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Abstract

NiTi Shape Memory Alloys (SMAs) display notable thermomechanical properties such as
superelasticity and the elastocaloric effect, which makes them of interest for emerging solid-
state cooling and thermal management applications. It is recognized that a considerable
amount of work has been recently conducted to improve the understanding of the uniaxial
tensile and compressive response of Ni-Ti SMAs; however, there has been limited work on
the response to bending, which is an important operational mode in the practical designs
of devices. This work consists of an experimental study of the thermomechanical response
of Ni-Ti cantilever beams to cyclic bending. Nitinol samples (100 mm x 20 mm X 1 mm)
were shape-set at 550 °C for 30 min and tested at 1800 rpm. The sample surface temperature
change was monitored with infrared thermography data and analyzed with the Profile
Mono Segment and Area Rectangle methods. The findings show that there was a measur-
able elastocaloric temperature change of approximately 4-5 °C, and temperature change
increased by 21-25% as bending deflection increased from 31 mm to 33 mm. This was
further shown to be nonlinear with the applied strain amplitude, reinforcing the strong
coupling between mechanical and thermal response. The results demonstrate that Ni-Ti
cantilever beams have significant potential for compact, sustainable solid-state cooling and
energy storage applications, with thermal energy transfer strongly dependent on strain
and energy transfer optimization.

Keywords: Ni-Ti; shape memory alloy; elastocaloric effect; cyclic bending; infrared
thermography; solid-state cooling

1. Introduction

Demand for cooling technology that is both energy-efficient and environmentally
sustainable is rising rapidly due to the combination of climate targets and the need to
reduce the environmental impact of conventional vapor compression refrigeration systems
that depend on greenhouse refrigerants. A promising alternative for cooling technology
has been brought to the forefront of research and development, namely solid-state caloric
cooling, including elastocaloric devices. A growing number of articles on elastocaloric cool-
ing have provided a strong basis for its attractiveness due to its high efficiency and minimal
environmental impact compared to traditional technologies. Furthermore, elastocaloric
cooling offers the capability of significantly larger reversible temperature changes (and
thus, greater cooling capacity) than traditional refrigerants [1-4].
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The elastocaloric response of SMAs occurs when an external force is applied to the
material. As a result of applying a stress, the SMA will undergo a reversible phase change
from martensite (low temperature phase) to austenite (ambient-temperature phase). When
the stress is removed from an SMA, it will return to the martensitic form, and heat will be
absorbed by this process [5]. In addition to the heat released during the austenitic to marten-
sitic transformation, additional cooling may also occur through normal heat conduction.
Because of these characteristics, SMAs are very appealing for use as self-centering seismic
devices [6], compact solid-state refrigerators, and other thermal-management applications
where large transformation heats and a high degree of cyclic durability are essential [7].

Research on Ni-Ti elastocaloric materials and devices has made significant progress in
some key areas, including material optimization, actuator development, device fabrication,
and experimental testing aimed at characterizing and diagnosing the elastocaloric perfor-
mance of manufactured products [8-10]. In particular, research on materials includes efforts
to improve alloy composition, heat treatment techniques and microstructure characteristics
to increase transformation entropies and enhance the fatigue life of alloys [11-14]. It has
also included the use of machine-learning methods to expedite the design of alloys with
improved elastocaloric performance [15,16].

Simultaneously, device-level investigations have focused on low-force actuators for
compressing and tensioning elastocalorically operated heat pumps and developing con-
tinuously rotating-bending mechanisms that produce practical elastocaloric heat pump
products. The emphasis in device-level research is on large-scale heat-exchange integra-
tion and improving actuator efficiency for actual heat pump applications [17]. Using
experiment-based techniques such as synchronized mechanical measurements and infrared
thermography, researchers have mapped the spatial and temporal responses of elastocaloric
materials, allowing for greater insight into the local transformation zones and limitations
to heat transfer [18].

