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Abstract

While carbon fiber-reinforced polymer (CFRP) composites are widely utilized in aerospace
applications due to their exceptional specific strength and stiffness, they are inevitably
subjected to impact loads during service, which can easily induce internal damage such
as delamination. To mitigate these issues, this study investigates the low-velocity impact
behavior of an SMA-reinforced CFRP U-shaped structure, emphasizing the critical role of
curing-induced residual stresses. A numerical model incorporating the thermal-mechanical
manufacturing history was developed and validated against experimental data. Results
indicate that while embedded superelastic SMA wires effectively suppress crack propa-
gation and enhance energy absorption, neglecting residual stresses leads to a significant
overestimation of structural rigidity and peak loads. Due to the coefficient of thermal
expansion mismatch between the SMA wires and the resin matrix, the SMA-CFRP system
exhibits higher sensitivity to initial internal stresses than pure CFRP. By accounting for
the residual stress field, the relative error in predicted peak force and absorbed energy
for the SMA-CFRP model was reduced from 9.3% to 3.5% and 18.9% to 7.8%, respectively.
These findings demonstrate that residual stress lowers the failure threshold and is essential
for capturing the synergistic effects of SMA phase transformation and matrix damage,
providing a more accurate reconstruction of the structural energy balance.

Keywords: carbon fiber-reinforced polymer; shape memory alloy; U-shaped structure;
curing residual stress; low-velocity impact

1. Introduction
Advanced composites, spearheaded by continuous carbon fiber-reinforced polymers

(CFRPs), represent a cornerstone for structural lightweighting in aerospace and high-
end engineering, credited to their unrivaled specific mechanical properties and tailorable
architectures. U-shaped geometries serve as indispensable load-bearing elements in vital
aerospace assemblies, including wing leading edges and empennages. Nevertheless, these
components are frequently exposed to low-velocity impact (LVI) events, such as runway
debris strikes and avian ingestions, during critical operational phases. Addressing the
trade-off between maintaining high specific strength and simultaneously bolstering impact
resilience and damage tolerance is thus a pressing scientific priority in contemporary
materials research.
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Conventional methodologies for bolstering the delamination resistance of polymer
matrix composites have predominantly relied on architectural toughening techniques,
including stitching [1], 3D weaving [2], and Z-pin reinforcement [3]. Recently, shape
memory alloy (SMA) integration strategies have emerged as a compelling alternative,
distinguished by their unique functional mechanisms. Leveraging superelasticity with
reversible strains reaching up to 8% [4], significant hysteretic behavior, and exceptional
energy dissipation [5], SMAs provide composites with enhanced damping capabilities,
robust damage tolerance, and the potential for active structural reconfiguration [6]. These
multi-functional characteristics represent a significant technological leap over traditional
reinforcement paradigms.

Despite these advantages, the incorporation of SMAs into CFRP architectures intro-
duces formidable challenges, particularly regarding the interfacial compatibility between
the SMA and the polymer matrix—a factor that remains a pivotal bottleneck for industrial-
scale applications. In large-scale and complex CFRP components, thermal gradients be-
tween the prepreg layers and the tooling during curing inevitably trigger residual stress
accumulation [7,8]. The integration of SMA wires further complicates this issue; due to
the pronounced mismatch in the Coefficient of Thermal Expansion (CTE), their presence
exacerbates local fiber distortions and engenders severe stress concentrations and subopti-
mal bonding at the interface [9]. These deleterious effects ultimately diminish the intended
mechanical reinforcement of the hybrid composite.

Current research on the mechanical properties of SMA-reinforced composites pri-
marily focuses on three thematic areas: process parameter optimization, interfacial effect
regulation, and crack-healing mechanisms [10,11].

Initially, the influence of material and processing parameters on mechanical perfor-
mance has been extensively scrutinized, specifically regarding key factors such as SMA
wire diameter, pre-strain magnitude, embedding location, and orientation. For instance,
Fallah [12] investigated the nonlinear dynamic response of micro-SMA composite plates
and observed that increasing the wire diameter enhances the damping ratio. Furthermore,
Jang et al. [13] elucidated a negative correlation between carbon fiber ply angles and tensile
strength, noting a significant degradation in strength as the orientation angle increased
from 0◦ to 90◦.

Notably, the impact of these parameters is frequently coupled with interfacial phe-
nomena. Zhao et al. [14] identified that the SMA/resin interfacial bonding performance
is the determining factor for the static and dynamic properties of laminates; they success-
fully enhanced this interfacial strength through the incorporation of nanoparticles. The
significance of interfacial modification was further validated by Wang et al. [15], who
demonstrated that SMA fibers treated with a KH550 coupling agent significantly bolster
the overall mechanical performance of the composite.

Building upon the optimization of parameters and interfaces, the active actuation
characteristics of SMAs have introduced innovative paradigms for crack healing. The
Cohades [16] group utilized thermally actuated SMA wires to close longitudinal cracks
in epoxy-polycaprolactone-based composites via the mechanical bridging effect. Finally,
Karimi et al. [17] employed an extended finite element model (XFEM) to achieve the
first numerical simulation of mixed-mode crack propagation and subsequent healing,
providing a robust theoretical framework for the damage remediation mechanisms in SMA-
enhanced composites.

Current research on the curing deformation of composite materials primarily revolves
around the influence of mechanisms of residual stress, deformation control methodologies,
and process optimization strategies. At the mechanistic level, the coupled effect of curing
residual stress and thermal stress not only induces mechanical property degradation,
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such as reduced structural stiffness [18] and interlaminar delamination, but also leads to
dimensional stability issues, including warping deformation [19] and the superposition of
assembly stresses [20]. Furthermore, these factors may accelerate creep and fatigue crack
propagation during long-term service.

Paulo et al. [21] developed a Representative Volume Element (RVE) model to sim-
ulate the thermal curing process and analyzed the impact of micro-residual stresses on
the mechanical properties of unidirectional CFRP prepregs. Their results showed a 10%
reduction in transverse strength, with little effect on elastic properties. Zhang et al. [22]
used a multiscale approach to study the evolution of micro-curing residual stresses and
their effects on the out-of-plane tensile properties of T700/7901 composites, finding that
residual stresses delayed interfacial damage and matrix plastic deformation.

