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ABSTRACT: Hybrid fiber reinforced plastic (HFRP) composites, especially intra-layer carbon/glass hybrids, offer
a promising balance of specific strength, impact resistance, and cost efficiency for thin-walled energy-absorbing
structures. This study investigates the low-velocity impact response and energy absorption of intra-layer carbon/glass
hybrid hat-shaped beams. Tensile and impact tests evaluated the effects of hybrid ratio and fiber orientation. A
multiscale damage model based on micromechanical damage and failure criteria was established via Abaqus/VUMAT,
integrating stress amplification factors to bridge micro-meso-macro scales. Experimental results show that carbon fibers
aligned with the loading direction yield hybrid composites with superior tensile properties to carbon fiber reinforced
plastic (CFRP). Under impact loading, the hybrid beams possess energy absorption values intermediate between those
of single fiber reinforced composite beams, among which the B-[C0/G90]s hybrid beam attains the maximum cost-
effectiveness, exceeding the pure CFRP beam by 27%. The established multi-scale model accurately predicts laminate
tensile and hat-shaped beam impact responses, with all relative errors within 10%. Based on the validated model,
orthogonal discrete optimization was performed using mesoscopic carbon fiber bundle fraction and macroscopic ply
angle as design variables. Results indicate ply angle most significantly influences cost-effectiveness, leading to a 28.74%
improvement post-optimization. This work provides an integrated multiscale modeling and optimization framework
for performance-cost balanced intra-layer hybrid HFRP thin-walled structure design.

KEYWORDS: Hybrid fiber reinforced plastic composites; hat-shaped beams; low-velocity impact; multiscale model;
orthogonal discrete optimization

1 Introduction

Hybrid fiber reinforced plastic (HFRP) composites have emerged as pivotal structural materials in
aerospace, automotive, and marine engineering, owing to their tailorable mechanical properties, exceptional
weight-reduction potential, and enhanced cost-effectiveness compared to single-fiber systems [1-3]. Among
various hybridization strategies, intra-layer hybrids combining carbon fibers (CFs) and glass fibers (GFs)
exhibit distinctive synergistic effects. Specifically, CFs deliver high specific strength and stiffness [4-6],
while GFs contribute superior impact resistance, corrosion tolerance, and economic viability [7,8]. This
intra-layer hybrid configuration effectively mitigates the inherent brittleness of CFs while overcoming the
low-modulus limitation of GFs, offering a promising solution for load-bearing structures under complex
service conditions.

Nevertheless, the mechanical behavior of intra-layer carbon/glass hybrid fiber composites remains
insufficiently characterized, primarily owing to the complex multiscale interactions between the two fiber
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types and the polymer matrix. The stress distribution, fiber-matrix interfacial behavior, and failure mecha-
nisms (e.g., fiber fracture, matrix cracking, and delamination) of intra-layer hybrids differ significantly from
those of inter-layer configurations, as the intimate mixing of fibers introduces additional microstructural
heterogeneity [9,10]. As a common occurrence, low-velocity impact (LVI) constitutes a prevalent threat
during manufacturing, transportation, and in-service operations, often inducing barely visible internal
damage that severely impairs residual strength and long-term durability [11-13]. For thin-walled structures
like hat-shaped beams, LVI-induced damage can critically undermine safety, underscoring the necessity for
systematic investigation.

Regarding LVI performance, existing research has predominantly focused on inter-layer hybrids or
single-fiber composites. Maier and Mandoc [14] observed that incorporating glass fiber layers improves the
impact energy absorption of carbon-fiber composites, while Ahamed et al. [15] demonstrated that impact
damage area depends on the thickness of glass fiber layers. However, the LVI behavior of intra-layer car-
bon/glass hybrid composite hat-shaped beams has scarcely been addressed. The complex geometry of such
beams induces highly non-uniform stress distributions under impact, and intra-layer fiber heterogeneity
turther complicates damage initiation and propagation. Moreover, the multitude of design variables and high
costs associated with experimental trial-and-error have impeded the widespread industrial adoption of these
materials, representing a significant research gap.

Advances in computational materials science have established numerical simulation as a powerful tool
to complement experimental studies. While macromechanical models have been employed to simulate
inter-layer hybrids [16-18] with reasonable computational efficiency, they typically neglect the influence
of key microstructural parameters on structural performance. Consequently, such models cannot ade-
quately characterize the multi-scale features of HFRP structures, limiting the full exploitation of their
mechanical and economic potential. To overcome these limitations, multi-scale modeling approaches have
been developed, which integrate heterogeneous microstructural information into macroscopic constitutive
models via localization and homogenization techniques. Although various multiscale frameworks have been
proposed [19-21], most are limited to predicting elastic properties and fail to capture progressive damage
and failure, thereby decoupling macroscopic material failure from its microscopic origins. For energy-
absorbing component design. In this context, Ha et al. [22-24] presented a multi-scale framework derived
from the micromechanics of failure (MMF) theory. By incorporating stress amplification factors (SAFs), this
method establishes a direct linkage between micro- and macro-scale stresses, enabling the determination of
macroscopic failure criteria and damage parameters from micromechanical analysis [25-27]. This framework
provides a promising foundation for the multiscale design of HFRP structures.

On the whole, HFRP composites possess great potential regarding comprehensive performance and
economic efficiency, but their energy-absorption mechanisms under LVI remain unclear, and the effects
of critical parameters such as hybrid ratio, hybridization scheme, and weaving pattern require systematic
exploration. Furthermore, an efficient, physics-based design methodology for HFRP structures is still
unavailable. This work intends to address these gaps by developing a multi-scale modeling and integrated
design framework for intra-layer carbon/glass hybrid composites from micro-meso-macro scales. In detail,
a comprehensive experimental program involving tensile and LVI tests was conducted on hybrid composite
panels and hat-shaped beams with different configurations to quantify the effects of hybridization schemes
and ratios, with tensile data serving primarily to validate multiscale model inputs. Subsequently, a new multi-
scale model grounded in micromechanical failure theory was implemented via a VUMAT user subroutine
in Abaqus. The validated model was employed for comparative numerical analysis. Finally, an orthogonal
discrete optimization is conducted with the carbon fiber bundle fraction at the mesoscopic and the ply angle
at the macroscopic as the design variables.
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2 Experimental Study

In this part, various laminates and hatshaped beams were manufactured and tested under tension and
impact loading. According to the measured results, the mechanical properties and influencing factors of
HFRP specimens were discussed.

