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Abstract: This study explores the use of shape memory alloys, specifically nickel-titanium (NiTi-
Ti-rich), in plate joining processes through riveting. Through the shape memory effect (SME), SMAs
offer innovative solutions for joining components, mainly in the aeronautical and aerospace fields,
indicating their promising applications. This research presents several characterizations, including
differential scanning calorimetry, compression dilatometry, X-ray diffraction using synchrotron
radiation, and thermomechanical testing, to assess the feasibility and performance of shape memory
alloy rivets. In addition, the samples were subjected to recrystallization heat treatment to evaluate
their reusability. The results demonstrated that shape memory alloy rivets are effective, achieving
a maximum load of 340 N for two joined components. However, their application is optimal for
materials with yield strengths lower than the stress-induced SME. Moreover, the process enhances
the joined components” hardening and increases the rivet’s thermal hysteresis. This research confirms
the viability of shape memory alloys for riveting processes, offering a new avenue for advanced
joining techniques. The findings provide a foundation for their further development and application
in various industries requiring precise and reliable joining methods.
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1. Introduction

Riveting has been a cornerstone of mechanical joining since the early days of met-
allurgy, playing a crucial role in industries like aeronautics and aerospace. It involves
the plastic deformation of a cylindrical pin, usually crafted from the same material as
the components being joined. This process secures structural frameworks by forming a
permanent mechanical bond between panels and other critical components. Traditional
riveting techniques, however, come with inherent limitations, such as a finite service life,
potential loosening of joints due to vibration, and the need for their periodic maintenance
and replacement to preserve structural integrity. To address these challenges, explor-
ing innovative materials, such as shape memory alloys (SMAs), has gained considerable
attention [1-4].

Shape memory alloys, specifically nickel-titanium (NiTi) alloys, exhibit unique prop-
erties that offer the potential to overcome the drawbacks of traditional riveting. First
discovered by [1], NiTi alloys are distinguished by their ability to undergo a reversible
phase transformation in the solid state. This transformation occurs between the martensitic
(low-temperature) and austenitic (high-temperature) phases, making NiTi highly effective
in applications where deformation recovery and mechanical performance are critical. NiTi’s
phase transformation is diffusionless, typically occurring at an equiatomic ratio of approx-
imately 50% nickel and 50% titanium. These transformations enable two fundamental
mechanisms, the shape memory effect (SME) and superelasticity (SE), both of which can be
harnessed to enhance the functionality of riveted joints [5-9].
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The SME is thermally induced, where deformation in the martensitic state can be
fully recovered upon heating beyond the transformation temperature. At the same time,
SE occurs through stress-induced phase changes above the austenitic finish temperature
(A¢), allowing full recovery upon unloading [10-13]. Due to these properties, NiTi alloys
are particularly suited for applications requiring high fatigue resistance and mechanical
stability, such as those in the aerospace sector. In riveting, the SME can be exploited
by heating the NiTi rivet during installation, allowing it to contract axially and expand
radially, thus filling gaps and providing enhanced tension between the rivet and the
joined plates. This feature improves both joint stability and longevity by compensating
for the typical loss of radial tension experienced in traditional riveting [7]. Recent studies
suggest that a higher titanium content raises transformation temperatures, whereas a higher
nickel content lowers them, underscoring the need to tailor alloy composition to specific
operational conditions, particularly in aerospace applications where rivets must remain in
the austenitic phase to ensure structural integrity [12,13].

The martensitic transformation in NiTi alloys is also characterized by specific transfor-
mation temperatures, denoted as M (martensitic start), My (martensitic finish), Rs (R-phase
start), R¢ (R-phase finish), As (austenitic start), and A¢ (austenitic finish). These tempera-
tures are critical in determining the material’s behavior during mechanical loading and
highly depend on the alloy composition [14,15]. Alloys with a higher titanium content
generally exhibit higher transformation temperatures, while those richer in nickel tend to
have lower transformation points. This sensitivity to composition makes it essential to tailor
the NiTi alloy for specific operational conditions, especially in high-demand environments
such as aerospace, where the rivets must remain in the austenitic phase throughout service
to maintain structural integrity [16-18].