Compared to traditional flat configurations, U-shaped composite structures face more
severe internal challenges during the curing process due to the introduction of complex
curved geometries [23]. During the thermo-mechanical coupling cycles, anisotropic shrink-
age differentials are highly likely to occur within the curved regions, leading to significant
residual stress accumulation and geometric distortions such as spring-back or warping [24].
Given that resin-based composites inherently exhibit distinct interlaminar brittleness, these
pre-existing initial residual stress fields often generate nonlinear superposition effects
with external impact loads encountered during service. This stress coupling not only
triggers the premature initiation of interfacial micro-cracks but also accelerates delami-
nation propagation and matrix fragmentation during the impact energy release process,
thereby significantly exacerbating the structural damage evolution and weakening the
residual strength.

Based on the current research, although SMA has been widely used to enhance the
mechanical properties and impact resistance of CFRP, most studies focus on flat panels,
with limited attention to U-shaped components. Furthermore, previous research has
primarily concentrated on SMA material parameters, interface effects, and crack healing,
with little focus on the residual stress generated during the curing process of SMA-enhanced
CFRP and its impact on mechanical behavior. This study innovatively incorporates curing
deformation into the mechanical analysis of SMA-enhanced CFRP, exploring the impact
of curing residual stress on low-velocity impact performance, and validating the model
through experiments to fill the gaps in existing research and provide new theoretical
insights for optimizing SMA-enhanced composite design and applications.

2. Materials and Methods
2.1. Modeling Methodology

In this work, T700/H69 carbon/epoxy prepreg was used to manufacture CFRP and
SMA-CFRP U-shaped leading-edge specimens by autoclave molding. The curing-induced
warpage was measured experimentally and compared with the numerical results for
validation. The residual stress field obtained from the thermo-mechanically coupled
curing analysis was then transferred to the subsequent low-velocity impact model as the
initial stress state, and the predicted impact responses were further verified against the
experimental data.
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2.1.1. Cure Reaction Kinetics Equation

Differential Scanning Calorimetry (DSC) was employed to characterize the curing
behavior of the H69 epoxy resin, and the corresponding cure kinetics were represented by
an autocatalytic Equation [25].

dα/dt = Kαm(1 − α)n

K = Aexp(−∆E/RT)
(1)

Here, K denotes the reaction rate constant, α is the degree of cure, t is time, and
T is temperature. A, ∆E, and R represent the pre-exponential factor, activation energy,
and universal gas constant, respectively, while m and n are the kinetic exponents. These
parameters were identified by fitting the DSC data, as listed in Table 1 [26]. Owing to
the small thickness of the laminates and the embedded SMA wire configuration, the
temperature gradient through the structure was neglected in the present analysis.

Table 1. Curing kinetic parameters of H69 resin.

Parameters Values

Pre-exponential factor A = 3.4 × 108 s−1

Activation energy ∆E = 83, 256.4 J/mol

Kinetic exponents m = 0.69
n = 2.11

As curing proceeds, the resin gradually transforms from a viscous state to a glassy
solid. Accordingly, the elastic modulus Er and Poisson’s ratio vr of the resin are expressed
as follows [25]:

Er =

E0
r , α < αgel

(1 − αmod)E0
r + αmodE∞

r , α ≥ αgel
(2)

νr = (1 − α)ν0
r + αν∞

r (3)

Here, 0 and ∞ indicate the uncured and fully cured states, respectively, and the
subscript r denotes the resin. The gel-point cure degree αgel was set to 0.33, and the

modified cure degree was defined as αmod =
(

α − αgel

)
/
(

1 − αgel

)
.

The mechanical properties of the composite material can be calculated based on the
properties of its constituent materials [25]. Since the rule of mixtures is considered funda-
mental knowledge within the composite materials field, the specific governing equations
are omitted here for brevity.

Tables 2 and 3 summarize the material properties of T700s carbon fiber and H69
resin, respectively. The properties of T700s carbon fiber and H69 resin were obtained from
the manufacturer’s datasheets and relevant literature [27], while the chemical shrinkage
coefficient was estimated from the volumetric shrinkage of the epoxy resin [28,29].

Table 2. Material properties of T700s carbon fiber.

Parameters Values

Tensile moduli
E f 1 = 230 GPa

E f 2 = E f 2 = 15 GPa

Shear moduli
G f 12 = G f 13 = 24 GPa

G f 23 = 5.03 GPa
Tensile strength σ+

A = 4900 MPa

Poisson’s ratio
v f 12 = v f 13 = 0.2

v f 23 = 0.398

Coefficients of thermal expansion β f 1 = −3.8 × 10−7 K−1

β f 2 = β f 3 = 1.01 × 10−5 K−1
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Table 3. Material properties of H69 resin.

Parameters Uncured Values Cured Values

Tensile moduli E0
r = 33.39 MPa E∞

r = 3013.20 MPa

Shear moduli G0
r = 11.16 MPa G∞

r = 1116 MPa

Tensile strength - τA = 50 MPa

Shear strength - τT = 30 Mpa

Poisson’s ratio v0
r = 0.4958 v∞

r = 0.35

Coefficients of thermal expansion β0
r = 5.15 × 10−5 K−1 β∞

r = 2.06 × 10−5 K−1

Coefficient of chemical shrinkage βchem = 0.01

A linear elastic constitutive model was adopted to evaluate the stress evolution during
curing [30].

σi(t) =
[
Cij(t)

]
εj(t) (4)

where σi(t) and εi(t) denote the stress and strain components at time t, respectively, and[
Cij(t)

]
is the time-dependent stiffness matrix updated throughout the curing process. The

non-mechanical strain consists of thermal strain and chemical shrinkage strain, which can
be expressed as [31]:

∆εnon-mechanical = ∆εthermal − ∆εchemical = β∆T − βchem∆α (5)

where ∆εthermal and ∆εchemical denote the strain increments induced by thermal expansion
and chemical shrinkage, respectively, while ∆T and ∆α are the temperature increment and
the increment in degree of cure.

2.1.2. Constitutive Behavior of CFRP

For the CFRP laminate, the elastic response was first described by the initial elastic con-
stants. Once damage initiates, progressive failure was captured using the three-dimensional
Hashin criterion [32], which accounts for four damage modes: fiber tension, fiber compres-
sion, matrix tension, and matrix compression. The corresponding damage variables were
then used to degrade the stiffness matrix during the iterative analysis. As this formulation
is well established, its detailed derivation is not repeated here.
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2.1.3. Constitutive Behavior of Interface

The interlaminar delamination and SMA/matrix debonding were characterized using
a bilinear cohesive zone model (CZM). Damage initiation was governed by the quadratic
stress criterion, while the progressive softening and damage evolution were defined by
a linear damage variable D based on the effective displacement δm. To account for the
mixed-mode fracture behavior, the Benzeggagh–Kenane (B-K) criterion was employed to
predict the critical energy release rate.