2.1 Preparation of Test Specimens

This section elaborates on the manufacturing procedures of CFRP, GFRP (Glass fiber reinforced plastic),
and HFRP composite laminates and beam specimens. First, carbon fiber and glass fiber bundles were
woven into various plain-woven dry fabrics using a semi-automatic small-sample weaving machine, as
shown in Fig. la. These fabrics included pure carbon, pure glass, and intra-layer hybrid dry fabrics with
different hybrid ratios. Specifically, the carbon fiber content is 75% for C0/CG90, 50% for C0/G90 and CG,
and 25% for CG0/G90. The center-to-center spacing between two adjacent fiber bundles is uniformly 1
mm for all hybrid configurations, detailed geometry is presented in Fig. 1b. Thereafter, the laminates were
manufactured via the thermoforming technique. In detail, various types of fiber fabrics were cut into suitable
sizes and then impregnated with epoxy resin. The resulting preforms were placed into a metal mold for
thermal curing, conducted at 120°C under a pressure of 0.5 MPa; after molding. According to the composite
testing standard ASTM D3039, the laminate is cut to dimensions of 250 mm x 25 mm x thickness. Table 1
presents the geometric dimensions of the composite laminates, with three replicate tests performed for each
specimen configuration. As specified in Table 1, the 6-layer CFRP specimen is designated as “P-Cq”, and the
corresponding 6-layer GFRP specimen is denoted as “P-Gg”. The letter “P” represents a composite plate.
Besides, the intra-layer hybrid specimens were named “P-[C0/CG90]s”, “P-[C0/G90]s”, “P-[CG0/G90]s” and
“P-CGg”, respectively. Where “0” denotes fibers oriented in the 0° direction and “90” denotes fibers oriented
in the 90° direction. The typical composite plates are shown in Fig. 2.
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Figure 1: Fabrication and geometric dimensions of the fiber fabric: (a) weaving pattern; (b) geometric dimensions.
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Table 1: Geometric dimensions of composite laminates.

Specimen No. Length (mm) Width (mm) Thickness (mm)
P-Cs-1 250.23 24.28 0.96
P-Cs-2 250.59 24.48 0.98
P-Cs-3 251.12 24.36 1.02

P-[C0/CG90]¢-1 250.67 24.21 0.80
P-[C0/CG90]s-2 250.12 24.16 0.80
P-[C0/CG90]s-3 249.78 24.06 0.81

P-[C0/G90]s-1 250.34 24.63 1.06

P-[C0/G90]s-2 249.57 24.68 1.04

P-[C0/G90]s-3 250.55 24.66 1.06

P-CGg-1 251.23 24.06 0.90
P-CGg-2 251.35 24.23 0.92
P-CGg4-3 251.47 24.45 0.87
P-[CG0/G90]¢-1 250.85 24.47 0.78
P-[CG0/G90]s-2 250.12 24.50 0.80
P-[CG0/G90]s-3 250.07 24.30 0.75
P-Gg4-1 249.34 2391 0.89
P-Gg-2 249.91 24.00 0.92
P-G4-3 250.14 23.95 0.86
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Figure 2: Specimens for tensile tests.

In order to evaluate the impact resistance of HFRP structures, a set of single hat-shaped beams was
manufactured through the thermoforming technique. Intra-layer hybrid HFRP beams were compared with
single fiber composite materials to reveal their superiorities in energy absorption characteristics. The hot
compression molding process of the beams is schematically illustrated in Fig. 3. After molding, the preforms
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were trimmed into specimens for impact testing, all beams had a length of 100 mm and a width of 70 mm.
To prevent bottom-initiated collapse of the specimens during impact, a 45° chamfer was machined on their
top edges. Values for thickness and mass are presented in Table 2, where the letter “B” denotes the composite
beams. Each specimen was tested in duplicate to ensure result reliability.
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Figure 3: Schematic diagram of hat-shaped beam fabrication.

Table 2: Summary of geometric dimensions and mass for single hat-shaped beams.

Specimen No. Length (mm) Width (mm) Thickness (mm) Mass (g)
B-Cs-1 100 70 1.02 48.68
B-Cs-2 100 70 1.08 48.59
B-Gg-1 100 70 1.41 49.41
B-Gg-2 100 70 1.47 49.39

B-[C0/CG90]s-1 100 70 0.81 48.85
B-[C0/CG90]s-2 100 70 0.88 48.88
B-[C0/G90]s-1 100 70 1.09 49.08
B-[C0/G90]s-2 100 70 1.04 49.05
B-CGg-1 100 70 1.02 49.12
B-CGg-2 100 70 1.04 49.18
B-[CG0/G90]s-1 100 70 1.06 49.25
B-[CG0/G90]s-2 100 70 1.07 49.30

2.2 Tensile Tests

To examine the tensile performance of HFRP laminates, a set of tensile tests was carried out, demon-
strating their superior mechanical properties compared to single fiber composite laminates. The influence of
the hybridization scheme on the tensile behavior is discussed in this section.

2.2.1 Experimental Set-Up

Tensile tests were performed using a MTS universal testing system in accordance with the ASTM
D3039 standard. The tests were performed at a loading rate of 2 mm/min. For each mixing method, tensile
tests were carried out on specimens oriented at 0° and 90°, with three replicate tests conducted for each
group. To prevent damage to the composite specimens caused by the grips during testing, reinforcement
tabs were bonded to both ends of the specimens. Additionally, the specimens were sprayed with a uniform
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black-and-white speckle pattern. During the tensile tests, a camera was used to measure the full-field
deformation response of the specimens. By combining with the VIC-2D software, the true strain values of
the specimens during the tests could be obtained. The force values collected by the universal testing machine
correspond to engineering stress, and the true stress was calculated using the following equations:

o = o,e Q)
e =In(l1+¢,) (2)

where 0, denotes the true stress; 0, represents the engineering stress measured by the testing machine; and ¢,
and ¢, correspond to the true strain and engineering strain, which are obtained from the VIC-2D software.

2.2.2 Experimental Results and Discussion

Fig. 4 presents the stress-strain curves of all laminates. The elastic modulus and strength values of
all specimens were calculated from these stress-strain curves, with the results summarized in Table 3. As
observed from Fig. 4 and Table 3, a comparative analysis reveals slight variations among repeated tests. These
variations may stem from incomplete resin flow during the resin brushing process; in addition, they could
be caused by insufficient clamping force of the fixtures during testing or slippage of the reinforcement sheets
relative to the specimens. Nevertheless, the errors in the test results remain within the acceptable range.
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Figure 4: Stress-strain curves of tensile specimens: (a) The curves under tension along the 0° direction; (b) The curves
under tension along the 0° direction.

Table 3: Tensile strength and elastic modulus of tensile specimens.

