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Abstract
This work explores a novel hybrid composite design that incorporates thin shape memory alloy
(SMA) sheet inserts within glass fiber-reinforced polymer laminates. By using flat NiTi and Cu–
Al–Mn alloy plates—instead of traditional SMA wires—the study evaluates whether increased
material volume improves vibration damping. Brass inserts were also tested as a non-transforming
control. The composites were subjected to free vibration, tensile, and flexural testing. NiTi inserts
yielded the best damping and most consistent mechanical behavior. Cu–Al–Mn inserts showed
potential as a lower-cost alternative but exhibited greater variability. Laser-cut patterns in NiTi
inserts reduced damping slightly but enhanced flexural strength and interfacial adhesion. The find-
ings underline how SMA type and insert design influence the balance between damping efficiency
and structural performance.

1. Introduction

Since their discovery in the middle of the 20th century, shape memory alloys (SMAs) have found applic-
ation in a wide variety of fields, from aerospace to medicine, as both sensing and actuating devices [1].
Additionally, a significant amount of research effort has gone into potential applications of SMAs in the
field of vibration suppression. This interest is driven by the fact that in addition to the intrinsic damp-
ing which is present in all materials, SMAs have two additional mechanisms of energy dissipation, one
passive and one active [2, 3]. The passive damping mechanism is found in SMAs in twinned martensitic
state, and is characterized by an increase in internal friction within the alloy which occurs during load
application as consequence of the movement of martensitic variant interfaces and twin boundaries [2–6].
The active damping mechanism is a consequence of the temperature-induced phase transformation of
the SMA from the martensitic to the austenitic phase (and reverse), during which the alloy experiences a
peak in energy dissipation capacity [7–9]. However, the second mechanism is highly dependent on heat-
ing and cooling rates during phase transformation [4].

Due to its high and consistent shape memory and damping performance, NiTi remains the most
widely researched and industrially adopted SMA. However, its prohibitive cost and manufacturing com-
plexity have motivated researchers to explore numerous alternatives, with Cu-based SMAs showing signi-
ficant potential [10]. Over the last decades, considerable effort has focused on mitigating their inherent
challenges, such as low workability, brittleness, martensitic stabilization, and comparatively lower shape
memory performance [10]. Reducing the aluminum content of the alloy to below ∼18 at.% improved
cold workability of the alloy by promoting the formation of a more disordered parent phase and sta-
bilizing a 2 M martensitic microstructure [11–13]. Through the control of the relative grain size in the
alloy it was possible to significantly improve both shape memory and damping properties of the alloy,
by reducing the dimensionality of the constraints between the grains [14–17]. A damping loss factor
of tanδ ≈ 0.07, for the pure martensitic phase, has been recorded in Cu–Al–Mn wires with a relat-
ive grain size of d/D ≈ 1, where d and D are the mean grain size and the wire diameter, respectively
[7]. Additionally, a recoverable strain of up to 7% has been achieved in sheets with a relative grain size
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d/t ≈ 15.4, where d and t are the mean grain size and SMA sheet thickness, respectively [17]. Further
improvements in Cu–Al–Mn performance can be achieved by introducing additional alloying elements
[18].

Most of the current research on the SMA hybrid composites has been focused on the use of NiTi
wires [19–23]. Embedding of a woven NiTi wire mesh at volume fractions of ∼5% was shown to sub-
stantially increase the stiffness and damping of laminated composites [19]. Additionally, martensitic
transformation in embedded NiTi wires contributes to increased tensile strength of the composite, espe-
cially an higher temperatures [20]. Cyclical loading fatigue tests have shown that glass-fiber-reinforced
epoxy composites embedded with NiTi wires can achieve fatigue life more than twice higher than that of
the base composite material [22].

Most of the current research on SMA-hybrid composites has focused on the use of NiTi wires [19–
26]. Embedding of woven NiTi wire meshes at volume fractions of ∼5% has been shown to substan-
tially increase the stiffness and damping of laminated composites [19], and early studies demonstrated
the feasibility and challenges of integrating NiTi wires within polymer laminates, including issues related
to alignment and interfacial bonding [25]. More recent work has continued to investigate wire reinforced
systems for vibration control and adaptive stiffness applications [26], with Katsiropoulos et al report-
ing damping ratios of ζ ≈ 0.03− 0.04 in aramid/epoxy composites containing prestrained superelastic
NiTi wires [24]. In addition, martensitic transformation in embedded NiTi wires contributes to increased
tensile strength of the composite, especially at higher temperatures [20], and fatigue studies have shown
that glass fiber-reinforced polymer (GFRP) laminates with NiTi wires can achieve more than twice the
fatigue life of the base composite [22].