GC = GC
n + (GC

s − GC
n )

{
Gs+Gt

Gn+Gs+Gt
}η (6)

This modeling approach effectively captures the transition from damage initiation
to final debonding while maintaining computational efficiency for the complex U-shaped
geometry. The CZM parameters employed in the numerical simulations are summarized
in Table 4. These parameters were referenced from the works of Bogenfeld et al. [33] and
Mohsin et al. [34].

Table 4. Material properties of CZM.

Parameters Values Parameters Values

Kn 8000 MPa tt 62.5 MPa
Ks 12,000 MPa Gn 0.5 mJ/mm2

Kt 12,000 MPa Gs 2.1 mJ/mm2

tn 25 MPa Gt 2.1 mJ/mm2

ts 62.5 MPa

2.1.4. Constitutive Behavior of SMA

The superelastic behavior of the SMA was described by a constitutive framework
incorporating the stress–strain relation, martensitic volume fraction evolution, and the
corresponding transformation loading criterion. This formulation enables an accurate
representation of the phase transformation and hysteretic response of NiTi alloys under
finite deformation. In the present study, the constitutive equation was expressed in an
Eulerian rate form.

◦
τ = 2µDe + K

.
δ1 (7)

Here,
◦
τ =

.
τ − Wτ + τW denotes the Jaumann rate of the Kirchhoff stress τ; µ and K

are the shear and bulk moduli, determined by Young’s modulus E and Poisson’s ratio ν.
De represents the deviatoric elastic stretching tensor,

.
δ is the volumetric deformation rate, 1

is the second-order identity tensor.
The phase transformation from austenite to martensite is treated as a first-order

diffusionless solid-state transition. Its evolution is described by the martensite volume
fraction ϕ(0 ≤ ϕ ≤ 1), governed by

.
ϕ = γS

(
Aϕ

)
(8)

where γ represents the non-negative transformation multiplier, S(·) is the sign function,
and Aϕ denotes the transformation driving force, expressed as

Aϕ = H
(

Me : nt − ϕHµt − ιt
)
− ∆η(θ − θ0)− zt − ιϕ (9)

where H denotes the saturation transformation strain, Me is the symmetric traceless Mandel
stress, and nt defines the transformation strain direction. µt is the transformation hardening
modulus; ιt and ιϕ are the non-negative Lagrange multipliers enforcing the physical con-
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straints. ∆η represents the entropy difference between austenite and martensite, θ and θ0 are
the current and reference temperatures, and zt controls the nonlinear phase transformation.

The loading function specifies the onset condition for phase transformation under
general loading paths. In the present formulation, it is defined in terms of the driving
force as

Fϕ =
∣∣Aϕ

∣∣− Y(ϕ) (10)

where Y is the transformation threshold related to the martensite volume fraction, and its
detailed expression is given in the authors’ previous study [35]. When internal hysteresis is
neglected, it degenerates into a constant Y0. The loading function thus governs the onset
and progression of martensitic transformation.

2.2. Experiment Setup
2.2.1. Material Properties of SMA

Uniaxial tensile tests were performed on a Test Resources 100 kN testing machine
manufactured by Sens Testing Instrument Co., Ltd. (Shenzhen, China) to obtain the stress–
strain behavior of the SMA wire. Each specimen had an effective gauge length of 100 mm
and was tested at a loading rate of 3 mm/min. Five repeated tests were carried out under
identical conditions, and the median response curve was selected for Figure 1a.

  
(a) (b) 

Figure 1. Material testing of SMA wire: (a) stress–strain curve and (b) DSC curve.

During the loading–unloading cycles, the SMA wire exhibits two distinct character-
istics: significant superelastic deformation and a dissipative hysteresis loop. It should be
noted that the small oscillations observed in the unloading branch of Figure 1a were not
explicitly reproduced in the numerical model. The constitutive parameters of the SMA
were identified from the average response of five repeated tensile tests, and the simulation
was intended to capture the mean superelastic behavior, including the loading/unloading
stiffness, transformation plateau stress, hysteresis width, and residual strain, rather than
pointwise fluctuations in the experimental signal. Since the constitutive model does not
include stochastic measurement noise or localized transformation-front serration, these
small-amplitude oscillations were not introduced into the numerical response. During
unloading, the stress-induced martensite transforms gradually back into austenite, and
the localized evolution of the transformation front may produce small stress serrations or
plateau undulations.

In addition, the small residual strain remaining after unloading is a typical character-
istic of superelastic shape memory alloys, arising from transformation-induced plasticity
during the phase transformation process.

https://doi.org/10.3390/jcs10050233

https://doi.org/10.3390/jcs10050233


J. Compos. Sci. 2026, 10, 233 8 of 24

The maximum recoverable strain exceeds 6.5%, with a phase transformation stress
from austenite to martensite approximately at 700 MPa, and an elastic modulus of 58.5 GPa
for austenite, 33.3 GPa for martensite.

Three DSC tests were performed on the superelastic SMA wires, and the average
results are shown in Figure 1b. The superelastic SMA employed in this work exhibits trans-
formation temperatures of As = −46.7 ◦C, Af = 7.4 ◦C, Ms = 8.4 ◦C, and Mf = −60.6 ◦C,
ensuring that the material remains fully austenitic at room temperature.

2.2.2. Manufacture of Laminate

U-shaped leading-edge specimens were fabricated using an autoclave process with
T700/H69 carbon/epoxy prepregs with a nominal ply thickness of 0.125 mm. A pure CFRP
control group and an SMA-reinforced CFRP group were prepared for comparative analysis.
Both configurations featured a 20-ply layup, resulting in a total thickness of 2.5 mm. The
stacking sequence for the CFRP was [02/902/02/902/02/02/902/02/902/02] while the
SMA-CFRP followed a [02/902/02/902/02/02/902/02/W/902/02] sequence, where ‘W’
denotes the SMA wire.

The reinforcement consisted of superelastic NiTi wires with a diameter of 0.3 mm.
Precise spatial distribution was achieved using a custom 3D-printed PLA alignment frame,
which ensured a consistent wire pitch of 6 mm through a perforated edge-fixation system.

A custom-designed split-die mold was employed to fabricate the U-shaped leading-
edge components. This two-part configuration ensures uniform load distribution and
dimensional precision throughout the consolidation cycle. Constructed from high-strength,
corrosion-resistant stainless steel, the tooling is engineered to sustain the rigorous thermal
and baric conditions of the autoclave process. The symmetric U-shaped geometry of the
die and punch (top and bottom molds) was optimized to facilitate both resin rheology
during infusion and efficient post-cure demolding. To ensure accurate spatial positioning
and consistent pretension, the SMA wire grid was integrated into the designated prepregs
with high precision, as illustrated in Figure 2a.