Though there have been many advances in elastocaloric materials, there continue to
be significant gaps in the understanding of elastocaloric behavior, which limit the ability
to convert laboratory results into real-world, reliable elastocaloric devices and systems.
The primary reason these gaps remain is that most of the characterization of elastocaloric
properties has been performed using uniaxial tension and compression. Compared with
these uniaxial loading methods, bending as a method of deformation has received com-
paratively little attention, although bending represents an important mode of deformation
for beams, cantilevers and other types of arrays used in compact elastocaloric devices. As
a result of the way bending occurs, the tensile and compressive portions of the sample
experience simultaneous deformation, and very high and low stress levels can occur within
a given region, causing different transformation reactions to occur at different rates and
temperatures; therefore, the transformation rate and temperature profile (spatial distri-
bution) would differ between uniaxial load and bending tests [19]. Additionally, while a
number of rotating bending studies have found positive results for AT, showing reasonable
levels of operation and highly variable results, there is still very little data available on how
the amplitude of the strain, as well as the effect of local restraints (i.e., clamps acting as
heat sinks), will influence the distribution of AT, and the associated repeatability of the
range of AT over cycles [20]. Lastly, the effect of functional fatigue (the continual loss of
recoverable transformation and subsequently AT due to long-term cycling) continues to
be a concern for practical applications and is also a significant concern due to the need
for both thermomechanical and microstructural studies to provide extension limits and
recovery mitigation [21].

Motivated by these gaps, the current work aims at investigating the elastocaloric and
thermomechanical properties of Ni-Ti cantilevers undergoing cyclic bending, with a focus
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on spatial temperature mapping and the effect of small changes in deflection amplitude.
In this study, four continuous cyclic bending experiments on Ni-Ti SMA were conducted,
during which the surface temperature was measured using mid-wavelength infrared
thermography. The temperature data were evaluated using two analysis techniques, Profile
Mono Segment and Area Rectangle, to quantify the location of the maximum through the
thickness gradients and the mean temperature values over the area. These test methods
allowed us to determine (i) the dependence of temperature on bending deflection, (ii) the
location of elastocaloric heating relative to the stress and cooling patterns, and (iii) the
reproducibility of the elastocaloric output in the short term.

By focusing on bending and applying high-resolution thermographic diagnostics,
this study addresses a significant experimental gap and provides guidance for the design
of solid-state cooling and thermal energy storage systems using Ni-Ti alloys. However,
most previous studies on bending-based elastocaloric systems have mainly focused on the
development and performance evaluation of cooling devices using continuous rotating
bending configurations of NiTi sheets. For example, Cheng et al. [20] conducted recent
research demonstrating that the elastocaloric cooling capacity of NiTi sheets produces a
8-10 °K difference in temperature between the hot and cold sides when utilizing continuous
rotationally bent elastocaloric cooling. While there is some prior research investigating
elastocaloric behavior under cantilever bending conditions, it has not characterized the
elastocaloric behavior of NiTi shape memory alloys or investigated the impact of different
bending deflections on the evolution of elastocaloric temperature.

The purpose of this paper is to present new experimental results demonstrating the
elastocaloric response of NiTi shape memory alloys under cyclic cantilever bending while
also reporting the temperature evolution and distribution using an infrared thermograph.

The principal scientific contributions of this research are identified as follows:

1.  Investigation of the thermomechanical characterization of NiTi cantilever beams
under cyclic bending.

2. Utilization of infrared thermography to analyze the spatial distribution of temperature
along the cantilever beam.

3. Experimental investigation of the influence of the deflection of a cantilever beam’s
bending on the elastocaloric response of NiTi shape memory alloy.

2. Experimental Setup
2.1. Material and Shape Setting

The material utilized in this research was a commercial Ni-Ti sheet with dimensions
of 100 mm x 20 mm X 1 mm. The investigated material is a commercially available
superelastic Ni-Ti sheet with a nominal chemical composition of approximately Ni50.8Ti49.2
(at.%), supplied by Nexmetal (Sheridan, WY, USA). To mitigate residual stresses and achieve
uniform transformation behavior, specimens were shape-set in the laboratory furnace for
30 min at 550 °C, as shown in Figure 1, followed by air cooling. An electric furnace was
used, specifically designed with a digital temperature control and monitoring system.
During this treatment period, the internal lattice defects introduced during manufacturing,
such as increased dislocation density, cold-work strain and local inhomogeneities, were
significantly mitigated. Ultimately, this provided an optimized superelastic response,
reduced hardness, and uniform bending deformation.
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Figure 1. Electric furnace with digital temperature control used for the shape setting of Ni-Ti SMA.