In this study, the authors propose and investigate a new approach to SMA hybrid composite design
by embedding thin SMA sheets, rather than the more commonly used wires, within laminated GFRP
composites. This configuration allows for a substantially greater volume fraction of active material,
potentially improving the passive damping capacity of the composite and enabling more efficient vibra-
tion suppression. All damping tests in this work were conducted at room temperature, where both the
NiTi and Cu–Al–Mn SMA inserts are fully martensitic. As a result, the measured damping corresponds
to the intrinsic passive damping of the martensitic phase rather than transformation-induced hyster-
esis. While SMA wires have been widely studied in hybrid systems, few works have focused on the use of
thin SMA sheets. This study aims to address that gap by evaluating the performance of thin-sheet SMA
hybrid laminates across both damping and mechanical criteria.

Building on this context, NiTi and Cu–Al–Mn were selected as the two SMA insert materials for this
study, reflecting their respective positions as the established industry standard and a promising, cost-
effective alternative. Their inclusion enables an evaluation of how each material performs in the form of
thin sheet inserts within GFRP laminates, particularly in terms of damping effectiveness and structural
response. This comparative approach is intended to provide insight into their respective advantages and
limitations when used in this novel composite configuration.

In addition to this comparative evaluation, the authors also considered the potential challenge posed
by embedding continuous SMA plates, which could make the composite more susceptible to delamina-
tion at the insert interface. To address this concern, a set of specimens was fabricated using SMA inserts
featuring elliptical hole patterns cut by laser. These patterns were intended to promote resin flow and
mechanical interlocking between layers, thereby improving adhesion across the insert region and redu-
cing the risk of delamination in the hybrid composite structure.

2. Materials andmethods

2.1. Specimen fabrication
For this study, composite materials were fabricated using prepreg layers of a GFRP combined with
thin sheets of NiTi and Cu–Al–Mn SMAs. In addition to these two SMA-based systems, the study also
includes a third configuration incorporating commercial brass sheets. Brass, like Cu–Al–Mn, is a copper-
based alloy, but it lacks the martensitic transformation and associated damping mechanisms character-
istic of SMAs. It therefore serves as a valuable baseline reference, allowing the authors to isolate and
quantify the functional benefits imparted by the SMA behavior. By comparing brass, Cu–Al–Mn, and
NiTi inserts across damping, tensile, and flexural tests, this study provides a comprehensive evaluation
of how material selection and interface behavior affect the multifunctional performance of SMA hybrid
composites. Details regarding the fabrication of the SMA inserts and the subsequent composite are
provided in the sections below.
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Figure 1. Section of the ternary Cu–Al–Mn phase diagram at 10 at.% of Mn, with the treatment temperatures highlighted.

2.1.1. SMA thin sheet inserts
The Cu–Al–Mn SMA sheet samples were produced from raw materials (copper, aluminum, and man-
ganese) with a minimum purity of 99.98 wt.%. The choice of the Cu-16Al-10Mn at.% composition was
motivated by the high material workability of Cu–Al–Mn alloys with low aluminum content (below
18 at.%) [11, 12]. Moreover, at this specific ratio of aluminum and manganese, the alloy exists in the
martensitic phase at room temperature [11, 27]. This phase in Cu–Al–Mn alloys is generally character-
ized by a high passive damping capacity, and a damping capacity greater than in the austenitic phase
[7, 16]. A set of Cu–Mn pre-alloys was first cast using a vacuum arc melting furnace. Subsequently, the
final alloy was obtained by a second casting in an Ages–Galloni induction melting furnace under a mild
argon stream, with the addition of the necessary amounts of copper and aluminum to the pre-alloys.
Casting the alloy into a graphite mold yielded a final ingot with a thickness of approximately 10 mm.
To obtain a thin sheet of the Cu–Al–Mn SMA alloy, the ingot underwent a rolling treatment consisting
of two phases: hot-rolling and cold-rolling. The hot-rolling process involved heating the ingot to 900 ◦C
(within the single β-phase region, shown as HR in figure 1) before passing it through a rolling mill with
30 cm diameter rolls.

This process incrementally reduced the ingot thickness to approximately 2 mm. Further reduction
of thickness was achieved by cold-rolling because at such low thicknesses, the combined effect of high
temperature and high pressure can cause manganese oxidation, potentially altering the alloy compos-
ition and its mechanical and shape memory properties [6]. Cold-rolling achieved a final SMA sheet
thickness of approximately 0.4 mm. During the cold-rolling process, a single recovery heat treatment
was performed at the halfway point by holding the SMA alloy at 600 ◦C (within the α + β dual-phase
region, shown as CR in figure 1) for 10 min. The final heat treatment applied to the Cu–Al–Mn SMA
sheets was betatization at 900 ◦C for 10 min, followed by quenching in cold water to achieve a martens-
itic structure and activate the shape memory properties of the alloy.