 
Figure 2. Specimen preparation process: (a) SMA-CFRP laid up in the mold; (b) curing cycle;
(c) fabricated U-shaped specimen; and (d) geometric dimensions of the impact specimen.

Upon completion of the layup, the specimens were cured in an autoclave following
the process cycle illustrated in Figure 2b. The cycle commenced with a heating ramp of
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1.46 ◦C/min from room temperature to a 95 ◦C dwell for 50 min, promoting resin rheology
and consistent impregnation. The temperature was then elevated at 0.7 ◦C/min to 130 ◦C
and held for 47 min to ensure full cross-linking. A controlled cooling phase to ambient
temperature followed, aimed at mitigating thermal-stress-induced microstructural defects.

The cured specimens are shown in Figure 2c. Following the consolidation process,
the surface flatness and edge profiles were initially inspected. High-pressure water-jet
machining was then utilized to rectify the edge profiles and remove excess flash, ensuring
geometric regularity and eliminating potential boundary-effect errors during testing. Fol-
lowing edge refinement, specimen warpage was precisely characterized via a non-contact
optical measurement system. The components were finally precision-cut to the standard-
ized dimensions required for low-velocity impact testing, as depicted in Figure 2d, ensuring
full compliance with testing protocols.

2.2.3. Low-Velocity Impact

The specimens used in this experiment are complex-shaped components. To ensure
precise positioning and stability during testing, a combination of a custom aluminum
alloy frame and traditional fixtures was employed to securely fix the specimen beneath
the impactor. This clamping method effectively prevented any displacement or unwanted
deformation of the specimen during the impact process. Low-velocity impact tests were
conducted on a WANCE DIT203Z1 testing machine manufactured by Wance Testing Equip-
ment Co., Ltd. (Shenzhen, China). The impact assembly, consisting of the hammer body
and a hemispherical impactor, had a total mass of 20.99 kg and an impactor diameter of
16 mm. To achieve the target impact energy of 40 J, the initial velocity was set to 1.95 m/s.
Additionally, an anti-rebound device at the base of the machine effectively caught the
impactor after the initial strike, preventing secondary impacts and ensuring the accuracy of
the data and the integrity of the specimen. Three replicate tests were conducted for each
specimen, and the median curve was selected for comparative analysis. The experimental
setup is shown in Figure 3.

 

Figure 3. Low-velocity impact equipment.

Figure 4 illustrates the mechanical responses of CFRP and SMA-CFRP under impact,
presenting both the raw data and the curves automatically smoothed by the testing machine.
Post-smoothing, the initial force values for both materials do not originate from zero. This
phenomenon is attributed to the baseline offset of the piezoelectric force sensors and the
integrated signal filtering procedures of the impact testing system. Such offsets do not affect
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the peak force or the overall impact response. For consistency in comparative analysis, the
automatically smoothed curves are adopted for all subsequent investigations.

  
(a) (b) 

Figure 4. Comparison of experiment results between CFRP and SMA-CFRP: (a) the force–time curve;
and (b) force–displacement curve.

In addition, interfacial phenomena such as slip and debonding may occur between
the SMA wires and the surrounding matrix during impact. However, the influence of
these complex interfacial effects on curve fluctuations is difficult to quantify in a rigorous
manner. Therefore, the present study focuses on the smoothed force-response curves for
analysis, and these curves are further used to validate the accuracy of the subsequent
numerical simulations.

The force–time curves for the two materials are shown in Figure 4a. At the onset of
impact, both materials exhibited elastic behavior, with the impact force rising rapidly. The
pure CFRP U-shaped leading edge reached a peak force of 4831.76 N at approximately
6.2 ms, whereas the SMA-CFRP counterpart reached 5239.42 N at 7.4 ms, representing
an 8.44% increase. This result indicates that the integration of SMA wires significantly
enhances the impact resistance of the U-shaped leading edge, enabling it to withstand
higher transient impact loads.

The low-velocity impact force–displacement curves of the U-shaped leading edge can
be divided into three stages, corresponding to distinct mechanical response processes: the
elastic stage, the damage evolution stage, and the unloading stage, as shown in Figure 4b.
Analyzing stage I reveals that the stiffness of SMA-CFRP is slightly higher than that of
CFRP, with an increase of approximately 4.66%. This marginal improvement indicates that
the introduction of SMA wires enhances the material rigidity, providing higher resistance to
deformation. In stage II, the maximum displacement of the impactor was 11.54 mm for the
CFRP leading edge and 11.20 mm for the SMA-CFRP version. Although the displacement
difference is small, it stems primarily from structural flexibility. The relatively larger
deformation in CFRP leads to pronounced bending strains, resulting in compressive failure
on the impacted surface and tensile failure on the back surface. Conversely, the smaller
displacement in SMA-CFRP reflects increased rigidity, which concentrates the impact load
and yields a higher peak force.

Typical low-velocity impact energy absorption curves can be characterized by two
primary values: the impact energy, representing the total energy applied to the specimen,
and the absorbed energy, representing the energy dissipated by the specimen, as shown
in Figure 5. Energy dissipation begins when the impactor contacts the specimen, and the
impact energy is transferred through elastic bending and various damage mechanisms.
The peak inflection point of the energy curve occurs when the impactor’s velocity drops
to zero. Subsequently, the elastic strain energy stored in the specimen is returned to
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the impactor until separation, at which point the energy curve rapidly descends to a
stabilized value.

 
Figure 5. Comparison of energy–time curves between CFRP and SMA-CFRP.

The energy absorbed by the CFRP leading edge can be regarded as the total energy
dissipated during internal damage. This energy primarily stems from damage processes
such as crack propagation, matrix failure, and interlaminar delamination. In low-velocity
impacts, the energy consumed by fiber breakage is minimal and can be neglected. For
the SMA-CFRP leading edge, the energy absorption process includes not only composite
damage but also the energy dissipated by the pseudoelastic SMA wires through phase
transformations during loading-unloading cycles and wire pull-out from the matrix.

Observing the peak impact energy reveals a hysteresis phenomenon in the response
of the CFRP specimens. This hysteresis is closely related to the gradual accumulation of
damage. As damage intensifies, the integrated transverse stiffness of the laminate decreases,
reducing the impactor’s acceleration and extending the energy release duration. When
damage becomes more severe, the timing of the peak energy is delayed accordingly. This
phenomenon indicates that the mechanical response of CFRP degrades under impact,
ultimately affecting energy absorption efficiency and damage evolution.