A picture of the SMA sheet before and after heat treatment is presented in Figure 2.

Figure 2. Ni-Ti SMA before (left image) and after (right image) shape setting heat treatment.

2.2. Test Configurations

Experiments were conducted utilizing a cyclic bending system rotating at 1800 rpm,
which was specifically created in the laboratory. Images of some components of this
system are shown in Figure 3. One end of the Ni-Ti beam was held in place (cantilever
configuration), while the other end was connected to an eccentric pin (28 mm radius). The
working length of the beam was 52 mm, providing a well-defined deflection range. Two
different deflection amplitudes, 31 mm and 33 mm (Figure 4), were employed to assess the
effect of strain amplitude on the elastocaloric temperature change.

https:/ /doi.org/10.3390/ pr14060931
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Figure 3. Cyclic bending setup for Ni-Ti SMA cantilever beam experiments.

31 mm 33 mm

Configuration A Configuration B

Figure 4. Schematic representation of the two bending configurations.

The maximum bending strain induced during the cyclic bending tests was estimated
using the classical cantilever beam relationship. Considering the specimen thickness of
1 mm and the free beam length of 52 mm, the imposed deflections of 31 mm and 33 mm
correspond to maximum surface strains of approximately 1.72% and 1.83%, respectively.

Furthermore, assuming an elastic modulus of approximately 60 GPa for superelastic
NiTi in the austenitic phase, the calculated maximum surface stresses were approximately
1.03 GPa and 1.10 GPa for the deflections of 31 mm and 33 mm, respectively.

2.3. Temperature Measurement and Data Acquisition

The evolution of surface temperature was monitored using an infrared (IR) thermogra-
phy camera (Cedip Infrared Camera, Croissy-Beaubourg, France), oriented perpendicular
to the beam. Data were recorded and analyzed using Altair software release 5.50to monitor
both the spatial and temporal temperature fields (Figure 5).
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Figure 5. Infrared thermography camera (left image) and Altair Software (right image).

In this study, Altair software played a crucial role in managing the large datasets
generated by the thermal camera, ensuring accurate temperature extraction and meaningful
interpretation of the results.

Altair software facilitated precise calibration of thermal images to ensure accurate
temperature readings. Since infrared data can be affected by emissivity variations and
environmental factors, the software allowed for corrections based on predefined emissivity
values. In this experiment, a graphitization process was applied to the SMA surface,
increasing its emissivity to approximately 0.97 to minimize stray contributions arising from
infrared radiation reflection. Altair enabled these emissivity corrections, resulting in more
reliable temperature measurements.

To ensure that the experimental measurements accurately reflect real system condi-
tions, the configuration parameters of the radiometric data and detector are presented in
Table 1.

Table 1. Configuration parameters of the thermal camera.

Emissivity 0.97 Pixel Size 13 um
Background Temperature 25°C Pixel Pitch 30 um
Distance (Camera and Sample) 20 cm Focal Length 1 mm

Cut-on Wavelength ~ 2.60 um

Housing Temperature 28and 32°C  Cut-off Wavelength ~ 5.10 um

The accuracy of the thermographic temperature measurements was evaluated based
on the manufacturer specifications of the infrared camera and the experimental conditions
of the study. According to the manufacturer, the temperature accuracy of the thermal
camera is generally +2 °C or £2% of the measured value. The Ni-Ti sample’s emissivity
(approximately 0.97) produces a uniform and high amount of measurement uncertainty
due to reflection and other sources of measurement variability. The emissivity value of 0.97
is reported in most infrared thermographic studies of graphite-coated metallic surfaces,
and therefore was adopted for measuring the temperature of the Ni-Ti specimen.

