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Abstract

Reducing structural mass and volume is critical to improving efficiency and payload capac-
ity in next-generation small satellites and CubeSats. Additive manufacturing, particularly
material extrusion, offers design flexibility and enables the production of lightweight,
functional metallic components. This study investigates the integration of nickel-titanium
shape memory alloy wires into aluminum-based matrices using a sinter-based material
extrusion process, aiming to develop compact actuator systems for aerospace applications.
A customized AlISi7Mg aluminum alloy feedstock was extruded into filament form, printed,
and embedded with shape memory alloy wires, allowing consolidation during sintering.
X-ray micro-computed tomography was used to analyze internal defects and matrix-wire
interfacial contact, before and after sintering. Tensile testing of the embedded actuator
structures revealed effective mechanical bonding and actuation behavior. The results
demonstrate that controlled shrinkage and interfacial bonding enable reliable embedding
of shape memory elements without compromising structural integrity. This work provides
a promising framework for developing multifunctional aerospace components, where
active actuation and structural efficiency can be combined through advanced material
extrusion-based manufacturing.

Keywords: material extrusion; shape memory alloy; NiTi actuator integration; aluminum
Sintering; aerospace structures

1. Introduction

The demand for reduced mass and volume remains central to the design of modern
aerospace systems, especially in small satellites and CubeSats, where launch cost, structural
stability, and payload efficiency are tightly coupled to weight constraints. Minimizing
structural mass enables higher payload-to-weight ratios and increases mission versatility
within limited launch envelopes [1]. Recent structural studies have shown that using
multifunctional composite designs in CubeSats can enhance volumetric efficiency by up
to 37% and reduce structural mass fractions to as low as 16.7%, significantly improving
system performance [2]. Additionally, new retractable truss-based CubeSat configura-
tions have demonstrated compact stowage, reliable deployment, and enhanced payload
accommodation, while maintaining structural rigidity [3].
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To address the mass and geometric constraints inherent to small satellite platforms,
additive manufacturing (AM) has emerged as a transformative approach for producing
lightweight, complex aerospace structures with minimal material waste. Among AM
techniques, material extrusion (MEX), a process that extrudes thermoplastic filaments
filled with metallic powders, has attracted attention due to its cost-effectiveness, safety,
and design flexibility. In this method, shaped “green parts” are subsequently subjected
to debinding and sintering to produce dense metallic components suitable for structural
use [4-7]. MEX is particularly valuable for low-volume aerospace applications, where rapid
prototyping, functional integration, and cost constraints are critical [1]. Recent advances
have shown that MEX can yield sintered components with relative densities above 97%,
bridging the gap between prototyping and functional end-use parts [8]. Additionally, Singh
et al. demonstrated that metal injection molding (MIM) feedstock adapted for extrusion
can be successfully processed using multi-step debinding and sintering to obtain densities
approaching 95.6%, confirming the viability of MEX for high-performance applications [9].

The quality of the final part is strongly influenced by feedstock composition, extrusion
parameters, and the sintering cycle. Studies using stainless steel powders have shown
that feedstock formulation and thermal profile optimization are critical to reduce porosity,
control shrinkage, and preserve dimensional accuracy, requirements essential for aerospace-
grade components [4].

One such functional element is the shape memory alloy (SMA), particularly nickel-
titanium (NiTi), which is widely used for its shape recovery capability, superelasticity, and
high energy-to-weight ratio. These properties originate from a reversible thermoelastic
martensitic transformation between the austenite and martensite phases. This transfor-
mation can be triggered either thermally or via Joule heating, enabling compact, efficient
actuation with significant force and displacement [10,11].

Recent studies have confirmed the suitability of NiTi for aerospace actuators under
cyclic thermal and mechanical loads. Zhao et al. (2019) demonstrated that NiTi wires
under thermo-mechanical cyclic loading exhibit gradual strain accumulation and reduced
energy dissipation, but maintain predictable actuation characteristics over multiple cycles,
a key factor for aerospace reliability [12]. In a complementary study, Liu et al. (2024)
showed that aged NiTi samples achieved over 90% recovery rate after 10 actuation cycles
under Joule-induced phase transformation, validating their use in repetitive aerospace
mechanisms [13,14].