Accordingly, the energy dissipation within the CFRP U-shaped leading edge is formu-
lated as follows:

EC
Absorbed = EC

mc + EC
de (11)

Conversely, the total energy dissipation within the SMA-CFRP U-shaped architecture
is formulated as follows:

ES
Absorbed = ES

mc + ES
de + ES

sma (12)

where Emc is energy dissipated by matrix cracking, Ede is energy dissipated by delamination.
The superscripts C and S represent the two types of specimens, respectively. Esma denotes
the energy dissipation associated with the stress-induced phase transformation of the
superelastic SMA wires and their interfacial pull-out from the resin matrix.

Combining the previous analysis of mechanical response with the energy absorption
data for the two U-shaped architectures, it is observed that the pure CFRP leading edge
underwent greater structural deformation during impact due to its lower flexural stiffness,
thus forcing it to absorb more impact energy. In sharp contrast, the SMA-CFRP structure,
reinforced by the embedded SMA wires, demonstrated higher structural impedance and
energy modulation capabilities. Consequently, its total energy absorption remained lower
than that of the pure CFRP, satisfying the relationship EC

Absorbed > ES
Absorbed.

The discrepancy in energy dissipation is further elucidated by the damage-related
inequality EC

mc + EC
de > ES

mc + ES
de, which implies that the baseline CFRP structure un-
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derwent more extensive matrix cracking and delamination. Conversely, the integration
of SMA wires effectively inhibited the progression of irreversible structural degradation.
By absorbing energy through reversible phase transformations, the SMA reinforcement
significantly augments the overall damage tolerance of the U-shaped leading edge.

2.3. Finite Element Simulations

To investigate the influence of the curing process on the low-velocity impact resistance
of the U-shaped structure, a thermo-chemo-mechanical coupled curing simulation was
first performed for both configurations to extract their residual stress distributions. Sub-
sequently, these residual stresses were incorporated into the low-velocity impact model
as a predefined initial field. By comparatively analyzing the impact load response, dam-
age evolution morphology, and experimental data, the impact resistance mechanisms of
SMA-reinforced CFRP were thoroughly revealed, accounting for the initial stress state.

2.3.1. Curing Simulation Models

The curing finite element model established in this study maintains high geometric
fidelity with experimental specimens. The model is discretized into 10 layers of solid
elements along the thick direction, treating plies with the same orientation as an anisotropic
continuum by assigning material orientations. Regarding the integration of SMA wires, the
model strictly follows the experimental layup paths. Based on curing kinetic equations,
a dynamic constitutive characterization accounting for chemical shrinkage and thermal
stress was implemented via the ABAQUS user subroutine UMAT.

A gradient meshing strategy using C3D8 elements was implemented to optimize
computational fidelity and efficiency. A 3.0 mm global mesh was utilized, whereas the
impact-sensitive region featured a refined 1.0 mm mesh to capture high-gradient load
transfer accurately. Boundary conditions involved an encastred upper surface during the
curing cycle, which was subsequently released to simulate demolding-induced spring-back.
The autoclave environment was replicated by applying thermal and baric loads along
predefined temporal paths. The numerical framework was ultimately benchmarked against
experimental results, showing excellent agreement in the curing deformation profiles of
both the CFRP and SMA-CFRP specimens.

2.3.2. Low-Velocity Impact Models Incorporating Residual Stress

The simulation framework is presented in Figure 6. To incorporate curing-induced
residual stresses into the impact model, a curing simulation model with identical dimen-
sions to the low-velocity impact (LVI) model was developed. SMA wires were embedded
into the CFRP matrix using the ‘embedded region’ interaction, with the spacing between
wires consistent with the experimental setup. To replicate the experimental clamping con-
ditions, the two flanges of the U-shaped leading edge were fully constrained. The impactor
was modeled as a rigid body with a predefined initial velocity field of 1.95 m/s and a mass
of 21 kg, matching the experimental parameters. The mesh size and element attributes of
the LVI model remained consistent with the curing model. To prevent premature termina-
tion of the simulation due to severe element distortion caused by stiffness degradation, an
element deletion mechanism was introduced in the user subroutine, effectively enhancing
the stability and convergence of the model.
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Figure 6. Computation framework of the curing process and LVI resistance of U-shaped CFRP.

3. Results and Discussion
This chapter systematically characterizes the curing deformation behavior and eval-

uates the LVI resistance performance of CFRP and SMA-CFRP U-shaped structures, ac-
counting for residual stress effects. By integrating experimental testing with numeri-
cal simulations, the influence of curing-induced residual stresses on the structural me-
chanical response is thoroughly investigated. Furthermore, the stress transfer paths and
reinforcement strategies of SMA-CFRP under dynamic loading are elucidated, provid-
ing a theoretical foundation for the impact-resistant design of high-performance leading-
edge structures.

3.1. Curing Deformation

Figure 7 illustrates the evolution of the degree of cure for the thermosetting resin
throughout the curing process. As shown, during the initial preheating stage, the reaction
kinetics are weak due to the relatively low temperature, resulting in a slow curing reaction
and a minor increase in the degree of cure. As the temperature enters the second heating
ramp, the autocatalytic reaction mechanism becomes prominent, causing the reaction rate
to rise sharply and the curing process to accelerate significantly; consequently, the degree
of cure exhibits a rapid growth trend. During the subsequent dwell stage, the temperature
is maintained at a high and constant level, facilitating the continued reaction. Although
the reaction rate gradually slows down, the degree of cure continues to increase steadily,
ultimately reaching approximately 0.96, indicating that the resin is substantially cured.

Figure 7. Temperature and cure degree curves of CFRP.
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To measure experimental curing deformation, a non-contact image acquisition method
was utilized to determine the relative position between the warped flange and the mold
edge. By extracting pixel data and applying a scale factor, the pixel differences were
converted into physical length units. In the finite element simulation, the displacement
distribution of the laminate in the thickness direction was output upon completion of
the curing process. Finally, the Z-direction deformation data from the free-edge nodes of
the simulation model were extracted and compared with the experimentally measured
warpage for verification. As shown in Figure 8.

 
(a) 

 
(b) 

Figure 8. Comparison between simulated curing deformation and experimental warpage. (a) CFRP
and (b) SMA-CFRP.