Repeatability tests were performed under the same experimental conditions. Mea-
surements were made with the same instrumentation on each test, and when compared
to each other show an approximate difference of 0.8 °C from the peak measurement of
the same sample taken in each test. The magnitude of this difference is minor compared
to the magnitude of the measured elastocaloric temperature change of approximately
4-5 °C, thereby demonstrating that any changes in measured temperature are well above
experimental uncertainty.

https:/ /doi.org/10.3390/pr14060931
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3. Results and Discussions
3.1. Overview of Experiments and Data Analysis Methods

To assess the thermomechanical response of the SMA sheet during cyclic bending, two
distinct configurations were analyzed in the experiments: one with a preload corresponding
to a deflection of 6 mm, which produces a total deflection of 31 mm; and the other with
a deflection of 8 mm, yielding a total deflection of 33 mm. Within each preload, the
experimentation run lasted 30 s at a maximum rotation rate of 1800 RPM. Four cyclic
bending tests were done on the Ni-Ti cantilever specimen: Tests 1 and 2 (configuration A,
free-end deflection of 31 mm) and Tests 3 and 4 (configuration B, 33 mm deflection). In
each of the tests, thermal data was analyzed using two complementary methods.

The Profile Mono Segment was used to obtain temperature along the length of the
sample. As the SMA sheet exhibited non-uniform heating while deflecting, the tool aided
in observing defined regions of temperature variation. This study aimed at investigating
specific temperature profiles along the borders and the middle line. The Area Rectangle
tool was deployed to get the average temperature of an area defined by equal rectangles.
This differs from the Profile Mono Segment because it examines an area or section by using
average temperature over that area, rather than just a single line or point over a period of
time. This method is expected to be useful in examining the distribution of heat in areas of
interest while also providing insight on how and when average temperature is stabilized
or trending up over time. Also, by examining the Area Rectangle, information relating to
opposing ends of the sample can also be obtained, enabling comparisons between the fixed
and free ends of the sample. Essentially, the Area Rectangle is expected to provide detailed
information on how heat propagates across the SMA surface and can therefore be used to
validate the temperature evolution obtained with the first method. If similar values are
obtained with both methods, then the resulting measures can be regarded as reliable.

In the following section, each performed test will be described in detail, and then a
comparative analysis with a deeper discussion of mechanisms, repeatability, and implica-
tions for elastocaloric device design will be presented.

3.2. Test 1 (6 = 31 mm)—Detailed Observations

Profile Mono Segment results Test 1:

Figure 6 shows the Mono Segment tool used at the left border, middle line, and right
border. Moreover, temperature evolution of the SMA sheet at t = 0, t = 30 s and at three
vertical lines are depicted in Figure 7. Labels 1, 2, and 3 are related to the middle line, right
and left lines, respectively.

183° C
222° C

173° C

163° C

Figure 6. Thermal image of Test 1 at t = 0 (left) and t = 30 s (right). Lines 1, 2, and 3 refer respectively
to the middle line, the right border, and the left border of the sheet.
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Figure 7. Temperature evolution of Test 1 at t = 0 s (left image) and at ¢t = 30 s (right image).

At the beginning (¢ = 0), the temperature along the three vertical lines (left border,
center, and right border) was almost uniform, with minor variation of around ~1 °C. This
uniform pre-test field represents the original condition prior to elastocaloric heating. After
30 s of cyclic bending, the profiles changed considerably. The representative values taken
att =30 s are as follows:

e Middle profile: Ty & 23.17 °C, Typin ~ 17.35 °C, Tyean ~ 19.17 °C.
e Right profile: Ty ~ 2232 °C, Ty & 17.68 °C, Tyean ~ 19.30 °C.
o Left profile: Tyy ~ 21.99 °C, Typip ~ 17.68 °C, Tyyean ~ 18.99 °C.

