice the increase
in the eyans field standard deviation shown in the strain histograms in
Fig. 7d). The use of the standard deviation of the transformation strain
field provides useful quantitative means to assess changes in the local
€uanse TO evaluate the changes during thermal cycling at the constant
stress level, we focus on the results presented in Fig. 9 (150 MPa). The
strain histograms show a clear increase in transformation strains from
cycle 2 to 5 (note that at this low stress level, there is insignificant
accumulation of irrecoverable strains at the considered number of
cycles, thus the transformation and total strains are equivalent). By
focusing on the local strains, the line scan shown in Fig. 9¢ (marked on
the contour plot) reveals that the increase in the transformation strains
is taking place in the same spatial regions with continued loading. The
region with low strain experienced insignificant change. The contour
plots in Fig. 9d-g provides additional evidence for local increase in
€uans i the same spatial regions with cyclic loading. Notice that the rate
of increase is high initially and diminishes with continued cycling.
These local changes will result in an increased level of deformation
heterogeneity and can be tracked across the entire region of interest by
monitoring the evolution of the transformation strain field standard
deviation. This analysis (Fig. 8b) for the considered stress level reveals a
clear increase in standard deviation over the first 5 cycles followed by
stabilized response. The trend is consistent with the conclusions made
by observing the line scan and contour plots over a relatively small
region in Fig. 9.

The previous analysis highlights that the global increase in trans-
formation strains in the first few cycles of fatigue loading was a result of
local increases in transformation strains rather than a spread or
homogenization process of the transformation strains field. This
suggests that local stress increase plays a major role in the observed
response. Measurement of the local stress field and its evolution in
fatigue can be provided using neutron diffraction. Several researchers
have conducted such studies in NiTi and NiTiHf where they reported
local increases in stress induced by changes in defect density [18,20],
particularly in the first few cycles of fatigue loading. Local increase in
the transformation strains indirectly suggests that a similar increase in
the local stress is the source behind the observed cyclic increase in €yans
in the first few cycles of fatigue loading.

5. Conclusions
The work supports the following conclusions:

1. The transformation strains for Nisg3TissHfo4, are visualized by
separating the total strain and plastic strain components. The
transformation strains increase substantially upon increase in stress
from 150 to 250 MPa and exhibit a transient behavior under
temperature cycling. After a rapid increase with cycles, the trans-
formation strain magnitude stabilizes before it undergoes a gradual
reduction with continued cycling. The rate of transformation strain
degradation was strongly dependent on the stress level and the
accumulation of irrecoverable strains.

2. By conducting isobaric experiments with incremental stress increase
on the same sample, we showed a clear correlation between global
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stress increase, the accumulation of irrecoverable strains, and
eventually the rate of transformation strain degradation with
cycling. Although the degradation in transformation strain magni-
tudes can be a result of plastic deformation and/or the accumulation
of residual martensite/austenite, the results and analysis in this
work suggest a major role of plasticity.

3. By analyzing the distribution of strain using digital image correla-
tion, it was possible to show that localization of strain intensified
with cycling in the first few fatigue cycles. The same localized
regions underwent forward and reverse transformation while sub-
stantial non-transforming domains exist. By evaluating the strains in
a statistical fashion, it was shown that the global increase in
transformation strains in the first few cycles of fatigue loading
was a result of local increases in transformation strains rather than a
spread or homogenization process of the transformation strains
field. Therefore it is inferred that local stress increase plays a major
role in the observed response (e.g., increase in defect density
resulting in higher local stresses).

. In addition to the changes in transformation strains, the study found
that hysteresis levels and transformation temperatures evolve
slightly with stress. Considering the high subjected temperatures,
it was remarkable that the temperature hysteresis was below 50 °C
and that transformation strains exceeded 8% in tension. Further
heat treatments could change the microstructure and hence the local
strain response and will be the subject for future studies.
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