The NiTi SMA sheet samples used in the study were commercially acquired and also had a thickness
of 0.4 mm. A differential scanning calorimetry test was performed on samples of both Cu–Al–Mn and
NiTi SMA materials to confirm that their phase transformation temperatures would result in the alloys
being in the martensitic state at room temperature.

In addition to being affected by alloy composition, the properties of SMA alloys, especially damping
performance, are influenced by the relative grain size (d/t), defined as the ratio between the mean grain
size (d) in the alloy sample and the sample thickness (t) [16]. In this study, the relative grain size for
samples of both SMA alloys was calculated, where the mean grain size (d) was estimated from optical
microscopy (Nikon ECLIPSE LV150NL, Nishioi, Shinagawa-ku, Tokyo, Japan) images using the formula
d= 2×

√
A/πN. Here, A represents the area of a circle within which the mean grain size was observed,

and N is a measure of the grain density within that area, calculated as N= N1+ 0.5N2, where N1 is the
number of grains entirely inside the circle and N2 is the number of grains intersecting the border. The
relative grain size was then determined by dividing this mean grain size (d) by the sample thickness (t).
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Figure 2. Schematic of the elliptical hole pattern laser-cut into the NiTi SMA sheet (dimensions in millimeters): (a) the full NiTi
SMA sheet as received, and the elliptical hole pattern and overall dimensions. Longitudinal lines indicate the planned 1 mm wide
cutting paths to section the sheet into four 17 mm wide elongated specimens for subsequent damping tests after composite lam-
ination, (b) a cutout detailing a single insert intended as a layer within the damping composite sample, illustrating the dimen-
sions and positioning of the elliptical holes.

The relative grain sizes of the Cu–Al–Mn and NiTi SMA sheets were determined to be 0.42 and 0.41,
respectively, making them directly comparable.

Following the fabrication processes described above, the pristine SMA sheets were ready for embed-
ding in the composite. In addition to the pristine sheets, a set of NiTi sheets underwent a laser cutting
operation to create an elliptical hole pattern (see figure 2).

The patterned NiTi sheets were embedded as layers in the composite material in the same way as the
pristine NiTi and Cu–Al–Mn thin sheets, with the intention of exploring the trade-off between better
attachment of the composite layers through the holes in the NiTi insert and the potential loss of damp-
ing due to the reduced amount of NiTi SMA in the composite specimen.

The elliptical shape of the holes, with the major axis oriented longitudinally, was chosen to reduce
the notch effect under delaminating loads applied in that direction. The dimensions of the ellipses were
selected based on findings reported in a previous study [28], which indicated that smaller openings
would not allow sufficient GFRP attachment through the holes. Simultaneously, increasing the removed
area further would predictably lead to a more substantial loss of damping performance due to the reduc-
tion of the NiTi SMA.

The laser cutting operation was performed using a customized version of the BLM group LC5 laser
cutting machine (LC5, Adige-SYS S.p.A. BLM Group, Levico Terme, Italy). The machine was equipped
with the YLS-6000-CUT (IPG Photonics Corp., Oxford, Massachusetts) high-power multi-mode fiber
laser source and used the Pro cutter 2.0 (HPSSL, Precitec GmbH & Co., Gaggenau, Germany) laser cut-
ting head. Figure 3 shows the aluminum support designed to prevent bending or flapping of the thin
NiTi sheet during the laser cutting, which was assisted by nitrogen gas.

2.1.2. Composite lamination
As outlined in the introduction, the composite material was based on pre-impregnated (prepreg) plies of
GFRP. These epoxy glass prepreg plies, characterized by a dry weight of 300 g m−2 and a resin content
of 37%–42%, were produced by Mako Shark (Dolzago, Italy).

To ensure a more predictable and stable response during both damping and mechanical testing,
and avoid undesired twisting and warping, the stacking sequence was made both symmetric and bal-
anced. Using a symmetric lamination sequence decouples in-plane loads from bending deformations and
applied moments from causing in-plane strains [29]. Thus, in-plane forces result primarily in in-plane
deformations, while applied moments primarily cause bending [29].

Employing a balanced lamination sequence further eliminated coupling between normal strains and
shear stresses, and vice versa [29]. The selected stacking sequence was [0/insert/0/90/90]s, where ‘insert’
denotes either the SMA or brass thin sheets (see figure 4). In free vibration tests, especially with SMA
inserts that locally increase stiffness, a purely unidirectional laminate would lead to strong anisotropy in
bending stiffness and potential coupling between bending and torsion. The inclusion of 90◦ plies mitig-
ates these effects and ensures a more uniform bending response. Furthermore, this cross-ply architecture
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Figure 3. Top and bottom view of the aluminum support with a NiTi SMA sheet mounted on it.