These traces illustrate that the center line reaches the highest peak temperature, and
that the left trace is slightly lower overall. The profiles show the same general shape
(a peak near the location of the clamped region, then trailing off toward the free end),
but with small left and right asymmetries that we assigned to slight non-idealities in the
experiment (e.g., very slight misalignment, slightly different boundary contact, potential
local emissivity, etc.).

Area Rectangle results:

Based on this method, dividing the surface into regions provides another point of
view. At t = 0 the area means were as follows:

e Bottom area (clamp region) = 16.48 °C (range 16.12-16.73 °C).
o Top area (free end) = 17.48 °C (range 17.10-17.76 °C).
e Intermediate areas (top to bottom) = 17.15 °C (range 16.86-17.27 °C).

At t =30 s, the area means become

e  Bottom area = 21.11 °C (range 17.76-21.96 °C).
o Top area =17.78 °C (range 17.08-18.38 °C).
o Intermediate areas (top to bottom): 19.2 °C (range 17.71-21.95 °C).

The area averages show a clear through-length gradient that intensifies with cyclic
loading: the bottom (clamped) area underwent notable warming, while the free end
remained somewhat close to ambient temperature. The mean of the bottom area, compared
to its value at zero load, increased by ~4.6 °C (16.48-21.11 °C), while the mean in the top
area increased only modestly by ~0.30 °C. In addition, the intermediate areas gradually
increased from top to bottom, indicating that heating was largely localized spatially closer
to the clamped /loading end. Finally, the higher peak temperature in the center line suggests
the maximum fraction of martensitic transformation (and associated latent heat release)
was spatially localized near the mid-span/clamp end of the beam.

https:/ /doi.org/10.3390/pr14060931
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3.3. Test 2 (§ = 31 mm)—Repeatability Check

Test 2 was carried out using the same protocol as Test 1 to evaluate the repeatability of
the experiment. The results both qualitatively and quantitatively validate those of Test 1.

Profile Mono Segment results Test 2:

Similarly, at t = 0 the sheet had nearly uniform temperature (differences were less than
1 °C) across regions of the sheet. After 30 s, the temperature differences increased to the
levels found in Test 1. For many regions the maximum minus the minimum across the
sheet approached 4 °C, and a relatively large transient warming occurred in the clamped
bottom region (Figure 8).

- - 23
— Middle Line — Middle Line
183 —— Right Border —— Right Border|
— Left Border 22 — Left Border
[EREX N o2t
9_) ;;
5 3
= ® 20
R g
aQ [<%
g €
2 219
17.4 |
18 -
174 +
L L L L L 17 1 | ! L !
0 10 20 30 40 50 0 10 20 30 40 50
Length (mm) Length (mm)

Figure 8. Temperature evolution of Test 2 at t = 0 s (left image) and at ¢ = 30 s (right image).

Area Rectangle results:

e t=0: Bottom area mean = 16.79 °C (range 16.20-17.85 °C); top area mean = 17.55 °C
(range 17.25-18.31 °C).

e t=230: Bottom area mean = 21.57 °C (range 19.32-21.96 °C); top area mean = 17.98 °C
(range 17.64-18.41 °C).

The close agreement between Tests 1 and 2 with respect to both spatial pattern and
temperature magnitude (bottom mean ~ 21.1-21.6 °C after 30 s) suggests substantially
similar experimental repeatability for the § = 31 mm configuration. The one intermediate
zone that showed a relatively large temperature excursion likely occurred due to local
transient or optical artifacts (e.g., reflection, emissivity local change) rather than indicating
a systematic effect because it did not appear to sustain across the other test.

Small local differences between the temperature profiles of Tests 1 and 2 can be
observed, particularly around the approximately 50 mm of beam length. These local
differences mainly arose because of small variations between the contact conditions at the
beam and eccentric pin, slight misalignments in the setup, and local heat transfer effects.
Nevertheless, the overall temperature evolution and peak temperature levels remained
comparable, confirming the repeatability of the thermomechanical response.