Specimen No Elastic Modulus Average Value Tensile Average Value

P ) (GPa) (GPa) Strength (MPa) (MPa)
P-C4-0-1 49.29 548.38

P-Cs-0-2 42.22 45.80 510.52 523.23
P-Cs-0-3 45.88 510.78
P-Cs-90-1 53.45 484.66

P-C6-90-2 55.46 51.97 494.93 514.16
P-C¢-90-3 47.00 562.87

(Continued)
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Table 3 (continued)

Specimen No Elastic Modulus Average Value Tensile Average Value
P ) (GPa) (GPa) Strength (MPa) (MPa)
P-[C0/CG90]s-0-1 68.77 771.65
P-[C0/CG90]s-0-2 62.53 64.52 635.85 69111
P-[C0/CG90]¢-0-3 62.27 665.83
P-[C0/CG90]5-90-1 38.07 440.47 394.68
P-[C0/CG90]5-90-2 39.02 39.23 373.92
P-[C0/CG90]6-90-3 40.59 369.65
P-[C0/G90]5-0-1 36.73 510.56
P-[C0/G90]-0-2 40.57 40.57 513.85 483.22
P-[C0/G90]s-0-3 44.42 425.56
P-[C0/G90]s-90-1 23.14 364.54
P-[C0/G90]s-90-2 24.89 23.60 371.61 366.73
P-[C0/G90]s-90-3 22.78 364.06
P-CGs-0-1 35.27 464.30
P-CGg-0-2 38.36 37.68 462.86 462.80
P-CGg-0-3 39.41 461.23
P-CGs-90-1 39.35 424.54
P-CGg-90-2 38.08 37.44 436.09 432.32
P-CGg-90-3 34.89 436.33
P-[CG0/G90]6-0-1 36.46 474.67
P-[CG0/G90]-0-2 3773 37.67 446.99 441.15
P-[CG0/G90]6-0-3 38.83 401.79
P-[CG0/G90]5-90-1 20.04 360.79
P-[CG0/G90]6-90-2 21.31 20.70 328.81 34734
P-[CG0/G90]6-90-3 20.75 352.42
P-Gg-0-1 19.59 335.72
P-G-0-2 19.95 20.01 303.06 320.85
P-Gg-0-3 20.49 323.77
P-G-90-1 18.92 348.90
P-G4-90-2 17.94 18.91 358.75 362.85
P-Gg-90-3 19.88 380.91

Aligning carbon fibers along the tensile direction results in relatively high elastic modulus and strength
for the P-[C0/G90]s and P-[C0/CG90]¢ configurations under 0° tension, highlighting the significance of
hybrid designs with carbon fibers in the load-bearing direction. Conversely, when glass fibers are aligned
along the tensile direction, the P-[C0/G90]s and P-[CG0/G90]s configurations exhibit inferior mechanical
performance under 90° tension, with modulus and strength approaching those of GFRP. Notably, increasing
carbon fiber content enhances mechanical properties in the load-bearing direction, while higher glass fiber
content slightly improves tensile strength in the non-load-bearing direction. This behavior is attributed to the
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fiber hybridization effect, which elevates inter-bundle stress and induces stress concentration. Additionally,
the superior tensile properties of carbon fibers and greater plasticity of glass fibers may further contribute to
the observed mechanical response.

2.3 Impact Tests

For the purpose of exploring the impact resistance characteristics and failure mechanism of hat-shaped
beams, a series of impact tests were conducted. This section will discuss the effect of different intra-layer
hybrid weaving patterns on their impact behavior.

2.3.1 Key Performance Parameters

To quantitatively characterize the energy absorption performance of the tested impact specimens,
multiple evaluation indicators were adopted in this study. As a core requirement for energy-absorbing
components in engineering applications, a well-designed structure should effectively protect occupants
during collisions by dissipating more kinetic energy [3,4]. Therefore, Energy Absorption (EA) is widely
recognized as a fundamental indicator to assess the energy absorption capability of components, which is
defined as:

EA = thF(x)dx (3)

where F(x) corresponds to the crushing force at displacement x; and 4 stands for the overall crushing
displacement.

In addition to EA, Peak Force (F,,,.) was introduced as a key force-related indicator to evaluate
the impact force characteristics. It corresponds to the maximum reaction force induced by the structure
throughout the collision process.

Additionally, the specific energy absorption (SEA) is commonly employed to evaluate the energy-
absorbing efficiency of components and is defined as follows:
EA

SEA = — (4)
m

where m denotes the mass of the specimen.

Finally, to comprehensively assess the practical application value of the hat-shaped beam, the cost-
efficiency indices, namely EA/Cost (energy absorption per unit cost), was also calculated and compared in
this study.

2.3.2 Experimental Set-Up

Impact tests were performed using a drop-weight apparatus (INSTRON 9450), as shown in Fig. 5. For
the tests, the impact system was configured to match the target impact energy of 200 J. The impact hammer
was set with a mass of 20.1kg, and the impact velocity was adjusted to 4.46 m/s. The hat-shaped structure was
placed on the rigid flat plate of the testing machine’s workbench, where its bottom edge was left unconstrained
to minimize the influence of boundary conditions on test results. A high-speed camera was used to record
the deformation process of the specimens, and the force sensor equipped on the drop weight testing machine
captured the contact reaction force during the impact.
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Figure 5: Experimental setup of impact test.

2.3.3 Experimental Results and Discussion

The load-displacement curves from the axial low-speed impact tests of hat-shaped beams are presented
in Fig. 6. Repeated tests exhibit high consistency, strongly confirming test reproducibility. Three distinct
stages are identified via curve analysis: in the initial stage, load rises sharply with increasing displacement,
reflecting the beam’s elastic deformation in the early impact phase and rapid enhancement of bearing
capacity. Among all specimens, B-Gg exhibits the highest F,,,; B-[CG0/G90]s, B-[C0/G90]s, and B-CGe
follow with relatively close values; B-Cg and B-[C0/CG90]¢ record the lowest. Overall, F,,,, increases with
decreasing carbon fiber content, rising from glass fibers’ higher ductility, which enhances structural resis-
tance to initial deformation. Upon reaching this peak, each curve enters a descending stage, corresponding
to the initiation and accumulation of plastic deformation, internal material damage, and even local failure,
with a consequent decrease in bearing capacity. In the subsequent continuous displacement stage, each
curve exhibits sustained fluctuating behavior, attributed to complex structural deformations and continuous
material damage evolution under impact.
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Figure 6: Force-displacement curves of impact specimens: (a) The curves of B-Cq, B-[C0/CG90]s and B-[C0/G90]¢;
(b) The curves of B-CGg, B-[C0/CG90]s and B-Gg.