Crystallographic anisotropy in NiTi alloys further influences their mechanical behavior.
Studies by Gall et al. and Liu et al. demonstrated that the mechanical properties of
NiTi single crystals differ significantly under tension and compression, depending on the
crystallographic orientation. This anisotropy affects deformation mechanisms such as
martensitic twinning or variant reorientation, which is essential for understanding how
NiTi behaves under mechanical stress during the riveting process [19].

Despite the potential advantages, traditional riveting methods remain limited by
certain mechanical shortcomings, such as decreasing radial tension after installation, which
can lead to joint loosening and reduced vibration resistance. However, using SMAs,
particularly NiTi alloys, in riveting offers a promising alternative. NiTi rivets can actively
adapt to fill gaps and increase the joint’s tensile strength and fatigue resistance by exploiting
the SME during the riveting process. This adaptive behavior has been explored in patents
and studies, with companies like Boeing suggesting that NiTi rivets could revolutionize
aerospace joining techniques by reducing maintenance requirements and improving overall
joint performance [20].

One key consideration in applying NiTi SMAs to riveting is the operational tem-
perature range of the components being joined. The transformation temperatures of the
NiTi rivets must remain below the service environment’s minimum temperature to avoid
unintended martensitic transformation during operation, which could compromise joint
stability. Additionally, thermal hysteresis, which refers to the difference between the trans-
formation and reversion temperatures, must be carefully managed to ensure the rivets
maintain consistent performance throughout their service life. To address these consider-
ations and validate the feasibility of NiTi alloys in riveting methods, a proof-of-concept
was performed, demonstrating the potential of using SME-based rivets to improve joint
strength and stability [21-24].

Recent advances in shape memory alloy (SMA) technology have highlighted the im-
portance of microstructural stability and phase transformation mechanisms in enhancing
mechanical performance, particularly for high-stress applications like riveting. Studies
indicate that fine-tuning the microstructure of nickel-titanium (NiTi) alloys, through tech-
niques such as thermomechanical processing and elemental adjustments, can significantly
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improve their fatigue resistance and superelastic properties, making them suitable for
environments with high mechanical demands [25]. Additionally, innovations in the com-
positional design of NiTi-based SMAs underscore the potential of these alloys to sustain
repeated phase transformations with minimal degradation, thereby increasing their relia-
bility and lifespan under cyclic loading conditions common in aerospace applications [26].
These findings strengthen the rationale for exploring SMAs in riveting, as enhanced phase
stability and superelasticity directly address limitations seen in traditional rivet materials,
such as susceptibility to loosening and reduced vibration resistance.

While the potential of SMAs in various engineering applications has been well-
documented, research specifically focused on the use of NiTi alloys in riveting remains
limited. One notable gap is the lack of comprehensive experimental studies that directly
compare the performance of NiTi rivets to traditional materials, such as aluminum and
steel, in terms of long-term fatigue resistance and joint integrity. Furthermore, there is a
need for deeper exploration of how the shape memory effect in NiTi rivets can mitigate the
loosening and gap formation issues commonly observed in conventional riveting methods.
The literature also requires studies that examine the reusability and repairability of NiTi
rivets after heat treatment, especially in high-temperature environments, which is crucial
for aerospace applications [27,28].

Given these gaps, this study seeks to (i) optimize the actuation force of NiTi SMA
rivets for enhanced joint performance, and (ii) analyze the effects of heat treatment and
recrystallization on their reusability, particularly in advanced aeronautical and aerospace
applications. By exploring these areas, this research aims to provide novel insights into how
NiTi alloys can be effectively utilized to improve the durability, strength, and efficiency of
riveted joints in high-performance environments.

2. Materials and Methods
2.1. Materials

The materials used in this study included a Ti-rich NiTi alloy sourced from Memry
GmbH, (Weil a. Rhein, Germany) H-alloy, supplied in cold-worked rod form with a
diameter of 9.525 mm and an oxide layer. Recrystallization heat treatments were carried
out at 500 °C for 30 min, followed by water quenching, using a Termolab MLM furnace
(Agueda, Portugal). This was performed to relieve internal stresses and enhance the shape
memory effect (SME) performance of the rivets. Aluminum plates were used for joint
tests, serving as representative materials for evaluating the performance of SME rivets in
practical applications.

