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1. Introduction

Shape Memory Alloys (SMAs) are materials
capable of undergoing phase transformations
between a high-symmetry austenitic phase (stable
at high temperature) and multiple low-symmetry
martensitic variants (stable at low temperature).
These materials exhibit a remarkable ability to
recover their original shape after being deformed,
provided they are subjected to appropriate thermal
and mechanical cycles. This phenomenon, known
as Shape Memory Effect (SME), is a macroscopic
manifestation of the microscopic crystalline
transitions occurring within the material. In fact,
the underlying mechanism is driven by the
rearrangement of the crystal lattice, which allows
SMAs to undergo large strains and subsequently
revert to their initial configuration upon heating.

SMAs are extensively used in various engineering
applications due to their combination of
mechanical and thermal properties. Their
capabilities make them valuable in fields ranging
from biomedical engineering (e.g., stents,
orthodontic wires) to aerospace and robotics.
Understanding and predicting these phase

transformations is crucial for optimizing their
design and application.

This study investigates the reversibility and shape
memory effect of SMAs through numerical
simulations, leveraging analytical modeling and
computational techniques to replicate phase
transitions under different mechanical constraints.

2. Methodology

This study relies on a combination of analytical and
numerical methods to investigate phase transitions
and the shape memory effect in SMAs. Two
primary software tools were employed: Wolfram
Mathematica® and FreeFem++. Mathematica was
primarily used for constructing the strain energy
potentials, while FreeFem++ was the core tool used
for finite element simulations and numerical
resolution of the energy minimization problem.

The finite element approach in FreeFem++ involves
discretizing the computational domain into a
mesh, subdividing the body into small triangular
elements (mesh elements). This allows for the
numerical resolution of the system by solving for
the equilibrium configurations of the material
under different constraints and loading conditions.



The potential energy function was designed to
depend on the displacement of each cell relative to
its initial position, incorporating its deformation
gradient F and the associated strain matrix C. The
numerical solver minimizes the total energy, not
by seeking the absolute global minimum—given
the complexity of the highly non-convex energy
landscape—but by identifying the closest local
minimum to the previous step’s solution.

To investigate the effects of mechanical constraints,

two boundary conditions were analyzed:

e 10° Constraint: three fixed portions of 10° each
were imposed along the circular boundary,
resulting in a total constraint of 30° out of 360°.

e 110° Constraint: three fixed portions of 110° each
were imposed, leading to a total constraint of 330°
out of 360°.

The strain energy potentials considered in the

study included:

e Square-Rhombus Potential (Square Austenite,
Two Rhombus Martensite)

¢ Hexagon-Rhombus Potential (Hexagonal
Austenite, Three Rhombus Martensite)

e Square-Oblique Potential (Square Austenite,
Four Oblique Martensite)

¢ Hexagon-Oblique Potential (Hexagonal
Austenite, Six Oblique Martensite)

The simulations were structured into four distinct
phases: Phase 1, where the material was cooled,
inducing a phase transition from austenite to
martensite; Phase 2, where an increasing
deformation was applied to the material, leading to
a stress-induced transition, which forced the cells
to transform into a specific martensitic variant;
Phase 3, a relaxation stage designed to reduce
overall stress in the system; and finally, Phase 4,
where the material was reheated, causing a
martensite-to-austenite transformation. This final
stage aimed to observe the shape memory effect,
expecting the material to recover its original shape.

3. Key Findings

The simulations conducted in this study revealed
significant differences in phase transformations
and mechanical behavior based on the applied
boundary constraints and the choice of the strain
energy.

A key distinction emerged between the cases with
10° and 110° constraints. In the 10° constraint
scenario, the material had significantly more
freedom to move, leading to larger deformations
and a highly irregular final morphology. This
resulted in a significant increase in the Root-Mean-
Square Displacement of cells (RMSD) and in the
perimeter variation compared to the 110° case,
where most of the boundary was constrained,
maintaining a more structured phase transition
and lower deformation.