NiTi actuators offer distinct advantages for aerospace systems, including silent op-
eration, compact form factor, low power consumption, and high energy-to-weight ratios.
These characteristics make SMAs especially suitable for deployable mechanisms in space,
such as solar panels and antennas. Their activation via Joule heating simplifies the con-
trol system and reduces mechanical complexity, which is critical for volume-constrained
platforms like CubeSats.

Regarding nanosatellites, the need for autonomous deployment mechanisms has
pushed forward the demonstration of the effectiveness of SMA-based systems for CubeSats.
For instance, Carnier (2023) developed a torsion-based NiTi actuator integrated into the
thermal circuit of a CubeSat to passively deploy a radiator panel using only waste heat
from internal fluid circulation. The system demonstrated reliable deployment triggered via
the shape memory effect and validated the feasibility of power-efficient actuation using
internal thermal energy [15]. Boschetto et al. (2019) developed and tested self-deploying
solar sails actuated by NiTi wires, demonstrating functional prototypes with high planarity
and repeatable performance, validating SMA integration for lightweight autonomous
deployment in orbital systems [16].
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The integration of NiTi shape memory actuators into metallic structures, especially
aluminum-based matrices like AlSi7Mg, presents significant engineering challenges. Dif-
ferences in thermal expansion coefficients, poor interfacial bonding, and the formation of
oxides or intermetallic compounds during processing can impair both structural integrity
and actuation functionality. Moreover, conventional manufacturing techniques offer lim-
ited control over the geometric and compositional fidelity required for functional SMAs,
due to poor machinability and high reactivity. These factors can lead to localized defects,
residual stresses, and phase transformation shifts that critically affect NiTi performance.

Huang et al. (2019) demonstrated that a well-bonded interface between NiTi particles
and an aluminum matrix could still experience mechanical degradation due to residual
stress and phase mismatch, although underwater friction stir processing helped limit
intermetallic formation and preserved shape memory behavior [17]. Similarly, Tang et al.
used numerical simulation to show that NiTi/Al composites develop significant residual
stresses during cooling cycles due to the thermal expansion mismatch, which can impact
phase stability and fatigue life [18].

Therefore, this study proposes to investigate and optimize the integration of NiTi SMA
into aluminum-based structures produced via MEX, a sinter-based AM route. The aim is to
enable the development of lightweight, multifunctional components specifically designed
for aerospace applications where mass reduction and system simplification are critical.
This research emphasizes the integration of a spring (actuator) before the sintering process,
effectively embedding the actuator on the metallic matrix, and the subsequent analysis of
bonding quality, defect evaluation, and mechanical integrity at the wire-matrix interface.
To achieve this, advanced non-destructive and mechanical characterization techniques
are applied, including X-ray microtomography, to assess pore networks and embedding
fidelity, and tensile testing to quantify interfacial strength and actuation compatibility.
By validating the embedding approach through structural and functional performance
metrics, this study provides a foundation for the use of MEX-production smart structures
in deployable CubeSat mechanisms, adaptive surfaces, and several aerospace systems.

Following this introduction, Section 2 presents the materials and methods used in this
study. Section 3 reports and discusses the experimental results. Finally, Section 4 outlines
the main conclusions and potential applications.

2. Materials and Methods

This study followed a four-stage methodology: (i) filament preparation from AlSi7Mg
powder, (ii) printing of green parts with embedded shape memory alloy wires, (iii) sinter-
ing under controlled conditions, and (iv) post-sintering characterization, including nCT
analysis, tensile testing, and actuation cycling.