2.2. Proof of Concept

For the proof-of-concept tests (Figure 1a), 3 mm thick aluminum plates with a width of
30 mm were used, although specific details about the alloy composition were not provided.
Electro-discharge machining (EDM) was employed to prepare both the NiTi and aluminum
samples (Figure 1b). The NiTi rivets were inserted into the aluminum plates, and forced
heating with an output temperature of 500 °C triggered the SME activation. The surface
temperature of the proof-of-concept jig was measured at 150 °C using a thermocouple
(Figure 1c).

2.3. Characterization Technigues
2.3.1. Differential Scanning Calorimetry

The thermal behavior of the samples was analyzed using a NETZSCH DSC 204 F1
Phoenix (NETZSCH-Gerdtebau GmbH, Wittelsbacher strafle, Germany). The heating
and cooling rates were set at 10 °C/min, with a thermal stabilization plateau of 5 min.
The thermal cycle followed the profile: room temperature/150 °C/—150 °C/150 °C. A
protective nitrogen atmosphere was maintained with a gas flow rate of 20 mL/min, while
liquid nitrogen was supplied at 2 mL/min. These parameters allowed for the precise
determination of the transformation temperatures.
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Figure 1. Proof of concept scheme—(a) SME concept rivet; (b) exploded view drawing of the
prototype; and (c) test assembly method.

2.3.2. Thermo-Mechanical Tests

Linseis model TMA PT1600 (Linseis Messgeraete GmbH, Vielitzerstr, Germany) was
used for dilatometry tests. This equipment provided detailed measurements of thermal
expansion and contraction behavior in the NiTi samples during thermal cycles. The
dilatometry results were crucial for understanding the thermal responses under varying
stress and temperature conditions.

2.3.3. Mechanical Tests

Mechanical properties were evaluated using the AUTOGRAPH SHIMADZU (Duis-
burg, ER. Germany) model AG500Kng with a load cell rated for a maximum load of 50 kN.
This system applied a load to the samples under controlled conditions to determine their
tensile strength, SME performance, and response to thermomechanical deformation.

2.3.4. Synchrotron Radiation X-Ray Diffraction

For crystallographic analysis, SR-XRD was performed at beamline P07 High-Energy
Materials Science (HEMS) of Petra III/DESY. The measurements were carried out in trans-
mission mode on rod-shaped samples (5 mm diameter, 10 mm height) at room temperature.
A wavelength of 0.1426 A (103.3 keV) was used, with the PERKIN ELMER XRD 1621
two-dimensional detector placed 2.00 m from the sample. Raw 2D images were processed
using Fit2D software (Version 18 (beta)) to calculate integrated XRD patterns, specifically
across azimuthal angles from 355° to 5°, as these angles were the most perpendicular to
the direction of deformation during the experiment. The diffraction peaks were identified
using the ICDD database.

3. Results
3.1. Mechanical Behavior

The stress-strain results highlight the material’s anisotropic mechanical behavior,
showing distinct differences between its axial and radial directions (Figure 2). The radial
direction exhibits a sharper increase in stress, reaching a maximum of approximately
1200 MPa at 13% strain, while the axial direction peaks at around 800 MPa at the same
strain. This suggests that the material is more resistant to deformation under radial stress.
Stress points ots (twinning start) and otf (twinning finish) indicate that there was a twinning
reorientation, after which the material undergoes plastic deformation. These properties
indicate that the material’s anisotropy can benefit applications where strength varies by
direction, with the radial orientation providing a superior performance. The curves’ non-
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linear behavior, characteristic of materials like Shape Memory Alloys (SMAs), underscores
the role of the shape memory effect (SME) and superelasticity in enabling the material to
recover its shape after deformation [7,29].
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Figure 2. Stress-strain, axial and radial mechanical behavior.