3.4. Test 3 (8 = 33 mm)—Increased Deflection

Test 3 followed the same workflow and showed a larger thermal response compared
to Tests 1 and 2. The temperature evolution in this new configuration is shown in Figure 9.

https:/ /doi.org/10.3390/pr14060931
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19.9 °C

l 24.0°C

17.1°C 19.0 °C

Figure 9. Thermal image of Test 3 at t = 0 (left) and t = 30 s (right). Lines 1, 2 and 3 refer respectively
to the middle line, the right border and the left border of the sheet.

Profile Mono Segment results Test 3:

At t = 0, there was a slightly larger pre-test spread in the middle line (middle line
range of 17.10-19.90 °C; mean =~ 18.53 °C), most likely a result of a minor difference in
ambient or local setup conditions at the time this test was conducted. The spread across the
center line reveals an approximately 4.85 °C temperature fluctuation, denoting a relatively
greater elastocaloric response than what occurred in the = 31 mm tests. This temperature
evolution is shown in Figure 10 for the start and end of loading.
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Figure 10. Temperature evolution of Test 3 at f = 0 s (left image) and at t = 30 s (right image).

Area Rectangle results:

e t=0: Bottom mean = 17.19 °C (range of 16.35-19.36 °C); top mean = 19.45 °C (range of
18.40-21.03 °C); intermediate means (top to bottom) 19.28, 19.17, 18.56, 18.24, 17.70 °C.

e t=230: Area results show pronounced bottom heating; bottom peak ~ 24.07 °C; inter-
mediate areas rise from ~20.52 °C to ~24.02 °C (top to bottom; this trend compares to
earlier tests, indicating stronger heating toward the bottom).

Increasing the free-end deflection to 33 mm heightened the peak temperatures and
spatial area of heating. The bottom area reached around ~24 °C (~3—4 °C higher than the
corresponding bottom means in Tests 1 and 2), and the intermediate regions again showed
higher means than the § = 31 mm case. This is consistent with a larger transformed volume
fraction (more of the beam undergoing stress-induced martensitic transformation), and/or
higher local stresses that enhance the latent heat release.

https://doi.org/10.3390/pr14060931
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3.5. Test 4 (6 = 33 mm)—Repeatability for Higher Deflection

Test 4 was a repeat of Test 3 and confirmed the findings of Test 3. The maximum
temperature achieved in Test 4 in both methods was 24.83 °C (adjacent to the ~ 24.07 °C
peak in Test 3), as shown in Figure 11, and the spatial and temporal patterns resemble those
in Test 3 closely.

22
24 | — Middle Line — Middle Line
—— Right Border| —— Right Border|
—— Left Border 21k — Left Border
23
) )
22t Pl
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2.21 2-19 -
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~ -
20 -
18
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0 19 2L 20 0 50 0 10 20 30 40 50
Length (mm) Length (mm)

Figure 11. Temperature evolution of Test 4 at t = 0 s (left image) and at t = 30 s (right image).

The close agreement between the results of the Test 3 and Test 4 provides evidence to
support the reproducibility of the stronger elastocaloric response at § = 33 mm. The small
increase in peak temperature (24.07 — 24.83 °C) between Test 3 and Test 4 is still within
normal run-to-run variability due to slight differences in the initial thermal conditions,
emissivity, and experimental alignment.

4. Discussion
4.1. Comparative Quantification

As described in previous section, the SMA specimen was tested under two distinct
maximum deflections: 31 mm (Tests 1 and 2) and 33 mm (Tests 3 and 4). Since the
elastocaloric effect governs the temperature changes in cyclic bending, the comparison
between the two configurations aims to characterize this phenomenon. To make a clear
comparison, the most relevant thermal parameters are summarized in Table 2.

Table 2. Comparison thermal parameters between first and second configurations.