Fig. 7 illustrates the damage deformation characteristics and performance correlations of the six hat-
shaped beam specimens over the displacement range of 0-25 mm. Fig. 8 presents the specimens after
the impact test. Specifically, subsequent to elastic deformation, the B-Cs specimen is dominated by fiber
fragmentation, thereby introducing a risk of sudden failure. In contrast, both the B-[C0/CG90]s and
B-[C0/G90]e specimens exhibit mild wrinkling during damage progression, which enables them to retain
high energy absorption capacity while suppressing brittle failure. For the B-CG¢ and B-[CG0/G90]¢ speci-
mens, the relatively low carbon fiber content in the loading direction results in the development of significant
wrinkling at approximately 10 mm displacement. Notably, the B-Gg specimen undergoes premature buckling,
ultimately leading to limited energy absorption efficiency.

| 0 mm | | 5 mm | | 10mm| |20mm| |25mm|

-[CO/CG90]s

B-[C0/G90]s

Figure 7: (Continued)
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Figure 8: Typical final deformation mode of hat-shaped beams.

The energy absorption performance of all hat-shaped beam specimens is summarized in Table 4.
The B-Cs specimen achieves the highest EA and SEA, while the B-Gs specimen exhibits the lowest. For
intra-layer hybrid specimens, their EA and SEA values fall between those of B-Cs and B-Gg counterparts,
validating that hybrid weaving balances the energy absorption characteristics of distinct fiber types. As
illustrated in Table 4, the cost-efficiency index highlights practical application potential. B-C¢ specimen
has an EA/Cost of 33.80 J/CNY, whereas the B-[C0/G90]s hybrid specimen reaches 42.82 J/CNY (a 27%
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enhancement over the B-Cq specimen). This improvement stems from the lower cost of glass fibers, which
reduces overall material cost while the hybrid structure retains high energy absorption. In contrast, despite a
relatively high EA/Cost, the B-Gg specimen’s remarkably low total EA renders it unsuitable for high-energy-
dissipation scenarios. In conclusion, intra-layer hybrid weaving configurations significantly regulate the
impact performance of hat-shaped beams, with the B-[C0/G90]s specimen standing out as the optimal design
due to its balanced load-bearing capacity, energy absorption efficiency, and cost-effectiveness.

Table 4: Performance metrics of hat-shaped beams.

Specimens Fuax Average SEA Average EA () Average EA/Cost Average Value
(kN) Value (kN) (J/g) Value (J/g) Value (J) (J/CNY) (J/CNY)

oo s MA Gg 3w gl mes 5350
Blovcosle s T2 G 3@l s 5563
mlovosoke  um VB Gpsa i w0 1282
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3 Multi-Scale Modeling Strategy
To realize the multiscale collaborative design of intra-layer hybrid composite beams, a multiscale model

is developed herein by incorporating the MMF criterion with newly proposed damage evolution laws. This
section presents the detailed modeling methods.

3.1 Calculation of Microscopic Stress

HFRP composite materials exhibit prominent multiscale characteristics, with robust correlations in
mechanical properties across disparate scales. The multiscale model developed in this study encompasses
microscopic, mesoscopic, and macroscopic hierarchies, where cross-scale coupling between adjacent levels
is accomplished through the stress amplification factors (SAFs) matrices M50 and Mpicro, as delineated
in Egs. (5) and (6) [22-25]:

Omeso = MinesoO macro (5)
Omicro = Mmicroameso (6)

where 6 micro> 0 meso aNd O macro respectively denote microscopic, mesoscopic and macroscopic stresses, with
their unified stress tensor expressions presented in Eq. (7):

T
O micro = [011022033012023013]
- = = = = = — T
Omeso = [011022033012023013 | (7)

— — — — 4T
Omacro = [0110'22033012023013]
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Through the integration of Eqs. (5) and (6), the 6 yicro can be obtained by 0 macro and SAFs matrix
M, icro—macro» Which can be defined as:

Mmicro—macro = Mmeso/Mmicro (8)

Acting as a pivotal bridging component between the macroscopic and microscopic scales, the specific
values of the M icro—macro Matrix can be quantified utilizing micro- and mesoscopic representative volume
elements (RVEs) models.

3.2 Establishment of RVEs Models

To establish more accurate RVE models, the volume fractions of composite specimens were quantified
via scanning electron microscopy (SEM) observations, as presented in Fig. 9. Image processing was employed
to calculate the microscopic fiber volume fractions of CFs and GFs, yielding values of 65.18% and 70.04%,
respectively. For modeling simplification, the fiber bundles were assumed to have an elliptical cross-sectional
geometry and a sinusoidal path profile. The mesoscopic volume fraction of the intra-layer hybrid composite
was determined to be 61% through image analysis.

(a) Carbon fiber Glass fiber

5 5
s EHT=10.00kV Mag= 1.70KX  SignalA=BSD1  WD= 84mm ﬁ‘ il EHT= 500kV ~ Mag= 170KX  SignalA=BSD1  WD= 7.1mm ﬁ

(b) Carbon fiber yarn Glass fiber yarn

Figure 9: Micrograph of fibers and fiber yarns: (a) SEM images of fibers; (b) Cross-sectional micrograph of fiber yarns.

For the microscopic RVE model, a cuboidal configuration was employed, with a length and width of
1 mm, respectively, and a height of \/3 mm. The average diameters of CFs and GFs were determined as 0.42
and 0.44 mm, correspondingly. Furthermore, the mesoscopic RVE model is predominantly composed of
warp yarns, fill yarns, and matrix. With respect to the mesoscopic RVE model, the length and width were both
specified as 2 mm, while the thickness was set to 0.15 mm. The yarn width and spacing were defined as 0.96
and 0.04 mm, respectively. Tetrahedral meshes tend to undergo significant distortion; therefore, the fibers
and matrix were discretized into hexahedral elements (C3D8R). Mesh sensitivity analyses were performed
separately for the microscopic and mesoscopic RVE models to ensure the accuracy and convergence of the
stress SAFs predictions and damage evolution simulations. The microscopic and mesoscopic RVE models
are illustrated in Fig. 10.
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Figure 10: Microscopic and mesoscopic unit cell models: (a) Microscopic RVE model; (b) Mesoscopic RVE model.

According to Eqs. (5) and (6), the SAFs shall be extracted from each node of the RVE models at both
the microscopic and mesoscopic perspectives. In the present study, the k-means clustering algorithm was
employed to classify the SAFs of all elements in the RVE model into different categories, and the average value
of the stress amplification factor matrices in each category is taken as the representative of the corresponding
elements and used as the reference point [28]. The workflow of the proposed method is depicted in Fig. 11.