The mechanical tests also provide key insights into the strength and deformation
behavior of the NiTi alloy, which is crucial for its use in mechanical joints. Compressive
testing of up to a 16.7% strain showed a significant % elastic recovery of 7.8%. When heated
above the austenite start (As) temperature, the SME was triggered, reaching a maximum
stress of 246 MPa. This highlights the alloy’s ability to return to its original shape, an
essential property for applications requiring mechanical durability and precise actuation.
The SME allows the material to “remember” its pre-deformed state, enabling enhanced
performance in scenarios that demand shape recovery and superelasticity.

In comparison, the aluminum alloy used for prototype joints exhibited different
mechanical properties under compressive testing, with a yield strength of around 115 MPa.
It demonstrated significant plasticity, allowing for considerable deformation before failure,
making it well-suited for joint applications where controlled deformation is required
for bonding. The combination of NiTi and aluminum is advantageous because of their
complementary behaviors [30].

Using NiTi as a rivet and aluminum as the joined material offers a promising solution
for mechanical joints. The aluminum undergoes localized plastic deformation, which
can induce stress hardening at the interface, enhancing joint strength and stability. Stress
hardening increases the aluminum’s resistance to further deformation, reinforcing the
mechanical interlock between the rivet and the joined material. This, along with the
superelasticity and SME of NiTi, ensures a secure and durable joint capable of withstanding
long-term mechanical stress [2,31].

NiTi’s superelastic properties allow it to accommodate stress through reversible defor-
mations. Combined with the stress-hardened aluminum, the NiTi rivet maintains a stable,
leak-proof bond, even under dynamic loads or environmental variations (Figure 3). This
property makes the joint resistant to mechanical fatigue and loosening caused by vibrations
or thermal expansion, which is ideal for high-performance applications like those in the
aerospace and automotive industries. Moreover, the SME in the NiTi rivet allows the
joint to adapt to changing conditions, adding an extra layer of stability and ensuring its
structural integrity over time.



Actuators 2024, 13, 465

6 of 12

400
350
300

AA
250 NiTi
200 - 140,

<+—— 0=115 MPa
150

Stress (MPa)

Stress (MPa)

100

50

00.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

0 5 10 15 20 25 30 35 40
Strain (%)

Figure 3. Comparison of stress-strain curves between aluminum plates and NiTi alloy.

The presented results highlight the complex relationship between stress, strain, and
temperature in the material, exhibiting behavior typical of shape memory alloys (SMAs)
(Figure 4). At room temperature, the material demonstrates elastic deformation until
reaching the stress threshold (o), where phase transformation begins. As strain increases,
the tension rises non-linearly, indicating the occurrence of martensitic transformation, and
reaches a maximum stress (o¢) of around 1600 MPa before failure. Figure 4 also displays
that, with increasing temperature, the material experiences a significant recovery of residual
strain, confirming the activation of the shape memory effect (SME). The transformation
strain (e1y) and residual strain (epesiqual) are observed at different stages of loading and
heating, emphasizing the material’s ability to recover its shape when subjected to thermal
cycling. This temperature-dependent recovery behavior, along with the superelasticity
indicated by the high-stress values, makes SMAs highly suitable for applications that
require cyclic loading and recovery, such as aerospace and mechanical actuators. The
results underscore the material’s capacity to resist significant mechanical stress while
maintaining its functional integrity across varying temperature ranges.

3.2. Thermal and Thermo-Mechanical Behavior

The Differential Scanning Calorimetry (DSC) analysis of the Ti-rich NiTi alloy, shown
in Figure 5, illustrates the thermal behavior and phase transformation temperatures during
the first and second heating and cooling cycles, coupled with dilatometry results. The
transformation temperatures are clearly indicated, with the first heating cycle showing
the martensite finish (My) at 36 °C, the martensite start (Ms) at 55.3 °C, the austenite start
(Ag1) at 123.3 °C, and the austenite finish (Ag ) at 137.7 °C. During the second heating, the
austenite start (Agp) occurred at 92.1 °C and the austenite finish (Ag,) at 105.8 °C.