Parameters First Configuration First Configuration
(6 =31 mm) (6 =33 mm)
Max Temperature (Profile o o
Mono Segment Method) 23.2°C 24.7°C
Max Temperature (Area o o
Rectangular Method) 21.9°C 248°C
Overall Temperature 46°C 49°C

Variationatt=30s

The elastocaloric effect in Ni-Ti SMAs arises from the martensitic transformation,
during which the mechanical work applied to the material is converted into latent heat. The
results presented here clearly show that increasing the deflection leads to a larger tempera-
ture rise as the higher strain amplitude produces a greater transformed volume fraction
and, consequently, more thermal energy. When comparing the configurations, increasing
the deflection at the free end from 31 mm to 33 mm resulted in a larger elastocaloric effect,
as indicated by the larger temperature peaks and larger temperature gradients across the

https:/ /doi.org/10.3390/pr14060931
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SMA sheet. The temperature changes over the testing were high repeatable across all tests
for each configuration, indicating the thermomechanical response of the material is stable
and follows a predictable pattern under similar cycling conditions.

Notably, a relatively small increase in deflection (from 31 mm to 33 mm, i.e., a 6.45%
geometrical increase) caused a substantial thermal output (about a 21-25% increase in
AT). This disproportionate rise highlights the inherent nonlinearity of the SMA’s phase-
transformation behavior. Possible origins of this nonlinearity include local stress concentra-
tions near the clamped region, a larger fraction of material experiencing transformation
stresses, and /or minor adjustment in heat dissipation pathways as the temperature in-
creases. These contributing factors will almost certainly increase local heating, which in
turn affects the overall thermal distribution along the beam.

In summary, these results highlight the important role of strain amplitude in the
design of elastocaloric SMA devices. Whether the application involves an SMA-based
cooling application, thermal management, or energy harvesting, careful optimization of the
strain range is essential to achieve thermal efficiency while also managing material fatigue,
heat-transfer limitation, and long-term operational capabilities.

To further quantify the repeatability of the experiments, the peak temperatures ob-
tained from the repeated tests were analyzed statistically. For the configuration with
0 = 31 mm, the mean peak temperature was 21.36 =+ 0.35 °C, while for § = 33 mm, the mean
peak temperature was 24.45 + 0.54 °C (mean =+ standard deviation). These results confirm
the good reproducibility of the elastocaloric response under the tested conditions.

4.2. Mechanism-Based Interpretation of the Results

The observed spatial and amplitude-dependent temperature response can be under-
stood by combining the mechanics of bending and the thermodynamic aspects of the
martensitic transformation:

e  Stress distribution in bending: In cantilever bending, the outer fiber close to the fixed
end of the beam experiences the highest tensile (or compressive) stresses depending on
the side; with the stress magnitude decreasing toward the free end. Thus, the highest
stress magnitude close to the clamp promotes larger local transformation fractions and
stronger thermal responses, which the IR camera records as exothermic (loading) and
endothermic (unloading) events.

e Transformation volume fraction and nonlinearity: The latent heat release is propor-
tional to the volume fraction undergoing the austenite-martensite transformation.
At the beginning of the transformation, this fraction increases rapidly in response to
stress increase, thus generating a nonlinear AT response to the applied deflection. For
instance, increasing ¢ from 31 to 33 mm drives a larger portion of the of the specimen
into the transformation regime, resulting in higher local stresses and thermal responses
with an observed 21-25% increase.

e  Effects of thermal conduction and boundary cooling: The clamps act as significant
heat sinks that remain relatively cool; thus creating local gradients near the fixture
and promoting effective heat extraction. In contrast, the free region of the beam
experiences greater exposure to the environment, loses heat more readily, and has a
larger surface area relative to the internal heat generated. As a result, it exhibits the
lowest temperatures toward the free end.

e  Stress gradient across thickness and local reversibility: Bending creates coexisting
tensile and compressive regions through the thickness, so the local heating depends
on which fibers reach transformation stress. As the transformation is reversible under
the applied cyclic amplitude and loading rate, the response appears highly repeatable,
as indicated by the periodic patterns observed after the first few cycles. Thus, the ap-

https://doi.org/10.3390/pr14060931


https://doi.org/10.3390/pr14060931

Processes 2026, 14, 931

13 of 15

parent elastocaloric effect is largely reversible, rather than being driven by cumulative
irreversible plastic heating.