To verify the accuracy of the numerical curing model, this study compared the curing-
induced warpage of pure CFRP and SMA-CFRP U-shaped structures. For the pure CFRP
structure, the experimental maximum warpage was 1.39 mm, while the simulation pre-
dicted 1.33 mm, resulting in a relative error of 4.32%. For the SMA-CFRP structure, the
experimental and simulated values were 1.54 mm and 1.45 mm, respectively, with the error
maintained at 5.84%. These comparative results demonstrate that the multi-field coupled
curing model developed in this study can capture the physical evolution of the composite
during the molding process with high precision, fully validating the model’s effectiveness
in predicting curing deformation and residual stress distribution.

3.2. Curing-Induced Residual Stress

Building upon the validated fidelity of the curing simulation for both CFRP and
SMA-CFRP U-shaped architectures, the three-dimensional residual stress fields at the end
of the curing cycle were quantified and analyzed. These results serve as the predefined
initial stress field for the subsequent coupled analysis of the residual stress effects during
the dynamic loading (or impact) event. This integrated modeling approach ensures the
continuity of the thermo-mechanical history from manufacturing to structural response.

As the composite laminate is modeled with local material coordinate systems and
direction-dependent mechanical properties, the entire system exhibits typical anisotropic
behavior. For this reason, conventional isotropic metrics such as von Mises equivalent
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stress are insufficient for capturing the internal stress state. Instead, the longitudinal
stress component (S11) along the fiber orientation was utilized as the primary metric for
residual stress characterization. S11 directly reflects the tensile and compressive states
in the principal fiber direction, offering greater physical significance for understanding
interfacial debonding, fiber failure, and structural deformation trends.

Simulation results indicate that the pure CFRP U-shaped leading edge exhibits signifi-
cant residual stress characteristics after demolding. As shown in Figure 9a, the maximum
residual stress in the S11 direction reaches −59.63 MPa. As indicated by the red circle in
Figure 9a, the residual stress displays a pronounced spatial heterogeneity, with high-stress
concentrations primarily localized in the transition region between the U-shaped curved
section and the flat flange sections. This phenomenon is attributed to the stress concentra-
tion effect caused by the geometric transition: during the curing shrinkage process, the
constrained anisotropic contraction at the curved region leads to a complex stress gradient.

(a) 

(b) 

Figure 9. Residual stress field predicted by curing simulation. (a) CFRP and (b) SMA-CFRP.

As observed from the stress contours, the main body of the U-shaped leading edge is
generally under a state of compressive stress. However, in the critical transition regions,
the stress state undergoes a sharp transformation, characterized by the coexistence of
both compressive and tensile stresses. Specifically, large tensile stresses tend to accumu-
late at the inner radius of the transition zone, while compressive stresses appear at the
outer radius. This in-plane stress coupling is the core mechanical factor leading to the
structural warpage.

To more intuitively reveal the influence of the reinforcement phase on the matrix
stress field, Figure 9b shows the S11 stress distribution in the CFRP matrix with the SMA
wires hidden. Comparing it with the pure CFRP leading edge, it can be observed that
the introduction of SMA wires significantly alters the initial stress state of the matrix.
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Simulation results show that significant band-like stress concentrations appear in the
regions where SMA wires are embedded. More importantly, this local stress induced by
the reinforcement phase undergoes strong linear superposition and coupling with the
geometric stress concentration in the U-shaped transition zone, as shown by the red circle
in Figure 9b. This coupling effect causes the maximum residual stress in the transition zone
to surge to +86.69 MPa.

The fundamental mechanism driving this stress escalation is the pronounced Coef-
ficient of Thermal Expansion mismatch between the SMA reinforcements and the CFRP.
During the cool-down stage of the curing cycle, the differential shrinkage between the
SMA wires and the resin matrix precipitates a severe interfacial thermo-mechanical in-
compatibility. As the SMA wires exert localized macroscopic constraints on the matrix,
this reinforcement-induced restraint is significantly magnified within the transition zones
characterized by geometric discontinuities. This synergy culminates in a highly complex
stress concentration regime.

To reveal the detailed stress state of the SMA, Figure 10 illustrates the von Mises
stress contour of the SMA wire after curing. It can be observed that stress exhibits a non-
uniform distribution along the wire, with high-stress regions significantly concentrated
at the bent locations. Specifically, the peak stress occurs in the geometric transition zone
corresponding to the U-shaped structure clamping edge, reaching a maximum value of
267.7 MPa, as shown by the red circle in Figure 10. This indicates that this region underwent
the most intense strain gradients during the curing process. In contrast, the SMA wire in
the straight sections maintains a lower and more stable stress level, ranging from 142.8 MPa
to 178.5 MPa. This spatial heterogeneity in stress is primarily attributed to the geometric
constraints and local compression exerted by the U-shaped structure.

Figure 10. Curing-induced residual stress in SMA wires.

The essence of the high compressive stresses in the SMA wires lies in the thermody-
namic property differences between the wires and the CFRP matrix. During the autoclave
cooling stage, the shrinkage of the CFRP matrix is much greater than that of the SMA wires,
causing the matrix to exert inward compressive forces on the wires through interfacial
shear. In the transition zones of the structural corners, the stress concentration effect caused
by the geometric curvature overlaps with the matrix shrinkage, creating extremely high
three-dimensional constraint pressures and making these locations peak stress regions.

3.3. Effect of Residual Stress on Low-Velocity Impact Response

This section provides a systematic and in-depth analysis of the results obtained from
the LVI finite element simulations, with comparisons made against the experimental data
to verify the accuracy and reliability of the numerical model. The damage trends of the
two materials are qualitatively analyzed by comparing the backside morphologies of the
U-shaped specimen post-impact. Furthermore, the influence of curing residual stresses on
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the impact resistance of both specimens is quantitatively evaluated through a comparative
analysis of the force–time, force–displacement, and energy–time curves.

3.3.1. CFRP U-Shaped Leading Edge

Figure 11 illustrates the post-impact damage morphologies on the back face of the
CFRP U-shaped leading edge, providing a comparative assessment between experimental
observations and numerical predictions. As depicted in Figure 11a, the backside of the
specimen primarily sustains tensile loading during the impact event, resulting in significant
fiber breakage, as highlighted by the red dashed circles. Concurrently, matrix cracking
initiates and propagates around the impact zone, developing into a discernible fracture
network, as indicated by the yellow dashed circles.

Figure 11. Comparison between experimental photographs and simulation results: post-impact
backside damage of CFRP U-shaped structure: (a) experiment result; (b) simulation result without
residual stress; and (c) simulation result with residual stress.