Six groups of macroscopic unit stress loads
are applied to the RVE and meso-scale unit
cell model

\ 4

Under the load of 6 groups of element stress,
the stress of each element is extracted, and

36 stresses are arranged in a row

\ 4

The stress of the same component material
forms a matrix: fiber, resin, warp yarn and

fill yarn

\ 4

Sets the number of iteration steps and

Calculate the stress amplification factor
matrix of reference points

A

The clustering centers of different
components are used as reference points

Tterative convergence?

clusters for each component material

k-means cluster analysis by SPSS software

Figure 11: K-means clustering procedure for reference point determination.

When conducting micromechanics-driven analytical investigations, to ensure stress continuity and
deformation compatibility of the microscale RVE model under applied loading, periodic boundary condi-
tions must be imposed on it [29-32]. For each node pair situated on the opposing boundary surfaces of the
model, the corresponding displacement parameters can be accurately characterized via Eq. (9).

u{+ (x,9,2) - uf_ (x,9,2) = c{ (i,j=1,2,3)

9)
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where u{+ and u{_ denote the i-directional displacements corresponding to the boundary faces with
the j-direction normal vector, the superscripts “+” and “-” are used to distinguish the node pairs
on the opposing boundary faces. Meanwhile, the constant ¢/ represents the displacement differential between

the two paired nodes.
Based on Eq. (5), the M icro—macro can be determined as follows: [22-25].

1

Mmeso/Mmicra = 1//?_ (10)
Y= [515253 0,05 56]6x6 (11)
V= [212:0:0,0506 ]
= == = = — — T
0; =10110,,033012,0230 ,

i = (0102205301202 13; i=11,22,33,12,23,13 (12)
Q; = [011022033012023013] >

where y and y correspond to the microscale stress and macroscale stress under six independent loading
cases, respectively; £2; denotes the unit stress load exerted on the RVE model, while ©; signifies the
microscopic stress at the reference point. Given that ¥ is an unit matrix, Eq. (8) can be reformulated
as Eq. (13)

Mmicro—macro =y= [019293940506]6x6 (13)

Accordingly, Micro-macro represents the microscale stress intensity v ..

The SAFs and microscopic stress values associated with different constituents vary with damage states.
Adopting SAFs determined from a single damage state as the element failure criterion is inconsistent with
the actual mechanical response. Therefore, it is necessary to calculate these factors for all damage states
of the individual material constituents. Given the wide variety of damage scenarios for different material
components, direct computation for each damage case would incur an excessively high computational cost.
Therefore, a linear fitting method is employed in this study to evaluate these parameters. The material
properties of the fiber and matrix are pre-degraded, and the corresponding SAFs are subsequently obtained.
By employing matrix damage as the independent variable and establishing a linear fitting equation, the
expressions for the fiber and matrix under different damage states can be derived, which allows the
microscopic stress amplification to be updated in real time with damage evolution.

3.3 Failure Criteria Based on Micromechanics

In the investigation of microscopic damage behavior in composite materials, prior studies have estab-
lished the MMF criterion [22,23]: by elucidating the damage mechanisms of composites, this criterion
enables the prediction of microscopic damage states in fiber yarns and resin phases, thereby providing
a theoretical framework for quantitative microscopic damage analysis. In the present section, the MMF
failure theory is applied to composite systems, facilitating the effective characterization of their microscopic
damage behavior.

3.3.1 Criterion for Fiber Failure

Extensive studies have demonstrated that the axial strength of fibers is substantially superior to their
radial strength, thus enabling fibers to bear the predominant portion of longitudinal loads. Therefore, the
maximum stress failure criterion was adopted to characterize the microscopic failure behavior of fibers, as
formulated in Eqs. (14) and (15) [23,24].
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01
<o = 1 (14)
f
0]
T x0.C =1 (15)
f

In the above expressions, superscripts “T” and “C” denote tensile and compressive loading states acting
on the fibers, respectively; o represents the longitudinal microscopic stress component. X% and X%
correspond to the intrinsic tensile and compressive strengths of the fibers, respectively. The onset of fiber

damage is deemed to occur when the dimensionless ratios X‘Z{T and — X"O{C reach or exceed unity, which

f f
indicates that the microscopic stress has attained the critical strength threshold of the fiber phase.

3.3.2 Criterion for Matrix Failure

It is well-established that the failure behavior of the matrix phase is governed by hydrostatic stress-
dependent criteria. Therefore, the modified Von Mises criterion was utilized to characterize the damage of
the matrix material, as mathematically defined in Eqs. (16) and (17) [32,33].

2
Tym I , Yo Tyne
( ! ) + o = Lol =/ Yy Yyye, =" (16)

cr 0,C 0, T
osr Y, -Y,

Il=01+02+03

1
Oym = \/E [(011 - 022)2 + (022 - 033)2 + (ou - 033)2] +3(0f, + 03, + 03)

(17)

where, 011, 023, and 033 represent the microscopic normal stress components corresponding to the 11, 22 and
33 tensile directions in the constitutive matrix, while 01,, 0,3 and 013 denote the microscopic shear stress
components associated with the 12, 23 and 13 shear directions, respectively; Y2" and Y% correspond to
the tensile and compressive strengths of the undamaged matrix, respectively; 0, ,, and o, represent the von
Mises equivalent stress of the matrix and its critical value, respectively; and I; and I{” denote the first stress
invariant of the matrix and its critical value, respectively. Matrix damage initiation is deemed to occur when

2
the dimensionless term ( s ) + & reaches or exceeds unity, signifying that the matrix stress has attained

cr
vm Il

its critical failure threshold.

3.4 Damage Evolution Criterion

In the present section, the damage evolution criteria of fiber and matrix phases and the computa-
tional method for macroscopic damage parameters are thoroughly described, whereby the update of the
macroscopic stiffness matrices are realized.

3.4.1 Fiber Damage Evolution Criterion

Upon the fiber stress satistfying the threshold of the relevant failure criterion, fiber stiffness exhibits a
drastic reduction. Eq. (18) [26] formulates the damage evolution law for fibers, and the constitutive behavior
of micro-damaged fibers is mathematically described by Eq. (19) [34].
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f—09 0'f>Tf
T(C) =0, —Cf <or< Tf (18)
f_09 oy < Cf
_(1_pT© 4.7(C) _ (1 _ pT(©) 4.7(C) _ (1 _ pT(©)
op = (1-D; ) Crep BT = (1- D[ ) Ep, BT = (1- D1 O Ep (19)

where o7 and &/ correspond to the microscopic stress and strain of the fibers, respectively; C; denotes the

initial stiffness matrix of fibers; E T(C) and Ed T(C) correspond to the longitudinal and transverse elastic
moduli of post-damage fibers, Whereas Ef and Ef, represent the equivalent elastic moduli of the pristine

fiber counterparts. The fiber damage variable is denoted by D;(C).