4.3. Engineering Implications and Relevance to Elastocaloric Device Design

The experimental findings have several immediate implications:

Strain tuning for increased elastocaloric output: The sensitivity of AT to small increases
in deflection (31 to 33 mm) indicates that modest adjustments in strain amplitude
can lead to substantial thermal advantages. For designers of devices, this suggests
that careful control of mechanical actuation can be applied to optimize cooling power
versus fatigue.

Geometry matters (localized heating vs. total heat transfer): Heating is localized near
the clamped part of the beam; therefore, incorporating heat exchangers in the position
of the maximum AT (i.e., the clamped end of the beam) would improve the overall
device efficiency. In contrast, if more uniform distributed heating is desired, arrayed
beam geometries or specifically designed stress distributions (such as variations in
thickness, notches, or graded constraints) would be required.

Trade-off with fatigue and durability: The experiments were of short duration (30 s)
and showed reversible transformation with no evident degradation. Large transforma-
tion fraction concentrations close to the clamp, however, caused fatigue issues over a
number of cycles. Consequently, long-term material life and higher AT which require
larger stresses/deflections must be balanced in device designs.

Potential for thermal-energy storage integration: The observed temperature variations
(approximately 4 to 5 °C) are significant for small-scale thermal control and may be
used in cyclic thermal energy storage, which combines heat-exchanger cycles, thermal
reservoirs, and periodic mechanical input.

5. Future Works Directions

As a continuation of this work, a variety of recommendations for next steps are pro-

posed in order to better connect experimental observations and elastocaloric device models:

A more quantitative relationship between local stress states and measured temperature
changes would be possible through the integration of infrared thermal imaging and
synchronized high-resolution stress—strain mapping techniques.

Finite element models should be developed to incorporate coupled thermomechanical
behavior enabling the prediction of the transformed volume fraction and temperature
fields. This would allow for a more accurate simulation and representation of the
performance of elastocaloric devices under different applied loads.

Long-term cyclic bending tests at different deflection amplitudes are very important
to quantify the degradation of AT and estimate safe operating amplitudes. The strain-
temperature response to extended cycles will provide valuable data on the material’s
operational stability and longevity.

Employing blackbody patches or other controlled emissivity calibration methods may
reduce measurement uncertainties and improve trustworthiness of thermal data.
Creating phenomenological models capable of predicting strain-temperature relation-
ships for any amplitudes and frequencies could enable dynamic strain modulation to
optimize elastocaloric efficiency in real time.

6. Conclusions

The present study experimentally investigated the thermomechanical behavior and

elastocaloric response of Ni-Ti shape memory alloy cantilever beams under cyclic bending

deformations using infrared thermography. The maximum bending strain measured when

https://doi.org/10.3390/pr14060931


https://doi.org/10.3390/pr14060931

Processes 2026, 14, 931 14 of 15

the two deflection amplitudes (31 mm and 33 mm) tested were approximately 1.72% and
1.83%, respectively; both of these values were also used to determine how strain amplitude
has an effect on thermal response. The experimental results demonstrate consistent elas-
tocaloric temperature changes of approximately 4-5 °C while experiencing cyclic loading
at 1800 rpm. At 31 mm deflection, the maximum temperature was approximately 21-22 °C;
however, by increasing the deflection to 33 mm, the maximum temperature reached ap-
proximately 24-25 °C. This indicates that there was a 21% to 25% increase in thermal
output as a result of a 6.45% increase in deflection amplitude. The thermal maps generated
from infrared thermography illustrate the localized nature of the temperature increase
associated with the clamped (or fixed) end of the beam and areas of high bending stress
and transformation activity. Additionally, the results provide evidence of repeatability from
one test to the other, demonstrating the stability of the thermomechanical behavior of the
Ni-Ti SMAs under cyclic bending for short periods. Collectively, these results demonstrate
considerable coupling between mechanical deformation and thermal response for Ni-Ti
SMAs; therefore, the utilization of bending as a means to actuate Ni-Ti SMAs would be a
suitable method for producing elastocaloric cooling and/or thermal control.
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