2.1. Materials
2.1.1. Feedstock Materials

The metallic feedstock was formulated using a gas-atomized AlSi7Mg (EN ISO 18273,
purchased from Carpenter Additive, Philadelphia, PA, USA) aluminum alloy powder. The
powder had a particle size distribution (Ds) of 45 um, with a near-spherical morphology
to promote flowability. The binder system consisted of a multicomponent polymer blend
(purchased from Emery Oleochemicals, Cincinnati, Ohio, USA) optimized for filament
extrusion, composed of polyamide copolymers, ester wax, and stearic acid (SA). This com-
bination was selected to provide a low melting point and flowability, powder dispersion,
and reduced viscosity. All binder components were sourced as commercial-grade materials
and used without further purification.
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2.1.2. NiTi Spring

The NiTi shape memory alloy (SMA) tensile springs (purchased from SAES Group—
Tensile Spring) exhibit the characteristic shape memory effect, with predefined geometric
and thermomechanical properties. No additional manufacturing or thermal treatment
was applied before embedding in the aluminum matrix. The choice of a pre-fabricated
component ensured consistency in material performance and transformation behavior
throughout this study. The spring has the following dimensions: an outer diameter (D) of
6.0 mm, wire thickness (d) of 0.63 mm, average recovery force of approximately 2.0 N, and
a total of 8 active coils (Figure 1).

Final Prototype Metallic and Polymer Particles Feedstock Production Filament Production

%

Slicing and Parameterization
Debinding and Sintering Printing via MEX o (6-Code) 3D Model (CAD)
-Code

Figure 1. MEX process steps for producing metallic components.

At room temperature (25 °C), the springs are in the martensitic phase, and the Af (final
austenite phase transformation) is 69 °C, as confirmed by Differential Scanning Calorimetry
(DSC) analysis, reported by Braga et al. (2022) [19].

2.2. Processing

In AM, the MEX process requires additional steps for the fabrication of metal-based
components, as illustrated in Figure 1, when compared to the production of polymer parts.
These steps include the following: (i) the preparation of the filament composed of metal
powder and polymer binder; (ii) the printing of green parts using conventional extrusion-
based 3D printing equipment; (iii) a debinding step to remove the organic components
from the printed part; and (iv) a final sintering step to densify the metal structure.

The feedstock was prepared by homogenously mixing AlSi7”Mg alloy powder
(60 wt.%) with the organic binder system. The feedstock was mixed until homogenized in
a torque rheometer, using a Plastograph W 50 (Brabender GmbH, Duisburg, Germany) for
45 min at a blade speed of 30 rpm and a temperature of 140 °C. After cooling down, it was
granulated into small pellets and sieved at 5 mm. Filaments were made in a single screw
extruder (Brabender GmbH & Co., Duisburg, Germany), with 4 heating zones starting
at 115 °C with 5 °C increments. In addition, the screw speed was 4 rpm and the nozzle
diameter was 1.75 mm.

Subsequently, it was necessary to model the geometry of the specimens using
computer-aided design (CAD) software, specifically Inventor Professional 2024 (Autodesk,
San Francisco, CA, USA). The resulting 3D model was then processed using PrusaSlicer,
where slicing and parameterization were performed to generate the corresponding G-code
for AM.
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The 3D objects (green part) were printed using a 3D printer, Prusa i3 MK3S (Prusa
Research A.S, Prague, Czech Republic). The printing parameters included a nozzle temper-
ature of 160 °C, a bed temperature of 50 °C for the first layer and 60 °C for the remaining
ones, an extrusion multiplier in a range from 1.1 to 1.4, a layer height from 0.15 to 0.25 mm,
and a printing velocity of 10 mm/s.

To integrate the SMA element, the NiTi wire was manually fitted after production
within the printed tight-fit hole, effectively embedding the actuator within the post-
sintering aluminum matrix.

2.3. Debinding and Sintering

The debinding and sintering processes were carried out in a single thermal cycle,
with heating rates of 1 °C/min up to a maximum temperature of 600 °C. The process was
conducted in a tubular furnace under a low-pressure argon atmosphere (4 x 10~2 mbar) for
two hours to minimize oxidation. A vacuum-assisted argon environment was selected to
limit oxidation during thermal exposure and preserve the surface integrity of the actuators.