Figure 4. The [0/insert/0/90/90]s lamination sequence of the GFRP composite. The diagram illustrates the stacking order of
the prepreg layers, with the positions of the SMA or brass inserts highlighted in yellow. The symmetry of the layup about the
mid-plane is evident.

provides a representative configuration for typical GFRP laminates used in general structural applica-
tions, while maintaining a balanced and stable mechanical response around the insert.

During composite lamination, a sufficient number of prepreg layers were placed between the inserts
to position them away from the composite centerline. This offset was intentional because material closer
to the neutral axis experiences less strain during bending or vibration, thus minimizing the contribu-
tion of the insert’s damping properties to the overall composite response. By placing the inserts away
from the centerline, they undergo greater strain and can more effectively contribute to their damping
characteristics. The composite curing was performed at a temperature of 175 ◦C. Subsequently, indi-
vidual samples for damping, tensile, and three-point bending tests were obtained from the bulk compos-
ite material by cutting using a lubricated microcutting machine equipped with a diamond-coated blade.

2.2. Experimental setup and design
2.2.1. Damping performance estimation
The damping performance of the composite materials was determined by measuring and analyzing the
rate of exponential decay in their oscillation response following an induced displacement at the free
end [30].

Four types of composite samples were tested in this study, based on the insert material used between
the GFRP layers: brass, Cu–Al–Mn, NiTi, and patterned NiTi. Rectangular specimens with a cross-section
of 17 × 2.8 mm2 and a length of 330 mm were cut from the bulk composite material. The inserts them-
selves were 320 mm long, with an additional 10 mm of pure GFRP at one end to facilitate clamping
during the cantilever beam testing setup.

For each test, a cantilever boundary condition was created by clamping one end of the specimen.
The samples were excited by introducing a displacement at the free end of the clamped beam. The res-
ulting time-domain displacement of the free end was measured using an M5L/20 laser distance sensor
(MEL Mikroelektronik GmbH, Breslauer Str. 2, D-85386 Eching, Germany) with a 20 mm range. Since
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Figure 5. (a) Typical time-domain displacement response of a NiTi composite specimen during free vibration (blue line), illus-
trating the exponential decay. The red line represents the fitted exponential envelope (y(t) = A0e−αt), which was used to
determine the exponential decay constant (α) and subsequently calculate the damping ratio. (b) Corresponding frequency-
domain response derived from the measured displacement signal, showing the dominant peak at the damped natural frequency fd
used in the damping calculations.

the response was dominated by the first bending mode, the system was modeled as an equivalent single-
degree-of-freedom oscillator for damping identification.

The recorded signal was filtered using a moving median filter to suppress high frequency noise and
any minor contribution from higher vibration modes, which effectively isolated the first mode response
used for damping estimation (figure 5(b)).

The damping analysis for each measurement was performed on the portion of the response envelope
between 4 mm and 1 mm of the signal amplitude.

The dominant vibration frequency fd for each measurement was determined using the Fast Fourier
Transform of the measured displacement signal (figure 5(b)), and the corresponding damped angular
frequency was calculated as:

ωd = 2π fd = ωn

√
1− ζ2 (1)

where ωn is the undamped natural angular frequency, and ζ is the damping ratio [31, 32]
The exponential decay constant α (s−1), was determined by extracting the peaks of the decaying dis-

placement signal and fitting them using MATLAB’s Curve Fitting Toolbox with an exponential model in
the form of:

y(t) = A0e
−αt (2)

which represents the amplitude envelope of an underdamped system response, described by:

x(t) = A0e
−αtsin(ωdt+ϕ) (3)

where α= ζωn.
By substituting into equation (1) and solving for ζ , the following relation was obtained and used to

compute the damping ratio for each measurement:

ζ =
α√

α2+ ω2
d

. (4)

2.2.2. Tensile testing
The tensile testing and subsequent data processing of the results was performed according to the
guidelines found in the ASTM D3039 standard for testing tensile properties of composite materials
with a polymer matrix [33]. This included determining the ultimate tensile strength, the tensile chord
modulus of elasticity (in the 0.1%–0.3% strain range), and the failure type for the composites [33]. As
in the damping estimation tests, four types of composite specimens were tested, based on the insert
material: brass, Cu–Al–Mn, NiTi, and patterned NiTi. Rectangular specimens with a cross-section of
17 × 2.8 mm2 and a length of 160 mm were cut from the bulk composite. To ensure failure occurred
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within the gauge section and prevent slippage in the grips, tabs were bonded to each end of the tensile
samples using epoxy glue. These GFRP tabs had a cross-section of 2 × 17 mm and a length of 36 mm,
featuring a bevel on the interior edge [33]. The necessity of using tabs arose from the observation that
without them, or with every cloth applied directly to the specimen, failure occurred within the gripping
section. The strain measurements during testing were performed using an extensometer and a gauge
length of 50 mm. The tensile testing was carried out on a calibrated MTS Alliance RT/100 tensile test-
ing machine (MTS Systems GmbH, Hohentwielsteig 3, D-14153 Berlin-Zehlendorf, Germany) under a
constant 2 mm min−1 strain rate until specimen failure.