A noticeable shift between the first and second thermal cycles is observed, primarily
due to the reorientation of martensitic twins during mechanical deformation, which re-
quires additional heat during the second cycle for the shape memory effect (SME) to occur.
The DSC curves highlight how mechanical deformation alters the thermal response, as evi-
denced by the increased Ag temperature in the first heating cycle. Once the A¢ temperature
is surpassed, the full recovery of the material’s original shape occurs. The differences in A
and A¢ temperatures between the cycles indicate a shift in the material’s transformation
kinetics, making it well-suited for applications where actuation and recovery are critical.
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Figure 4. Stress-strain-temperature curves of shape memory effect.
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Figure 5. DSC and dilatometry curves of NiTi alloy.

The dilatometry curves further support these findings by showing significant differ-
ences in strain recovery during the first and second heating cycles for both the radial and
axial directions. During the first heating, both the axial and radial directions exhibit a sharp
increase in length around 125 °C, correlating with the SME activation and the material’s
ability to revert to its pre-deformed state. A maximum strain recovery of approximately
4.6% was achieved, confirming the material’s high actuation potential. This actuation force,
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with peak stresses reaching 246 MPa, underscores the alloy’s capability for applications
requiring robust and repeatable recovery, such as in rivet systems.

Additionally, the second heating cycle demonstrates a more stable and less pronounced
phase transformation, indicating that after the initial deformation and recovery, the material
experiences less residual strain and more predictable behavior. This behavior highlights
the material’s potential for long-term reliability in thermal cycling environments, making it
suitable for applications like SME-based rivets, where durability and repeated actuation
are crucial.

3.3. Synchrotron Radiation X-Ray Diffraction Results

The in-situ synchrotron radiation X-ray diffraction (SR-XRD) analysis provides crucial
insights into the crystallographic evolution of the NiTi alloy during different phases of
deformation and thermal recovery (Figure 6). The study compares four stages: the ini-
tial state, maximum deformation, post-deformation, and post-thermal recovery. These
diffraction patterns reveal significant structural changes that inform the material’s response
under mechanical stress and heating, particularly related to the shape memory effect (SME)
and superelasticity.

1 Austenite (B2)
o Martensite (B19')

Intensity (a.u.)

Initial State
Maximum Deformation
—— After Deformation

—— After Thermal Recovery,

— :
252 264 276 28 300 312 324 336 348 360
26 (°)

Figure 6. SR-XRD diffractograms—the initial state, maximum deformation, post-deformation, and
post-thermal recovery.

In comparing the initial state to the maximum deformation, there is a notable decrease
in the peak intensity for the following B19 crystallographic planes (1 —1 0), (0 2 0), and
(1 —11). This intensity drop suggests that detwinning occurred during deformation, where
some twins were realigned or removed to accommodate the strain, reinforcing certain
planes such as (1 0 1) and (0 2 1). Interestingly, the plane (0 0 2) remained unchanged during
deformation, indicating stability in that particular orientation despite the mechanical stress.

Between maximum deformation and post-deformation, the material shows signs of
elastic recovery. This recovery is evidenced by slight translations in the 26 peaks and small
increases in intensity, signaling that strain-induced twin rearrangement had occurred. The
observed changes in the diffraction peaks support the material’s superelastic nature, with
its structure adapting and partially recovering after removing the mechanical load.

Finally, in the transition from post-deformation to post-thermal recovery, a slight
increase in intensity for the plane (1 —1 0) and a small shift in peak position reflect stress
relief due to thermal cycling. The SME plays a crucial role in this stage, as some of
the crystallographic planes that were initially reinforced during deformation (such as
(101),(002), and (11 1) experience a reduction in intensity, indicating that the twins,
which contributed to the material’s ability to withstand stress, are reoriented or detwinned
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during recovery (Figure 7). Conversely, no significant changes were observed in the planes
(020) and (1 —1 1), highlighting that these planes are less responsive to deformation and
recovery cycles.

—Austenite (B2)
—Martensite (B19')

Figure 7. SR-XRD diffractograms of the transition between maximum deformation and post-deformation.