2.4. Characterization Techniques

To evaluate the printability of the AlSi7Mg-based metallic filament, a systematic study
of key printing parameters was conducted. A factorial design of experiments (DoEs) was
implemented to evaluate the influence of three printing parameters on the density of
green parts produced via MEX. The parameters analyzed were the extrusion multiplier
(1.0 and 1.4), line width (0.5 mm and 0.8 mm), and layer thickness (0.15 mm, 0.20 mm, and
0.25 mm). Small cuboid specimens (10 x 10 x 2 mm) were printed for each parameter
combination, resulting in a total of twelve experimental runs. To quantify the effect of the
process parameters on the relative density, a multiple linear regression analysis, supported
by ANOVA, was performed.

The printability was assessed through visual inspection for defects (e.g., warping,
delamination, and stringing). The dimensional accuracy of the printed and sintered speci-
mens was assessed by measuring dimensions at the top and bottom regions of the parts,
comparing the green and sintered states. The three parameters that were evaluated were
the thickness (z), length (y), and width (x), using uCT (X-ray micro-computed tomogra-
phy) with a Bruker SkyScan 1275 (Bruker, Kontich, Belgium). An acceleration voltage of
80 kV and a beam current of 125 pA were set while using a 1 mm aluminum filter and the
step-and-shoot mode. The pixel size was set to 10 pm, and the random movement mode
was used. In total, 901 projection images were acquired with a 0.4° angular step, with a
5-frame average per step, while using an exposure time of 40 ms. The uCT images were re-
constructed with dedicated manufacturer software. Each printed sample was documented
and categorized to generate a printability map, facilitating a comparative representation of
the performance under different parameter sets. The optimal conditions were then used to
fabricate standardized test specimens for all the characterization techniques. Porosity is
measured using pCT through the reconstruction and thresholding of the scans. A binary
thresholding operation was performed, attributing the color white and black to the part
and the non-part (pores), respectively. Afterwards, a shrink wrap operation was performed,
effectively working as a definition of the outer shell of the specimen (everything outside
this region of interest was disregarded). Finally, the area of each color (white and black) in
each slice was calculated, and the density value equals the average of the relation between
the area of the white color and the area of the region of interest for the same slice. Pores
with a diameter under 8 microns were considered to be the color white and disregarded in
the calculation due to equipment limitations.
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To analyze the dimensional accuracy and sintering quality, the specimens were uCT
scanned, using the same parameters used for the printability analysis. Optical microscopy
(OM), with a Leica DM4000 (Wetzlar, Germany), was used to investigate the sintered
AlMg7Si matrix quality and the interface region between the matrix and the embedded
NiTi spring.

For the proof-of-concept evaluation (Figure 2), a NiTi SMA spring was embedded
between two aluminum matrices to simulate a constrained configuration representative of
aerospace integration. The initial state corresponded to the spring in its martensitic phase at
room temperature (25 °C), allowing deformation under tensile load. After deformation, the
system was subjected to thermal activation at approximately 75 °C, activating the austenitic
transformation and promoting the complete recovery of the spring’s original geometry.

§ Deformation Heating §

Figure 2. SMA-embedded actuator thermo-mechanical proof of concept.

Tensile tests were carried out at room temperature using a Shimadzu AGS-X universal
testing machine (Kyoto, Japan) at a 1 mm/s rate. Upon reaching 20 mm, the displacement
was locked, and the specimen was subjected to a thermal stimulus (~75 °C), and a partial
recovery was measured, as presented in Figure 2.

3. Results
3.1. Process Optimization via Design of Experiments (DoE)

Since density is a key indicator of internal cohesion and sintering quality in the metal-
extruded green parts, maximizing this parameter is essential for achieving structurally
sound components [20,21]. Small cuboid specimens (10 x 10 x 2 mm) were produced
and analyzed using micro-computed tomography (uCT) to assess porosity. Figure 3 il-
lustrates the effect of parameter optimization, showing the parts before (Figure 3A) and
after (Figure 3B) the conforming step. The refined parameter set significantly improved
the part quality, leading to homogeneous structures with high geometric accuracy and no
discernible internal defects.