Energy evolution followed distinct trends across
the two constraint conditions.

During the cooling phase (Phase 1), energy
decreased sharply in the final steps, coinciding
with the transition from austenite to martensite.
The 110° cases exhibited a smooth, gradual
transition, while in the 10° cases, a sharper energy
drop was observed due to the system’s ability to
rearrange more freely, releasing a greater amount
of energy.

In the subsequent deformation phase (Phase 2),
energy evolution was again strongly influenced by
the constraint level. While the 10° cases initially
experienced an increase in energy followed by
relaxation, the 110° cases showed a steady energy
reduction, indicating a more controlled
transformation between martensitic variants.

The stress distribution during Phase 2 along the
boundaries further confirmed these differences.
The 10° cases exhibited a significant stress increase
throughout the deformation, with only partial
relaxation occurring as the phase transition
progressed. In contrast, the 110° cases showed a
much lower increase in stress, and in all scenarios,
the final stress value was lower than the initial one.
This suggests that the transition was induced in a
more efficient and uniform manner when a larger
portion of the boundary was constrained.

Examining the phase transition behavior, a
distinction also emerged between the different
potential models. Potentials with a square
austenite exhibited an abrupt, complete transition
to martensite in a single simulation step, whereas
those with a hexagonal austenite underwent a
gradual transformation over multiple steps, likely
due to a higher energy barrier.

Moreover, the number of martensitic variants
present in the potential played a crucial role in
determining the final material configuration.



When fewer martensitic variants were available,
the resulting phase transformation led to larger
islands of martensitic domains with lower residual
austenite. Conversely, an increased number of
martensitic variants led to a finer alternation of
phases and a higher residual austenite fraction.

The morphology of the martensitic islands also
showed clear trends. The 10° cases exhibited larger
islands with more irregular distributions, while the
110° cases featured smaller, densely packed
islands, explaining the higher fraction of retained
austenite at the end of Phase 1 (this trend is visible in
Fig. 1).
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Figure 1 On the left the final Phase 1 martensitic variants distribution for 10°
constraint (Square-Rhombus), on the right for the 110° constraint.

Fourier analysis confirmed these observations,
revealing well-defined periodicity in the 110°
cases, while the 10° cases displayed broader, less
structured patterns, indicative of more irregular
arrangements.

An additional observation concerned the presence
of dislocations, which appeared only in the 10°
constraint cases. This was due to stress
concentrations along the unconstrained boundary
regions, leading to strong local deformations in
neighboring cells. In the Square-Rhombus 10° case,
dislocations persisted even after later simulation
phases, indicating irreversibility.

The reheating phase (Phase 4) confirmed an
important real-world effect: some martensitic
variants remained in the material even after the
transition back to austenite. This phenomenon,
known as training, mirrors what is observed in
experimental studies, where repeated
transformation cycles facilitate future phase
transitions. Initially, training improves transition
efficiency, stabilizing the fraction of retained
martensite, but over time, excessive cycling leads
to material degradation and reduced performance.

Overall, these findings highlight how both
mechanical constraints and the choice of potential
strongly influence phase transitions in shape
memory alloys. The level of constraint and the
energy landscape dictate the material’s ability to
undergo deformation, affecting energy release,
stress, and microstructural organization.

4. Engineering Applications and
Future Work

The results highlight the predictive power of

numerical simulations in studying SMAs, which

can be applied to optimize material design in:

e Biomedical devices (e.g., stents, actuators)

e Aerospace and automotive components

e Smart materials with tunable mechanical
properties

Future research will focus onextending the
methodology to three-dimensional models,
improving computational efficiency via GPU.

5. Conclusions

This study demonstrates the capability of
numerical simulations to replicate SMA behavior
with high fidelity. By leveraging symmetry-based
potentials and advanced energy minimization
techniques the research provides a comprehensive
framework for studying and predicting SMA
phase transformations. These findings pave the
way for refined material design strategies and
broader industrial applications of SMAs.
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