2.2.3. Three point bending
Three point bending tests and the analysis of acquired data was performed according to the guidelines
found in the ASTM D7264 standard for testing flexural properties of polymer matrix composite
materials [34]. The tests were used to determine the maximum flexural stress and strain of the compos-
ite materials, as well as their flexural moduli [34]. All four types of composite material were also tested
in three point bending. The specimen had a rectangular cross-section with dimensions 17 × 2.8 mm2

and a length of 60 mm. The testing was performed on MTS Criterion Model 42 electromechanical load
frame (MTS Systems GmbH, Hohentwielsteig 3, D-14153 Berlin-Zehlendorf, Germany) using a 50 mm
support span and a loading rate of 1 mm min−1.

3. Results and discussion

3.1. Damping performance
The damping performance was evaluated across four composite types based on their insert material:
brass, Cu–Al–Mn, NiTi, and patterned NiTi.

The damping ratio for each measurement was determined by fitting an exponential decay function to
the oscillation response peaks. The goodness of fit for these models was consistently high, with R-square
values all being greater than 0.994.

A typical free-vibration response of a NiTi composite specimen is shown in figure 5, illustrating both
the exponential decay of the measured displacement and the corresponding frequency-domain spectrum.
The time-domain signal, together with its fitted exponential envelope, was used to identify the decay
constant (α), while the frequency spectrum provided the damped natural frequency (fd) employed in the
damping calculations.

Figure 6 shows the normalized displacement envelopes obtained from the free-vibration measure-
ments for each composite configuration. For each specimen, a decaying envelope was plotted based
on the mean value of the exponential decay constant (α) determined from multiple measurements,
while the shaded regions around the mean envelopes represent the range between the fastest and slow-
est decays recorded for that specimen. The close overlap of the envelopes and the narrow extent of the
shaded regions indicate that the measured responses were highly consistent across repeated tests. This
repeatability is further confirmed quantitatively through an ANOVA analysis [35], presented later in
section 3.1.

The damping performance of the composite materials is presented in figure 7. Damping ratios are
shown as means with error bars representing the standard error of the mean (SEM) from multiple
specimens.

Figure 7 reveals that composites with brass inserts exhibit the lowest damping performance. This
is anticipated, given the absence of additional microstructural mechanisms for damping enhancement
in brass compared to the SMAs. Both Cu–Al–Mn and NiTi SMA inserts, which were in their martens-
itic phase during the damping tests, demonstrate significantly higher damping performance than the
brass composites. Specifically, the Cu–Al–Mn composite showed a 78% increase in damping, while the
NiTi composite exhibited a 180% increase compared to the brass composite. This enhanced damping
in the martensitic phase of SMAs is attributed to increased internal friction arising from the accom-
modation of different martensitic variants, movement of twin boundaries, and detwinning [2, 3]. These
observed damping ratios for the composites are notably higher than those typically reported for com-
mon engineering materials, with flexural damping ratios for aluminum and steel being around 5 × 10−5

and between 1 × 10−4 and 3 × 10−4, respectively [36].
A direct comparison between the two SMA composites shows that the mean damping ratio of the

Cu–Al–Mn based composite is approximately 36% lower than that of the composite with commercial
NiTi inserts. While both SMA inserts shared a roughly comparable relative grain size (as described in
section 2.1.1), the NiTi composite exhibits superior performance in this state. However, it is noteworthy
that previous studies have indicated that both preload application, as well as thermal treatments aimed
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Figure 6. Normalized displacement envelopes of all measurements for each composite configuration: (a) brass, (b) Cu–Al–Mn,
(c) NiTi, (d) patterned NiTi. Solid lines represent the mean envelopes identified for each specimen, while the shaded regions
denote the range between the fastest and slowest decays measured across repeated tests. The narrow extent of these shaded
regions indicates the good repeatability of the experimental measurements.

Figure 7. Grand mean damping ratio (ξ) of composite materials with different embedded metallic inserts. Results are shown for
brass, Cu–Al–Mn, NiTi, and patterned NiTi inserts. Error bars indicate the standard error of the mean (SEM) calculated from
multiple specimens for each material type.

at increasing grain growth in Cu–Al–Mn, can significantly enhance the damping performance of Cu–Al–
Mn alloys, potentially making them competitive with NiTi [6, 16].