Figure 4 illustrates the density outcomes for the different process parameter combina-
tions. Among the three studied variables, layer thickness exhibited the most statistically
significant influence on part density (p = 0.019, standardized (3 = 0.668), followed by the
extrusion multiplier (p = 0.046, 3 = 0.531). The effect of the line width was moderate
(B = 0.452), but not statistically significant (p = 0.075), according to the multiple linear
regression analysis supported by ANOVA (F (3,5) = 7.092, p = 0.030, adjusted R? = 0.696).

Higher extrusion multipliers, particularly EM = 1.4, were associated with increased
density (Figure 3B), with values reaching up to 99.8%. This behavior is attributed to
the enhanced volumetric flow rate, which improves interlayer adhesion and reduces
internal voids. Although a slightly higher density (99.9%) was observed with EM = 1.1,
LW = 0.8 mm, and Lt = 0.20 mm, this combination had limited replicability. It posed risks
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such as material overflow and reduced precision in small features, effects linked to the
behavior of the Arachne perimeter generation algorithm [18]. The variation in line width
from 0.5 mm to 0.8 mm showed only a marginal effect on density, and, considering the
potential trade-offs in geometric fidelity, 0.5 mm was maintained as the standard value.

Figure 3. Sample with highest porosity (A) and lowest porosity (B), calculated via microtomography.
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Figure 4. Density outcomes for the different process parameter combinations: (a) the key processing
parameters adjustment and their effect on overall density, (b) a scatter plot of the observed vs. the
predicted density values with a trendline and R? = 0.8097, and (c) a histogram of the predicted density
values with an overlaid normal distribution curve; (d) measured dimensions and predicted density
of DoE samples.

The layer thickness varied between 0.15 mm and 0.25 mm and had an evident influ-
ence on densification. The 0.20 mm setting consistently yielded higher and more reliable
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densities. The thinner layers (0.15 mm) tended to cause bonding defects due to insufficient
layer deposition, while the thicker layers (0.25 mm) showed acceptable porosity levels but
reduced resolution and surface quality. Therefore, 0.20 mm was selected as the optimal
compromise between dimensional accuracy and layer fusion.

Although the highest measured density (99.9%) occurred under a different param-
eter combination, the selected set (EM = 1.4, LW = 0.5 mm, Lt = 0.20 mm) resulted in a
comparable density of 99.8%, but with greater statistical confidence and more favorable
manufacturing outcomes in terms of repeatability and part resolution.

The multiple linear regression analysis supported by the ANOVA model showed a
good fit and predictive power (F (3,5) = 7.092, p = 0.030), with an adjusted R? of 0.696, indi-
cating that approximately 81% of the variance in density is explained by the combination
of the layer thickness, line width, and extrusion multiplier.

Additionally, residual analysis confirmed the adequacy of the model, with residuals
normally distributed and centered around zero (£3% maximum deviation), as illustrated
in Figure 4c. A strong linear correlation was observed between the predicted and mea-
sured values (Figure 4b), with R? = 0.8097, further validating the statistical robustness of
the model.

To complement the analysis of the densification, a dimensional evaluation was per-
formed using pCT to assess the geometrical fidelity of the parts relative to the original
CAD model. Measurements were carried out for critical features, including the length,
width, and height of representative specimens produced with different parameter sets
(Figure 4d). For the selected set (EM = 1.4, LW = 0.5 mm, Lt = 0.20 mm), the aver-
age deviations were as follows: length = 10.11 £ 0.01 mm, width = 10.23 £+ 0.09 mm,
and height = 1.9 £ 0.01 mm, compared to the nominal CAD dimensions of
10.00 x 10.00 x 2.00 mm. These values correspond to dimensional deviations below
3.0%, confirming the high fidelity of the printed parts. In contrast, specimens fabricated
with extrusion multipliers below 1.2 exhibited larger deviations due to insufficient ex-
trusion effects. These results validate that the selected parameter combination not only
optimizes internal density but also ensures geometrical accuracy, reinforcing its suitability
for producing functional green parts with minimal post-processing requirements.

The consistency between the statistical predictions and the experimental results high-
lights the robustness of the selected parameters and confirms their suitability for producing
specimens intended for detailed microstructural and mechanical evaluation.