3.4.2 Matrix Damage Evolution Criterion

Upon satisfying the tensile or compressive failure criterion, damage and failure initiate in the matrix. In
contrast to fiber damage, the matrix exhibits a progressive pattern of damage evolution. The damage evolution
process of the matrix is shown in Eqgs. (20)-(22) [33-35].

(B-1D L +\/(B-1)’ 1 +4BoZ,  yo.C

Oeq = 5 b= (20)
K, = max (aeq) (21)
pI© =1-exp [y (1— ;0 T)] (22)

where «,, denotes the maximum equivalent stress (c,4) sustained by the matrix following the initiation of
damage. y represents the damage shape parameter, assigned a value of 1.5 for the purposes of this study.
DI refers to the matrix damage factor, a stress-state-dependent parameter bounded within the range of
Otol

The constitutive relation governing damaged matrix is mathematically formulated as Eq. (23) [30,31].
O = (1 - DZ;,(C)) Conms ELTO) _ (1 - DZ;(C)) E,, (23)

where 0,, and ¢,, represent the microscopic stress and strain of the matrix, respectively; C,, denotes the
initial stiffness matrix of matrix; E,, and E,‘f;T(C) correspond to the intrinsic initial elastic modulus and
post-damage elastic modulus of the matrix phase, respectively.

3.4.3 Macroscopic Stiffness Matrix Update

In the present study, macroscopic damage variables are employed to account for the microscale effects
on the macroscale behavior. Considering that the research focuses on plain-woven hybrid fiber composites,
the definition and computation of the macroscopic damage variables are given by Eqs. (24) and (25) [33,36]:

a9 =1- (B OV + BT OV By

dzT(C) =1- (Ej"lg(C)Vf +En " OV,)[Es (24)

di D =1 BT 1= Vi1 BT JERT) B
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di=1-(1-d)(1-dr)
dy=1-(1-d;)(1-dy)
dy=1-(1-di)(1-dy)

(25)

where Ejj, E;; and Ej3 correspond to the elastic moduli of the composite in the 11, 22, and 33 directions,
respectively; Vi, Vy; and V,, denote the volume proportions of CFs, GFs, and matrix phase, with V¢
representing the aggregate volume proportion of carbon and glass fibers. d;, d, and ds stand for the
macroscopic damage parameters along the 11, 22, and 33 directions of the composite, respectively. Following
the onset of material damage, these macroscopic damage parameters are computed from the microscopic
damage factors, thereby facilitating the update of the macroscopic damaged stiffness matrix via Eq. (26) [37]:

(1-d)C) A-d)(1-d)C),  (1-di)(1-d3)C)s 0 0 0
(1-d)(1-d)Ch,  (1-d)C%,  (1-d)(1-d3)CY 0 0 0
C, - (1-d)(1-d3)CP;  (1-d2)(1-d5)Ch; (1-d3)CY, 0 0 0
0 0 0 (1-d)(1-4dz)CY, 0 0
0 0 0 0 (1-d)(1-d3)CY 0

0 0 0 0 0 (1-d2)(1-d5)CY

(26)
where C?j refers to the undamaged macroscopic stiffness coefficient.

Fig. 12 depicts the architecture of the developed multi-scale analytical approach. Initially, the volume
fractions of CFs and GFs are quantified based on their spatial distribution, with the concurrent establishment
of microscopic RVE models. Subsequently, the mesoscopic RVE models for intra-layer hybrid composites are
constructed by incorporating the geometric characteristics of fiber yarns, including their path configurations
and cross-sectional profiles. To establish inter-scale correlations, PBCs and six sets of macroscopic unit
stress loads are imposed on the microscopic and mesoscopic RVE models, respectively. Reference points
corresponding to fibers, matrix phase, and fiber yarns are identified via k-means clustering analysis, enabling
the calculation of the M ,;cro and M,,.s,. Macroscopic stresses are transformed to microscopic stresses via
SAFs. The microscopic damage states are further mapped to macroscopic damage variables. The multi-scale
model achieves quantitative correlation between the microstructural morphology, damage characteristics,
and macroscopic mechanical response.
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Figure 12: Computation framework of the proposed multi-scale model.
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4 Numerical Results and Analysis
4.1 Validation of RVE Models

The elastic properties of CFs, GFs, and matrix utilized for developing microscopic and mesoscopic
RVE models were derived from low-load tensile test data and material parameters furnished by raw
material manufacturers, as collated in Table 5. Table 6 presents the periodic boundary conditions and six
sets of macroscopic unit stress excitations. Representative stress nephograms of microscopic RVE models
corresponding to CFs and GFs are presented in Fig. 13, respectively. Furthermore, the characteristic stress
distribution profiles of mesoscopic RVE models are illustrated in Fig. 14, correspondingly. The findings
demonstrate that under varied loading scenarios, considerable discrepancies exist in the stress magnitudes
and spatial distribution traits of the composites, with the stress fields displaying an approximately symmetric
configuration. With the computational expressions provided in Table 7 adopted for analysis, the elastic
parameters of the fiber bundles were acquired and tabulated in Table 8.

Table 5: Elastic properties of fiber and matrix.

Elastic Parameters Carbon Fiber Glass Fiber Elastic Parameters Matrix
Longitudinal modulus E 165.9 (GPa) 34.7 (GPa)
Transverse modulus Ef, = E¢3 30.0 (GPa) 34.7 (GPa) Elastic modulus E,, 4.74 (GPa)
Shear modulus Gy = Gy13 24.0 (GPa) 29.9 (GPa)
Shear modulus G »3 14.3 (GPa) 29.9 (GPa)
Poisson’s ratio v, = vsi3 0.26 0.22 Poisson’s ratio v, 0.39
Poisson’s ratio v ;3 0.44 0.22

Table 6: Unit stress loading conditions for RVE models.

Load Cases on 022 033 013 023 o3
11 1 0 0 0 0 0
22 0 1 0 0 0 0
33 0 0 1 0 0 0
12 0 0 0 1 0 0
23 0 0 0 0 1 0
13 0 0 0 0 0 1

e
| (a)

i S, Mises
7 | (Avg: 75%)

! g +2.600e+00
i +2.383¢+00
S +2.167¢+00
5 +1.950e-+00
il2 +1.733e+00
g +1.517¢+00
= +1.300e+00
8 +1.083¢+00
= +8.667¢-01
I 8 +6.500e-01
i +4.333¢-01
I +2.167¢-01
i +0.000e+00

Figure 13: (Continued)
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Glass fiber yarn

S, Mises

(Avg: 75%)
+2.700e+00
+2.475e+00
+2.250e+00
+2.025e+00
+1.800e+00
+1.575e+00
+1.350e+00
+1.125e+00
+9.000e-01
+6.750e-01
+4.500e-01
+2.250e-01
+0.000e+00

Fiber yarn

Matrix

S, Mises

(Avg: 75%)
+4.500e+00
+4.125e+00
+3.750e+00
+3.375e+00
+3.000e+00
+2.625e+00
+2.250e+00
+1.875¢+00
+1.500e+00
+1.125e+00
+7.500e-01
+3.750e-01
+0.000e+00

S, Mises

(Avg: 75%)
+2.500e+00
+2.292¢+00
+2.083e¢+00
+1.875¢+00
+1.667¢+00
+1.458¢+00
+1.250e+00
+1.042¢+00
+8.333¢-01
+6.250e-01
+4.167¢-01
+2.083¢-01
+0.000e+00

Figure 14: Mesoscopic RVE models under unit stress excitations.