Lastly, the use of patterned NiTi inserts resulted in a 24.5% reduction in damping ratio compared
to pristine NiTi inserts. Although this reduction roughly corresponds to the 28.7% decrease in NiTi
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Table 1. Two-way nested ANOVA of damping performance by material and specimen.

Source of variation Sum of squares
Degrees of
freedom Mean square F-statistic P-value

Material 3.52× 10−5 3 1.17× 10−5 18.1 <0.001
Specimen (material) 5.20× 10−6 8 6.50× 10−7 358.6 <0.001
Error 3.63× 10−8 20 1.81× 10−9

Total 4.04× 10−5 31

volume, it should not be interpreted as a direct proportionality. This reduction reflects the combined
influence of the modified strain distribution and the smaller amount of SMA material. This observation
highlights the joint effect of patterning on damping behavior, interfacial adhesion, and material usage by
illustrating the trade-off between performance, delamination resistance, and potential cost. Despite this
reduction in damping performance, subsequent mechanical testing, as elaborated in section 3.2, demon-
strates that patterning significantly improves the composite’s resistance to delamination.

To contextualize these damping levels with prior research on SMA-wire composites, Zhang et al [19]
reported room-temperature logarithmic attenuation coefficients of about 0.10–0.14 for epoxy laminates
containing up to 5.35 vol.% of prestrained martensitic NiTi wires, corresponding to damping ratios of
roughly 1.6–2.2 × 10−2. In comparison, the present NiTi-sheet composites achieved a mean damping
ratio of ∼5.1 × 10−3 at an SMA volume fraction of ∼28 vol.%, while the Cu–Al–Mn and patterned
NiTi variants reached ∼3.3 × 10−3 and ∼3.6 × 10−3, respectively (figure 7). Although the absolute val-
ues are lower, it should be emphasized that specimens in the Zhang et al study were prestrained, which
enhances energy dissipation through stress-induced twin-boundary motion. In addition, the laminates
in that case were based on CFRP prepregs with a [CC/epoxy/CC] type lay-up, whereas the present study
used GFRP prepregs with a [0/insert/0/90/90]s stacking sequence. These differences in fiber reinforce-
ment, stiffness, and laminate design further limit the direct comparability of the absolute damping ratios.
The present laminates, by contrast, were tested in the as-fabricated, unstressed martensitic state, show-
ing the intrinsic passive damping that can be obtained from such sheet inserts, as previous studies have
shown that stress-induced transformation cycling can lead to low-cycle functional fatigue in NiTi sheets,
resulting in energy dissipation capacity loss of 30%–40% [19].

To statistically assess the influence of material type and the specimens on damping performance, a
two-way nested ANOVA was performed [35], with the results summarized in table 1.

The ANOVA revealed a statistically significant main effect of material on damping performance (F(3,
20) = 18.1, p < 0.001), indicating that the average damping ratios differ significantly across the four
material types. Furthermore, a highly significant effect of the specimen nested within materials was
observed (F(8, 20) = 358.6, p < 0.001). This significant specimen variability is predominantly driven
by differences observed among the Cu–Al–Mn composite specimens. The higher consistency observed
in the NiTi-based composites compared to those with Cu–Al–Mn inserts could be primarily attributed
to the increased reactivity of Cu–Al–Mn during the thermomechanical treatment phase used to pro-
duce thin sheets. This reactivity, especially from the highly reactive Mn component, combined with the
sensitivity of Cu–Al–Mn’s shape memory and mechanical properties to slight variations in the Al/Mn
ratio, likely contributed to the higher variability seen in the Cu–Al–Mn-based composites [6, 10, 37].
Additionally, this variability is further compounded by the fact that the Cu–Al–Mn inserts were fabric-
ated in a laboratory setting, unlike the commercially produced NiTi and brass inserts. Laboratory-scale
production inherently introduces greater specimen-to-specimen inconsistency due to subtle fluctuations
in processing conditions, cooling rates, or microstructural uniformity that are typically better controlled
in commercial manufacturing.

3.2. Mechanical performance
To evaluate the mechanical performance of the different composite configurations, tensile tests were per-
formed on a total of 14 specimens (3 with brass, 5 with Cu–Al–Mn, 3 with NiTi, and 3 with patterned
NiTi inserts) following the ASTM D3039 standard. The collected data allowed for the determination
of mechanical properties such as the ultimate tensile strength, ultimate tensile strain, and tensile chord
modulus of elasticity (0.1%–0.3% strain range), as well as the types of failure. The results, summarized
in table 2, and depicted by representative stress–strain curves in figure 8, provide insight into the com-
parative mechanical behavior of composites with different SMA and brass inserts. For these composite
specimens, failure was defined as the point at which any individual constituent layer was compromised.
In all composite specimens incorporating SMA-based inserts, a lateral failure within the gauge length
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Table 2. Average ultimate tensile strength, ultimate tensile strain, and tensile chord modulus of elasticity (0.1%–0.3% strain range) for
brass, Cu–Al–Mn, NiTi, and patterned NiTi composite specimens. Values represent the mean± standard deviation, and the
corresponding coefficient of variation.