Figure 11b presents the simulation results without incorporating curing-induced
residual stresses, where the visible voids correspond to element deletion due to failure.
While this model captures the fundamental failure modes, the predicted damage area and
crack lengths are significantly underestimated compared to the experimental evidence.
In stark contrast, Figure 11c illustrates the numerical results after accounting for the
curing residual stress. The introduction of internal stress notably exacerbates the crack
evolution process, yielding a damage morphology that exhibits higher fidelity to the
experimental results. This enhanced correlation demonstrates that residual stress effectively
lowers the threshold for damage initiation and promotes crack propagation. Furthermore,
it underscores the necessity of considering curing-induced effects to achieve accurate
predictions of low-velocity impact performance.

Figure 12 presents the comparative results of the force–time and force–displacement
curves for the CFRP U-shaped leading edge under low-velocity impact. By comparing
the two numerical simulations with the experimental data, it is evident that the model
incorporating residual stress offers significant advantages in both predictive accuracy and
the characterization of mechanical behavior evolution.
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(a) (b) 

Figure 12. Comparison between experiment and simulation response of CFRP during the impact
process: (a) the force–time curve; and (b) force–displacement curve.

Regarding the peak load, the simulation neglecting curing-induced residual stresses
yields a predicted value of 5.29 kN, which is approximately 9.3% higher than the experi-
mental value of 4.84 kN, representing a clear overestimation. Upon the inclusion of curing
residual stress, the predicted peak force decreases to 5.01 kN, significantly reducing the
relative error to 3.5%. This demonstrates that the initial internal stresses generated dur-
ing the curing process weaken the instantaneous load-bearing capacity of the structure.
Furthermore, this pre-loading effect causes the material to enter the damage evolution
stage prematurely.

In addition, the force–displacement curves reflect the stiffness characteristics of the
material during the impact process. Observations indicate that the simulation incorporating
residual stresses aligns more closely with the experimental curves in terms of both the
structural dynamic stiffness in the loading phase and the trajectory of the unloading phase
compared to the model neglecting residual stresses. In the absence of residual stress,
the curves exhibit more violent fluctuations and higher peak values, suggesting that the
model is overly stiff. Conversely, the introduction of residual stress exerts a softening
effect, enabling the numerical model to more realistically simulate the stiffness degradation
process induced by matrix cracking and delamination.

Figure 13 presents the comparison of energy–time curves for the CFRP U-shaped
leading edge under low-velocity impact. By comparing the experimental data with the
two numerical simulation results, the significant influence of curing-induced residual
stresses on the energy absorption characteristics of the structure is clearly observable.
Regarding the overall trend of the curves, the total impact energy in all three cases remains
at approximately 40 J, indicating consistency in the external loading conditions. However,
distinct differences emerge among the three curves during the energy unloading phase.

 

Figure 13. Comparison between experiment and simulation response: the energy–time curve of
CFRP during the impact process.
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The model neglecting residual stresses exhibits the lowest final absorbed energy. This
indicates that the model possesses excessive structural rigidity and sustains less internal
damage during the impact, thereby returning a greater portion of the deformation energy
to the impactor in the form of elastic recovery. This overestimation of stiffness leads to a
deviation in the predicted energy absorption values. In contrast, the model incorporating
residual stresses shows a significant increase in final absorbed energy, with an evolution
trajectory that closely matches the experimental curve. This is attributed to the fact that
the introduction of curing residual stresses places the structure in a pre-stressed state,
effectively lowering the critical threshold for damage initiation. Consequently, this model
generates more extensive matrix cracking and delamination failure during the impact,
dissipating a larger amount of energy through irreversible damage evolution.

The experimentally measured final absorbed energy is 29.5 J. The simulation model
neglecting residual stresses yields a steady-state value of 25.3 J, resulting in a relative error
of 16.6% compared to the experimental data. In contrast, upon the incorporation of residual
stress, the absorbed energy reaches 27.7 J, reducing the relative error to 6.5%. This improved
correlation more accurately reflects the energy balance process of the actual structure under
impact loading.

3.3.2. SMA-CFRP U-Shaped Leading Edge

Figure 14 illustrates the post-impact damage on the backside of the SMA-CFRP U-
shaped leading edge, providing a comparative validation between experimental observa-
tions and numerical simulations. First, the experimental results in Figure 14a indicate that
the back face sustains severe tensile loading at the moment of impact, leading to the fiber
breakage highlighted by the red dashed circles. However, the overall degree of damage
is significantly lower than that observed in pure CFRP specimens. This indicates that the
embedded superelastic SMA wires provide an effective reinforcing effect, suppressing
crack propagation into deeper layers by absorbing strain energy. Concurrently, the matrix
cracking indicated by the yellow dashed circles manifests as finer and more localized cracks,
suggesting that the interfacial shear effect between the SMA wires and the resin matrix
partially redistributes the failure load.

Figure 14. Comparison between experimental photographs and simulation results: Post-Impact
backside damage of SMA-CFRP U-shaped Structure: (a) experiment result; (b) simulation result
without residual stress; and (c) simulation result with residual stress.
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Figure 14b,c presents the simulation results obtained with and without the consid-
eration of curing-induced residual stresses, respectively. A comparative analysis reveals
that the model neglecting these residual stresses predicts impact crack lengths that are
significantly shorter than the experimental observations, with the damage area appearing
overly localized. This discrepancy suggests that ignoring the initial internal stresses leads
to an overestimation of structural rigidity in the numerical model, rendering it unable to
accurately capture the damage initiation during the early stages of impact.

In contrast, the model incorporating the residual stress field yields crack evolution
trajectories and lengths that are in high agreement with the experimental results. The pres-
ence of residual stress brings the material closer to its failure threshold, thereby providing a
more realistic representation of the damage propagation laws driven by the superposition
of complex stresses under impact loading.

To facilitate the understanding of the superelastic deformation and martensitic phase
transformation of the SMA wires during the impact, Figure 15 displays the deformation
and martensitic volume fraction contours of the SMA wires at the moment of maximum
deflection. Under the intense impact force, the entire SMA mesh structure undergoes
significant concave deformation in the central region. The red regions along the wires
indicate where the austenite has completely transformed into martensite. Upon rebounding,
the SMA mesh fully recovers to its original configuration. This entire loading and unloading
process involves substantial energy dissipation, which effectively mitigates the risk of
damage to the composite matrix.

Figure 15. The martensite volume fraction of SMA wires at the moment of maximum deflection.

Figure 16 presents a comparison of the force–time and force–displacement curves
for the SMA-CFRP U-shaped leading edge under low-velocity impact. The accuracy of
the model in simulating complex material systems is further validated through a fitting
analysis that compares numerical simulations—both with and without the inclusion of
curing-induced residual stresses—against experimental data.