After selecting the optimal printing parameters, a cylindrical specimen with a central
through-hole was printed to assess the physical contact between the SMA (NiTi wire) and
the green AlISi7Mg matrix. The NiTi wire was manually inserted into the cavity post-
printing, and the assembly was subjected to debinding and sintering. Figure 5 shows
the cylinder with the embedded wire before (A, B) and after sintering (C), confirming
successful integration.

The uCT analysis indicated contact between the wire and surrounding matrix during
the green state, with visible deformation around the insertion site, as expected from a tight-
fit interference. This mechanical conformity promoted frictional retention and a self-locking
effect prior to densification [20]. Post-sintering inspection revealed a continuous aluminum
(AA)-SMA interface (Figure 5C, white arrow), with fine geometrical accuracy.

These interfacial features are primarily attributed to the thermal expansion mismatch
between the NiTi wire and the aluminum matrix. Additionally, the possible anisotropic
shrinkage of the matrix during sintering likely induced radial compressive stresses around
the rigid wire. These stresses, concentrated at the interface, promote bonding between the
actuator and the sintered matrix, suggesting partial interfacial integrity and the potential
for functional mechanical retention under controlled thermal conditions.
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Figure 5. Partial views of the (A), (B) embedded wire in aluminum in the green part, and
(C) embedded wire in the sintered part.

3.2. Proof of Concept

Before integrating the NiTi spring, the sinterability of the rectangular geometry was
first validated. The specimens with dimensions of 20 x 15 x 3 mm and a central through-
hole were printed and subjected to the debinding and sintering cycle. Figure 6A and
6B represent the proof of concept geometry after printing and after sintering, respec-
tively. Post-sintering analysis confirmed that the geometry retained its structural integrity,
with minimal warping and high densification. Dimensional evaluation by uCT revealed
anisotropic shrinkage (7 to 8% on XY axis and 18% on Z axis), consistent with expected
values for sinter-based metal-polymer systems [22]. Few defects, such as delamination or
collapse, were observed, indicating that the selected process parameters were sufficient
to promote sintering. However, further refinement is necessary to improve the overall
part quality. Based on these results, the same geometry and thermal cycle were used to
embed the NiTi spring and evaluate the actuator system performance. These results con-
firm the predictability and consistency of the sintering behavior for the AIMg7Si matrix in
this configuration.

To validate a functional proof-of-concept actuator embedded within the aluminum
matrix, a NiTi spring was selected as the active element due to its shape memory properties
and mechanical responsiveness to thermal stimuli. Building on the previously validated
rectangular geometry, a new configuration was adopted to allow the insertion of the spring
after shaping and before sintering, while also enabling direct measurement of the recovery
force during phase transformation. For this purpose, the same rectangular specimen
(20 x 15 x 3 mm) was printed with a central through-hole (& 0.8 mm), using the optimized
parameters established earlier.
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PR e

Figure 6. uCT of the aluminum alloy matrix, (A) before and (B) after sintering.

As shown in Figure 7, all dimensions decreased after sintering, reflecting the expected
volumetric shrinkage due to binder removal and particle densification [23,24].
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Figure 7. Model, green, and sintered parts with embedded NiTi spring.

Average shrinkage values ranged from 6.92% to 18.01%, with the highest contraction
occurring in the thickness direction, (z) =18.01% at the top and 17.77% at the bottom,
indicating a more pronounced densification along the build direction. This behavior is
consistent with sinter-based MEX processes, where vertical shrinkage is typically more
significant due to layer stacking and thermal gradients [25]. The lateral (y) shrinkage was
more uniform, with minor variation between the top and bottom sections. The lateral
dimension showed a shrinkage of 6.92% (top) and 7.29% (bottom), while the x direction
contracted by 7.57% (top) and 7.98% (bottom). The similarity in these values suggests that
the part experienced near isotropic shrinkage in the X and Y directions, supporting the
overall geometric reproducibility of the process. These results confirm that the selected
processing parameters led to predictable and consistent shrinkage, with no evidence of
significant asymmetric deformation [24,26]. The minor variations observed between top
and bottom regions are attributed to possible differences in local heating and support
during sintering.