Materials
σUTSavg

(MPa)
σUTSstd

(MPa)
σUTScv

(%)
εUTSavg
(%)

εUTSstd
(%)

εUTScv
(%)

Ecavg
(MPa)

Ecstd
(MPa)

Eccv
(%)

Brass 441 32 7 2.2 0.4 18 36.1 2.5 6.9
Cu–Al–Mn 343 64 19 1.8 0.2 11 28.9 1.30 5
NiTi 372 12 3 2.2 0.1 5 22.2 0.3 1.4
NiTi patterned 266 23 9 1.7 0.2 12 19.2 0.8 4.2

Figure 8. Representative stress–strain responses for each of the four composite materials that were tested: (a) brass, (b) Cu–Al–
Mn, (c) NiTi, (d) patterned NiTi.

was observed. This failure occurred exclusively within the GFRP layers (both outer and internal plies),
while the SMA inserts remained unbroken. In contrast, for specimens with brass inserts, the failure was
also lateral but propagated through the entire thickness of the specimen, affecting both the GFRP plies
and the brass insert.

In terms of ultimate tensile strength, the brass-based composite specimens exhibited the highest per-
formance, reaching an average of 441 MPa, indicating the strongest reinforcement effect under tension.
Composites incorporating NiTi inserts followed closely, with a UTS of 372 MPa and notably low vari-
ability, highlighting their stable and repeatable mechanical behavior. The composites with Cu–Al–Mn
inserts achieved a respectable UTS of 343 MPa, but showed high variability, likely due to bonding incon-
sistencies introduced by slight warping during the quenching process.

The lowest UTS was observed in composites containing patterned NiTi inserts, averaging 266 MPa.
This reduction in strength is likely due to the notch effect caused by the patterned holes, which intro-
duce localized stress concentrations. Interestingly, these patterned specimens were the only ones that
did not exhibit delamination during tensile testing, a characteristic that remains consistent in the sub-
sequent three-point bending tests, suggesting a potentially beneficial interfacial behavior despite their
lower strength.

In terms of strain at ultimate tensile strength (εUTS), both the brass and NiTi-based composites
exhibited the highest average strain, reaching 2.2%, suggesting that these configurations are capable of
accommodating significant deformation before failure. Notably, the NiTi-based composites again demon-
strated exceptional consistency, with a coefficient of variation (CoV) of just 5%, reinforcing their mech-
anical reliability under tensile loading. The bilinear stress–strain response observed in brass-based com-
posites reflects the staged mechanical engagement of the ductile insert, figure 7(a). The initial linear
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Table 3. Average maximum flexural strength, maximum flexural strain, and flexural chord modulus of elasticity (0.1%–0.3% strain
range) for brass, Cu–Al–Mn, NiTi, and patterned NiTi composite specimens. Values represent the mean± standard deviation, and the
corresponding coefficient of variation.

Materials
σMAXav

(MPa)
σMAXstd

(MPa)
σMAXcv

(MPa)
εMAXavg

(%)
εMAXstd

(%)
εMAXcv

(%)
Eavg
(GPa)

Estd
(GPa)

Ecv
(MPa)

Brass 654 11 2 2.7 0.1 4 40 0 0
Cu–Al–Mn 316 100 32 1.7 0.6 35 25 6 24
NiTi 142 116 82 1.5 1.4 93 12 2 17
Patterned NiTi 365 69 19 2.1 0.3 14 27 2 7

region is governed by the elastic behavior of the GFRP layers, while the subsequent slope reduction
indicates yielding of the brass, which continues to carry load and contributes to the laminate’s overall
toughness. This behavior accounts for both the high ultimate tensile strength and the observed variabil-
ity in strain to failure.

In contrast, the Cu–Al–Mn specimens showed a slightly lower average strain of 1.8%, accompanied
by a moderate CoV of 11%, indicating more variability in the deformation behavior. The lowest εUTS
was recorded in the patterned NiTi composites, averaging 1.7%, with a CoV of 12%. This reduced strain
capacity may be attributed to early stress concentrations around the pattern edges, which can initiate
localized damage and restrict elongation. Despite this limitation, the patterned specimens maintained
structural integrity by avoiding delamination.