  
(a) (b) 

Figure 16. Comparison between experiment and simulation response of SMA-CFRP during the
impact process: (a) the force–time curve; and (b) force–displacement curve.
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Regarding the load-bearing characteristics of the impact response, the simulation
model neglecting curing-induced residual stresses predicts a peak force of 5.75 kN, which
is approximately 9.7% higher than the experimental value of 5.24 kN. This distinct overes-
timation arises because ignoring internal stresses causes the numerical model to exhibit
an idealized level of structural integrity. However, upon incorporating curing residual
stresses, the simulated peak force decreases to 5.36 kN, significantly reducing the error
relative to the experimental data to 2.3%. This indicates that residual stresses induce micro-
scopic damage during the early stages of impact or promote interfacial stress superposition
around the SMA wires, thereby aligning the structural response more closely with the actual
physical conditions.

Secondly, regarding structural stiffness, an analysis of the force–displacement curves
reveals that the slope of the loading phase in the model neglecting residual stresses is
significantly higher than the experimental value, representing a clear overestimation of
stiffness. In contrast, upon the introduction of residual stresses, the curve slope decreases
and aligns more closely with the experimental trajectory. This occurs because the SMA
wires are primarily under compression within the CFRP matrix; during the impact event,
these compressive stresses offset a portion of the applied load. This confirms that the
internal stress field generated during curing alters the effective modulus of the composite
matrix, thereby enabling a more realistic simulation of the stiffness degradation process.

Figure 17 presents a comparison of the energy–time curves for the SMA-CFRP U-
shaped leading edge under low-velocity impact loading. By comparing the experimental
data with the two numerical simulation results, the influence of curing-induced residual
stresses on the energy absorption characteristics of the SMA-reinforced composite system
can be quantitatively evaluated.

 
Figure 17. Comparison between experiment and simulation response: the energy–time curve of
SMA-CFRP during the impact process.

The experimentally measured final steady-state absorbed energy is 28.9 J. In numerical
simulations, the model neglecting residual stresses yields a final energy absorption value
of only 24.3 J, representing a high relative error of 18.9%. This discrepancy indicates
that ignoring internal stresses leads the model to significantly underestimate the extent
of damage evolution within the structure. In contrast, upon the introduction of curing
residual stresses, the simulated absorbed energy increases to 26.8 J, with the relative error
compared to the experimental value narrowing significantly to 7.8%. This demonstrates
that the residual stress field is a critical factor driving irreversible damage and energy
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dissipation within the SMA-CFRP structure; incorporating this physical field allows for a
more accurate reconstruction of the energy balance during the actual impact process.

A comprehensive comparison between the previously discussed CFRP and the current
SMA-CFRP data reveals that residual stresses exert a more pronounced influence on the
numerical models of the latter. Due to the significant mismatch in the coefficients of thermal
expansion between the SMA wires and the resin matrix, the curing process generates a more
extensive residual stress field within the SMA-CFRP. Consequently, when residual stress is
neglected, the predictive deviation of the SMA-CFRP simulation model is markedly higher
than that of the pure CFRP model. This difference in sensitivity further demonstrates that
when studying wire-reinforced composites, accounting for the initial stress state induced
by thermal–mechanical coupling is essential for capturing the synergistic effects of phase-
transformation energy dissipation and matrix damage.

Compared with previously reported flat SMA-reinforced laminates [6,36], the present
U-shaped structure exhibits an additional geometry-dependent effect during impact. In
flat laminates, the improvement in impact resistance is mainly associated with the local
bridging action, superelastic deformation, and energy dissipation of the embedded SMA
reinforcements. In contrast, for the present U-shaped leading-edge component, the curved
profile redistributes the impact load and amplifies the role of curing-induced residual stress,
especially in the bend–flange transition region. Therefore, the impact response is governed
not only by SMA superelasticity and matrix damage, but also by curvature-dependent stiff-
ness distribution and the initial stress concentration introduced during manufacturing. This
difference highlights the necessity of considering the thermo-mechanical manufacturing
history when evaluating curved SMA-CFRP components.

4. Conclusions
In this study, the low-velocity impact behavior of an SMA-reinforced CFRP U-shaped

structure was investigated through a combined experimental and numerical approach,
with a particular focus on the influence of curing-induced residual stresses. Based on
the comparative analysis of the experimental data and the thermal-mechanical coupled
simulation results, the following conclusions can be drawn.

1. Enhancement by SMA Reinforcement.
Experimental results demonstrate that the integration of superelastic SMA wires

significantly improves the load-bearing capacity of the U-shaped leading edge, with the
peak force increasing by 8.44% compared to pure CFRP. The SMA wires provide a critical
bridging effect that suppresses crack propagation and reduces the severity of back-face
fiber breakage.

2. Crucial Role of Curing Residual Stresses.
Neglecting curing-induced residual stresses leads to a pronounced overestimation of

structural rigidity. By incorporating the thermal-mechanical manufacturing history, the
relative errors for peak force and absorbed energy in the SMA-CFRP model were reduced
from 9.7% and 18.9% to 2.3% and 7.8%, respectively, validating the necessity of considering
initial stress states in hybrid material systems.

3. Residual Stress-Induced Damage Mechanism.
The CTE mismatch between SMA wires and the resin matrix generates significant

internal stresses that lower the damage initiation threshold. This facilitates a more realistic
simulation of extensive matrix cracking and delamination, aligning the numerical energy
dissipation laws with actual physical observations under impact loading.

4. Synergistic Energy Dissipation.
At maximum deflection, the SMA mesh undergoes a complete austenite-to-martensite

phase transformation. This superelastic behavior, combined with irreversible matrix dam-
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age, forms a synergistic energy dissipation mechanism that enhances the overall impact
toughness and facilitates the post-impact shape recovery of the structure.

Overall, the present work establishes a validated thermo-chemo-mechanical frame-
work for predicting the low-velocity impact response of SMA-CFRP curved structures,
thereby laying the foundation for broader applications to more complex geometries and ser-
vice environments. Future work will extend the present thermo-chemo-mechanical frame-
work to other curved and stiffened composite geometries, such as hat-shaped, channel-
shaped, and more complex aerospace leading-edge structures. In addition, the coupled
effects of environmental and service conditions, including moisture uptake, temperature
variation, and repeated impact loading, will be considered to further evaluate the long-term
durability and damage tolerance of SMA-CFRP hybrid components.
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