3.4. Rivet Application Testing

The rivet application tests confirmed the effectiveness of using Ti-rich NiTi alloys in
shape memory effect (SME)-based rivets for joining applications. The electro-eroded rivet
was successfully inserted into aluminum plates, and the joint remained intact under an
applied separation force of 340 N. This strong bond was achieved through SME actuation,
triggered by heating the rivet to 500 °C, with a corresponding surface temperature of
150 °C on the aluminum. The combination of SME activation and the wedged design of the
aluminum plates provided significant mechanical strength, enabling the joint to withstand
high stress without failure.

The results demonstrate that NiTi alloy SME rivets can form robust and reliable
joints, provided that the service temperature stays above the austenite finish temperature
(Af), ensuring consistent actuation and bonding strength (Figure 8). The performance
of the SME rivets under mechanical loading further highlights their potential for use
in high-performance applications, where durability and thermal activation are critical.
The experimental evidence suggests that Ti-rich NiTi SME rivets are highly suitable for
advanced joining processes in industries such as aerospace and automotive engineering,
where precise and long-lasting mechanical connections are required.

This study has demonstrated the potential of shape memory alloys (SMAs), partic-
ularly NiTi alloys, for riveting applications, highlighting their adaptability, mechanical
strength, and durability in high-demand environments such as the aerospace sector. How-
ever, for effective practical implementation, future research should explore advanced
coating approaches that could further enhance the structural performance and corrosion
resistance of these rivets. For instance, the development of high-performance SMA coatings
specifically designed for structural aerospace applications could significantly improve
component longevity [32]. Additionally, ZrO,-CaF, composite coatings applied via low-
pressure plasma spraying have shown potential for improved high-temperature tribological
properties, which could benefit NiTi rivets operating under extreme thermal conditions [33].
These advances could lead to more corrosion-resistant rivets, extending their service life and
reducing their maintenance needs in aerospace structures. Future research, integrating ad-
vanced coatings with SMAs in rivets, could open up new possibilities for high-performance
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applications, combining the mechanical adaptability of NiTi alloys with superior protection
against wear and corrosion.

350 T T T T T T T T T T T T T T

= & Max load = 340 N

300

250
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150

100

50
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Displacement (mm)
Figure 8. Shape memory effect: deformation with heating recovery.

4. Conclusions

This study aimed to assess the viability of using a Ti-rich NiTi alloy to shape memory
effect (SME) rivets in joining processes, and the results provided important insights into
their potential for practical applications. The Ti-rich NiTi alloy exhibited well-defined
thermal hysteresis, excellent strain recovery, and high actuation stress, positioning it as a
promising candidate for SME rivet applications. Mechanical characterization revealed a
maximum actuation stress of 246 MPa for the NiTi alloy, with the aluminum alloy used as
the joined component showing a yield strength of approximately 115 MPa. This combina-
tion suggests that the NiTi alloy could effectively function as a rivet, with the aluminum
serving as a compatible material in the joint. Thermomechanical testing demonstrated
higher austenite start (A;) and austenite finish (Af) temperatures during the first thermal
cycle compared to subsequent cycles, with a free recovery of 4.6% through SME, further
supporting the alloy’s suitability for actuation-based applications. Synchrotron radiation X-
ray diffraction (SR-XRD) analysis revealed that specific crystallographic planes in the NiTi
alloy undergo detwinning during mechanical deformation and recovery during thermal
cycling, with certain planes showing greater strain sensitivity. Prototype SME rivets were
successfully tested by joining aluminum plates, maintaining their joint integrity until a force
of 340 N was applied, demonstrating the effectiveness of SME-based rivets in mechanical
connections. These findings confirm the feasibility of applying SME to rivets, particularly
using Ti-rich NiTi alloys, which exhibit excellent mechanical and thermal performance,
making them strong candidates for rivet applications across various industries. Future
research should aim to optimize the thermal and mechanical properties of SME rivet ma-
terials and investigate joining materials that complement the NiTi alloy’s SME behavior.
Additionally, further exploration of crystallographic textures and thermal recovery under
constant stress will be essential for enhancing the performance of SME rivets, particularly in
applications requiring lightweight materials and strong, durable mechanical connections.
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