Table 7: Determination method of macroscopic elastic parameters [34,35].
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Table 8: Predicted elastic properties of fiber yarn using RVE models.

Mechanical Properties Carbon Fiber Glass Fiber
Longitudinal modulus E;; (GPa) 107.89 29.25
Transverse modulus E,, = E3; (GPa) 15.63 16.27
Shear modulus Gy, = Gy3 (GPa) 6.00 6.48
Shear modulus G,3; (GPa) 5.24 6.69
Poisson’s ratio vy = vi3 0.30 0.27
Poisson’s ratio v3 0.51 0.41

To verify the accuracy of the established RVE models, a comparison was conducted between the elastic
modulus obtained from tensile tests and that predicted by the multi-scale model. As shown in Table 9, the
relative error of the simulation results with respect to the experimental results is within 10%. Accordingly,
the proposed RVE models show reliable predictive performance for the macroscopic elastic characteris-
tics of hybrid composites, and thus provide adequate accuracy for the computation of the SAFs matrix

Mmicro—macro'

Table 9: Validation of macroscopic mechanical properties against tensile test results.

Specimens Method Longitudinal Elastic Transverse Elastic
P Modulus E;; (GPa) Modulus E,, (GPa)

C FE model 46.33 46.33

° Experimental test 45.80 46.97

G FE model 18.98 18.98

o Experimental test 20.01 18.91

FE model 42.66 21.64

C0/G90
[C07G90ls Experimental test 40.57 23.60

4.2 Validation of the Multi-Scale Model

Fig. 15 presents the finite element model for impact simulation of the hat-shaped beam. The key
modeling parameters and configurations are elaborated as follows: the hat-shaped beam was discretized
using C3D8R hexahedral solid elements with a mesh size of 1.5 mm x 0.8 mm x 0.15 mm, and all layers were
interconnected via cohesive contact behavior [38]. Model parameters adopted for cohesive contact model are
presented in Table 10, with analogous materials adopted for the simulation. A 45° chamfer was incorporated
at the top section of the beam to faithfully replicate the geometric characteristics of the physical prototype.
Within the impact test assembly, the lower steel plate was subjected to fully constrained boundary conditions
to simulate a rigid support configuration, while the upper impactor steel plate was assigned a mass of 20.1kg.
Based on the target impact energy of 200 J, an initial impact velocity of 4.46 m/s was derived via the kinetic
energy principle and imposed vertically downward on the upper plate to achieve the predefined energy-
driven impact loading. In addition to the material properties presented in Table 5, additional parameters
required for the development of the proposed multi-scale model are summarized in Table 11.
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25mm

Figure 15: Finite element model of hat-shaped beam under low-velocity impact.

Table 10: Parameters of cohesive contact model [9].

Description Variable Value
0 50
Damage initiation (MPa) £ 70
t9 70
G¢ 504
Fracture energies (J-m™%) G¢ 1566
G¢ 1566
BK n 2.284
Table 11: Parameters of the developed multi-scale model.
Carbon Fiber Value Glass Fiber Value Epoxy Resin Value
Longitudinal tensile 3470 Longitudinal tensile 2240 Yield tensile strength (MPa) 77
strength (MPa) strength (MPa) Yield compress strength (MPa) 121
Longitudinal compress 2100 Longitudinal compress 2240 Tensile strength (MPa) 122
strength (MPa) strength (MPa) Compress strength (MPa) 192

Fig. 16 illustrates a comparison between the experimental and numerical results regarding the defor-
mation patterns, force responses, and displacement behaviors of the B-[C0/G90]s. Fig. 16a presents a
comparative analysis of the force-displacement responses obtained from experimental measurements and
numerical simulations, with subtle discrepancies identified between the two datasets. These deviations
may be partially attributed to inherent inconsistencies between the numerical model and the physical
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prototype—encompassing disparities in geometric characteristics, mismatches between parameters and the
actual material characteristics, and other relevant factors. Furthermore, manufacturing imperfections in
the test specimens constitute an additional contributing factor to such variations. Despite these minor
deviations, the overall evolutionary trends remain in good agreement. Additionally, Fig. 16b presents the
impact deformation evolution of hat-shaped beams, where the red elements denote the failed regions.
Complex deformation modes are well reproduced by the multi-scale model.
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Figure 16: Numerical and experimental result comparison.

As shown in Table 12, a comprehensive comparison was conducted between the experimental and
simulated performance indicators of the hat-shaped beam, including F,,,,., EA, SEA, and EA/Cost. The results
demonstrate a strong correlation between the experimental measurements and numerical predictions. The
relative errors of all indicators are well within 10%. This confirms that the established multi-scale model has
high accuracy and reliability, which can effectively support the subsequent investigation on the mechanical
response of hybrid composite beams.

Table 12: Comparison of predicted and measured performance indicators.

Indicators Fpax (KN) EA ()) SEA (J/g) EA/Cost (CNY/g)

Experiment 17.35 157.25 3.21 42.82

Simulation 18.01 148.04 3.02 40.32
Relative error (%) 3.80 5.86 5.92 5.84

4.3 Discrete Optimization of Woven Hybrid Fiber Composites

As revealed by the preceding experimental and multi-scale simulation results, the intra-layer hybridiza-
tion parameters (warp carbon fiber content, weft carbon fiber content, and ply angle) exert a significant
coupled influence on the low-velocity impact energy absorption and material cost of woven hybrid fiber
composites. To achieve an optimal balance between energy absorption efficiency and economic feasibility,
the hybridization parameters were further determined in this section to obtain the optimal design scheme. In
practical engineering problems, design variables are generally discrete values. Thus, an orthogonal discrete
optimization method [39,40] was adopted for the optimization, and the detailed optimization steps are
shown in Fig. 17.
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Figure 17: Orthogonal discrete optimization flow chart.