A slight non-linearity observed at low strain levels in several specimens may originate from process-
induced residual stresses, generated during the curing process due to the thermal expansion mismatch
between the inserts and the GFRP. Similar ‘toe-in’ behavior has been reported in unidirectional compos-
ite specimens due to fiber alignment and micro-slip effects under initial tensile loading [38–40].

Regarding stiffness, as represented by the tensile chord modulus, the brass-based composites exhib-
ited the highest average value at 36.1 GPa. This elevated modulus is consistent with the significant elastic
contribution of the ductile brass insert. However, this group also displayed the highest variability in stiff-
ness, which may suggest variations in the uniform engagement of the brass insert under initial loading.

The Cu–Al–Mn composites showed a moderate average modulus of 28.9 GPa with improved uni-
formity, indicating a more consistent load-sharing mechanism between the insert and surrounding plies.
NiTi-based composites, while possessing a lower average modulus of 22.2 GPa, were notably consistent,
reflecting a highly repeatable elastic response. In contrast, the patterned NiTi composites exhibited the
lowest average stiffness of 19.2 GPa and moderate variability. This reduced stiffness is likely attributed to
the local compliance introduced by the hole patterns, which effectively decrease the load-bearing cross-
section of the hybrid structure.

Three point bending tests were performed on a total of 20 specimens (5 per each composite type)
following the ASTM D7264 standard.

Through these tests it was possible to determine the flexural properties of the composites such as
the maximum flexural stress, maximum flexural strain, and flexural chord modulus of elasticity (0.1%–
0.3% strain range). The summary of the results is given in table 3. Failure under three-point bending
was defined as the point at which the specimen either exhibited delamination between the insert and the
surrounding GFRP plies, or fractured.

The three-point bending results revealed clear distinctions in flexural performance among the tested
hybrid composites. Brass-based specimens achieved the highest flexural strength, averaging 654 MPa with
negligible variability.

This performance was accompanied by the highest strain at maximum flexural stress of 2.7% and
flexural chord modulus of 40 GPa. The patterned NiTi specimens showed a significantly improved aver-
age strength of 365 MPa, more than doubling that of the pristine NiTi configuration. While they showed
slightly higher variability, their mechanical response remained relatively stable, with a high stiffness of
27 GPa and no signs of delamination.

In contrast, the pristine NiTi and Cu–Al–Mn specimens exhibited substantial performance deficits,
both in terms of average strength and repeatability. NiTi in particular showed low flexural strength and
high variability, along with a low modulus and premature failure. Both it and the Cu–Al–Mn group con-
sistently experienced delamination at the insert-GFRP interface, a failure mechanism not observed in the
brass or patterned NiTi specimens. This strongly suggests that interfacial stability is a decisive factor in
flexural performance. The patterned inserts likely promote better mechanical interlocking, while brass
benefits from inherent ductility and compatibility with the surrounding matrix. Together, these results
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underline the importance of insert design and bonding quality in determining the structural effectiveness
of hybrid composite laminates under flexural loading.

4. Conclusion

This study presents a novel approach to SMA-hybrid composite design by replacing traditional SMA
wires with thin sheet SMA inserts, aiming to maximize active material volume for enhanced vibration
damping performance. Through comparative analysis of NiTi, Cu–Al–Mn, and brass inserts in GFRP
laminates, the work evaluates both the damping and structural behavior of these new hybrid systems
across multiple loading scenarios.

The results demonstrate that NiTi-based composites offer the best overall balance between damping
capability and mechanical consistency, particularly in tensile and flexural loading. Their high damping
performance, driven by martensitic mechanisms, combined with low variability in strength and stiff-
ness, confirms their suitability for multifunctional applications. Cu–Al–Mn, while less consistent, showed
promising damping behavior and moderate mechanical properties, suggesting that with further pro-
cessing refinement, especially thermal treatments, it may serve as a cost-effective alternative to NiTi.
Brass-based composites, though lacking in damping performance, exhibited the highest tensile and flex-
ural strength and stiffness, making them ideal as a reference material for structural benchmarks.

Importantly, the use of patterned NiTi inserts introduced an effective compromise between damping
and mechanical resilience. Although patterning reduced the insert volume and, consequently, damping
effectiveness, it significantly improved delamination resistance, leading to better flexural strength and
structural reliability compared to unpatterned NiTi. Across both tensile and bending tests, interfacial
integrity emerged as a key determinant of performance, with delamination consistently limiting strength
and repeatability in specimens with unpatterned NiTi and Cu–Al–Mn inserts.

Overall, this work provides the first systematic evaluation of SMA hybrid composites using thin sheet
inserts and highlights the potential of both material selection and insert design to tailor damping and
structural performance. These findings lay the groundwork for future research into optimized SMA geo-
metries, surface treatments, and smart structural applications where energy dissipation and load-bearing
capacity must be carefully balanced.
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