The important aspect to ensure the functionality of the actuator is the wire matrix
interface. Enough adhesion must be ensured so as not to separate the actuator from
the matrix. Optical microscopy demonstrates that the matrix was successfully sintered
(Figure 8A), suggesting the material’s structural integrity. Figure 8B shows a detailed view
of the interface between the NiTi wire and the surrounding matrix. The image reveals a
coherent interface, with no visible gaps, voids, or delamination between the two materials.
The close physical contact and the apparent continuity between the phases suggest that
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mechanical tight-fit interlocking was achieved during sintering, even in the absence of
strong metallurgical bonding. The absence of large interfacial pores is particularly encour-
aging, as it supports the mechanical anchoring of the wire and ensures that the actuator
can transfer force efficiently to the surrounding matrix during thermal activation. The
selected thermal sintering cycle of MEX for the aluminum alloy is shown to be suitable for
the SMA actuator, since the maximum temperatures reached did not affect the functional
properties, as it was intended. The lower peak temperature applied during the sintering
cycle of MEX contributes to maintaining the SMAs’ phase composition and microstructure.
In this process, there is no driving force for Ni evaporation at ~600 °C, and NiTi retains the
Ni content, so its transformation temperatures stay in the intended range. Any precipitates
(like Ni4Ti3) that control the shape memory behavior can either remain or evolve in a
predictable manner, since the heating rate and hold can be tailored [27]. Crucially, the
NiTi will not reach temperatures high enough to fully solutionize all precipitates or form
undesirable intermetallic phases. Instead, it undergoes a controlled heat treatment, compa-
rable to standard SMA aging protocols (typically 400-600 °C), which are used to optimize
functional properties. As a result, the shape memory effect of the alloy can be effectively
preserved [27,28]. This shows a novel improved alternative to actuator embedding via
metal AM.

Figure 8. Microscopic images of the (A) sintered aluminum matrix and (B) the interface bonding
between the SMA and the sintered aluminum matrix.

Thermal Actuation Behavior

Figure 9 illustrates the thermo-mechanical response of the sintered rectangular spec-
imen with the SMA spring, subjected to a uniaxial tensile test with thermal activation,
which shows elastic behavior until the displacement lock (20 mm). Upon the lock, and
before applying heat to the specimen, a decrease in force occurred due to accommodation
of the spring, showing an expected asymptotic tendency. After 40 s, heating was applied
until the specimen reached 75 °C (sufficient to trigger the austenitic phase transformation
of the NiTi spring—A¢ = 69 °C), after which the heating source was removed. The spring
responded promptly to heating, exhibiting a peak recovery force of 2.25 N, consistent
with the literature values for commercial NiTi SMA elements under constrained recovery
conditions [19]. This response confirms that the shape memory effect was retained after full
processing, including a 600 °C sintering cycle. As the system was cooled naturally, the force
gradually decreased, indicating a return to the martensitic phase. This reversible thermal
response confirms that the actuator remains functional post-sintering and is capable of
repeated transformation cycles within a bonded metallic matrix.
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Figure 9. Proof-of-concept tensile test.

To analyze the actuation behavior, a heating—cooling sequence was repeated over three
full cycles, as shown in Figure 10. A progressive decrease in peak force was observed, from
2.25 N in the first cycle to 1.82 N in the third, although the response remained symmetric
and reproducible throughout. This degradation is characteristic of thermomechanical
cycling in NiTi-based actuators and is particularly pronounced when the wire is embedded
in a constraining matrix. The reduction in actuation force is primarily attributed to internal
stress accumulation, interfacial friction, and partial stabilization in the martensitic phase,
which can make a complete reversal transformation to austenite [12].
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Figure 10. Proof-of-concept thermo-mechanical cycle.

Such effects are well-documented and typically stabilize after a few cycles, as the
material enters a steady-state actuation regime [29]. To mitigate this behavior, strategies
such as preconditioning (training) the SMA wire before embedding [30], applying surface
coatings to reduce friction [31], or optimizing matrix geometry to minimize mechanical
constraints can be considered for future implementations [29].

Nonetheless, the tensile test confirmed the two core objectives of this study: the NiTi
spring maintained its shape memory effect after a 600 °C heat treatment, and there was no
detachment of the wire from the matrix for these windows of force and displacement.
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This confirms that the mechanical embedding method, supported by sintering-induced
shrinkage and bonding, provided sufficient interfacial retention to support actuator func-
tion under load.

These results demonstrate that reliable and reversible actuation is achievable in sin-
tered aluminum matrices containing embedded NiTi springs. The system exhibited both
functional recovery and structural stability, validating the feasibility of integrating NiTi-
based actuators into sintered metallic components. This behavior confirms the preservation
of the shape memory effect after integration and heat treatment, supporting the potential
application of NiTi elements as embedded actuators in metallic aerospace structures.

4. Challenges and Opportunities for SMA-AA Integration in
Aerospace Components

The integration of SMAs, particularly NiTi, into aluminum matrices produced via
sinter-based MEX presents both exciting opportunities and critical challenges for aerospace
applications. One of the main challenges lies in the inherent thermal expansion mismatch
between NiTi and aluminum. During sintering and thermal activation, this mismatch
can generate residual stresses at the interface, often leading to localized delamination,
cracking, or distortion in the matrix surrounding the wire. These effects are particularly
pronounced during the martensitic—austenitic phase transformation of the SMA, which
induces dimensional recovery while the surrounding matrix restricts its motion [32].

Additionally, the bonding mechanism at the interface is predominantly mechanical,
especially when diffusion is limited by processing conditions such as relatively low sin-
tering temperatures for aluminum. The successful integration of SMA elements within
metallic matrices enables the creation of lightweight, multifunctional components capa-
ble of actuation, self-adaptation, and vibration damping, without relying on traditional
hinges or motors. This furthers the development of fully embedded deployment systems
in nanosatellites, adaptive structures, or thermally responsive surfaces for reconfigurable
aerospace components [33].

Looking forward, there are several promising research directions to overcome the iden-
tified limitations. These include applying localized surface treatments to improve bonding,
developing optimized sintering profiles tailored to hybrid systems, and understanding
how other treatments, such as anodizing, affect the overall performance of the system.
Numerical modeling and the in situ monitoring of thermo-mechanical behavior during
sintering could also contribute to the adoption of SMA-AA systems in aerospace design.

5. Conclusions

This study successfully demonstrated the integration of SMA (NiTi) actuators into an
aluminum matrix (AlSi”Mg) using a sinter-based material extrusion additive manufactur-
ing approach. The methodology combined filament fabrication, 3D printing, and sintering
in a single workflow, enabling the co-processing of structural and functional elements.

Micro-computed tomography and tensile testing revealed strong interfacial bonding
between the NiTi wires and the aluminum matrix, with no evidence of delamination
or detachment during mechanical loading. The sintered specimens exhibited controlled
shrinkage (~18% along the z-axis), consistent with the densification behavior observed in
metal-filled MEX systems, validating the process viability for consolidated green parts.

Notably, the embedded NiTi elements retained their functional shape memory effect
after the 600 °C sintering cycle, demonstrating reversible actuation across multiple thermal
cycles. This confirms that the functional behavior is preserved despite thermal exposure
and mechanical constraints imposed by the matrix.
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The optimization of printing parameters using a design of experiments approach con-
tributed to achieving high green part density (up to 99.9%), reduced porosity, and dimensional
accuracy, which are factors critical for successful sintering and actuator integration.

These results establish a solid framework for developing lightweight, multifunctional
aerospace components that combine structural performance with active actuation. The one-
step integration of actuator and matrix materials reduces assembly complexity, improves
reliability, and opens opportunities for applications such as morphing structures, embedded
sensing, or self-healing systems in demanding environments.

Future work should focus on cyclic durability, fatigue behavior, and integration of
multiple actuators to explore programmable deformation modes and control strategies for
embedded smart systems.
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