Based on practical engineering application requirements, the energy absorption per unit cost index
(EA/Cost) was selected as the core optimization objective. EA was derived from the impact simulation
results of woven fabrics (validated in Section 4.2), where the simulation process fully incorporated the
inter-fiber interactions and yarn arrangement characteristics inherent to the woven structure. The material
cost was calculated based on the mass fractions of carbon fiber (0.5 CNY/g), glass fiber (0.1 CNY/g), and
resin (0.05 CNY/g), and revised by accounting for the material utilization rate of the weaving process. The
design variables included the proportion of carbon fiber bundles in the warp and weft yarns (0%, 25%,
50%, 75%, 100%) and the ply angle of the fiber fabrics (0°, 30°, 45°, 60°, 90°). To ensure the optimized
composites meet practical service requirements, explicit constraints were imposed on energy absorption,
tensile strength, and material cost, respectively, based on the experimental data in Table 4 and engineering
practice experience with woven structural components. This optimization problem can be mathematically
characterized by Eq. (27).

R = Max { EA (Vy1, V2, A) [C(V1, Vi, A) }
EA >120]
0 > 400 Mpa
s.t. Cost < 4.6 CNY
V; € (0%, 25%, 50%, 75%, 100%)
A €(0°,30°,45°,60°,90°)

(27)
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where R denoted the objective function; Vy;, Vy, were the proportions of carbon fiber bundles in the warp
and weft yarns; EA, o and Cost presented the energy absorption, the tensile strength, and the material cost
of the hybrid specimen, respectively. To solve the problem that there were sample points unsatisfying the
constraints, the concept of penalty function was introduced to transform the optimization problem with
constraints into an optimization problem without constraints, as shown in Eq. (28).

Ryew = Max{ EA(Vs1, V2, A) [C (Vi1 Vi A) + 91 (Vi Vo, A) + 92 (Vi Vo, A) + 93 (Vi Vi, A) }
V€ (0%, 25%, 50%, 75%, 100%)
A € (0°,30°,45°,60°,90°)
91 (Vi V2, A) = si*Max [ 0, EA (Vyy, Vi, A) —120]
92 (Vi1, Via, A) = 5*Max [ 0,0 (Vi, Viz, A) — 400]
93 (Vi1 Vi2, A) = s3*Max [ 0, C(Vpy, Vyzy A) — 6]

(28)

where ¢1, ¢, ¢3 was the penalty function and sy, s,, s3 was the penalty factor. When the calculated value of
the sample point exceeded the constraints, there will be a certain degree of revision on the objective function
value R,.,, according to the penalty factor.

An orthogonal experimental array was developed with a 3-factor, 3-level orthogonal experimental
design. To avert the emergence of local optima in the optimization process, the median value of each design
variable was set as the middle level in the initial iteration, with its adjacent values defined as Level 1 and Level
3, respectively. The level values of the design variables for the first iteration are given in Table 13. For each
experimental group, the multi-scale simulation model was used to predict EA, o and Cost, and then R,
was calculated.

Table 13: First-iteration orthogonal experimental design and objective function values.

Test No. Vi Vi A R, .\
1 25% 25% 30° 37.86
2 25% 50% 45° 39.54
3 25% 75% 60° 3791
4 50% 25% 45° 39.54
5 50% 50% 60° 50.81
6 50% 75% 30° 39.20
7 75% 25% 60° 4750
8 75% 50% 30° 34.31
9 75% 75% 45° 39.56

To further verify the statistical significance of the investigated factors, analysis of variance (ANOVA)
was carried out based on the orthogonal experimental results, as presented in Table 14. In the statistical
evaluation, a factor with a p-value less than 0.05 was regarded as statistically significant, whereas those
with higher p-values were considered insignificant [41]. The ANOVA results demonstrate that the regression
model is highly significant (p < 0.001), and the ply angle A exhibits a statistically significant eftect (p < 0.001).
These statistical findings verify that the identified factor ranking and optimization trends are statistically
reliable rather than accidental.
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Table 14: Results of ANOM calculations for the first iteration.
Source DF Adj SS Adj MS F-Value p-Value
Model 3 201.88 67.29 42.57 0.0011
Vfl 1 34.05 34.05 21.52 0.0095
sz 1 10.22 10.22 6.46 0.049
A 1 157.61 157.61 99.67 <0.0001
Error 5 9.49 1.58 - -
Total 8 211.37 - - -

The iterative process of R,.,, is illustrated in Fig. 18. The optimal design was achieved at the third
iteration, and since there was no further improvement of more than 5% compared to the third iteration,
the iterative process was deemed to have converged. The optimal design at each iteration step is listed
in Table 15. Table 16 presents the design variables and R,.,, values for both the initial and optimal designs,
from which it can be observed that EA/Cost increased from the initial value of 42.82 to 55.13, representing

an improvement of 28.74%.
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Figure 18: Discrete optimization iteration curve.

Table 15: Optimal variable values during iteration.

Iterations Optimal Variable Value Iterations Optimal Variable Value
0 V1 = 100%, Vi, = 0%, A = 0° 1 Vi1 = 50%, Vi, = 50%, A = 60°
2 Vi1 = 50%, Vj, = 25%, A = 45° 3 Vi1 = 50%, Vi, = 25%, A = 30°
4 Vi = 50%, Vj, = 25%, A = 30° 5 Vi = 50%, Vj, = 25%, A = 30°
6 V1 = 50%, Vi, = 25%, A = 30° 7 V1 = 50%, Vi, = 25%, A = 30°
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Table 16: Optimal results and comparisons.

Types Va Vi A Ryew
Initial Design 100% 0% 0° 42.82
Optimal Design 50% 25% 30° 55.13

5 Conclusions

This paper presents a series of tensile and impact tests on carbon/glass HFRP plates and hat-shaped

beams, and discusses the effects of different hybridization configurations on their mechanical properties.
Based on the experimental results, a multi-scale damage evolution model grounded in the MMF criterion
is established and implemented via Abaqus/VUMAT. Using the validated multi-scale model, orthogonal
discrete optimization is conducted with the mesoscopic carbon fiber bundle fraction and the macroscopic
ply angle as design variables. The influences of different design variables on the energy absorption efficiency
per unit cost (EA/Cost) are further explored. Within these constraints, the main conclusions of this study
can be summarized as follows:

©)

(2)

(3)

(4)

(5)

The tensile properties of intra-layer hybrid composites are significantly dependent on fiber orientation
and hybridization schemes. When carbon fibers are arranged along the loading direction, the longitu-
dinal elastic modulus and tensile strength are superior to those of pure CFRP, demonstrating obvious
hybrid synergy. In contrast, when glass fibers dominate the loading direction, the material properties
are closer to pure GFRP.

For single hat-shaped beams, the impact performance of intra-layer hybrid composites lies between
pure CFRP and GFRP. Among them, the B-[C0/G90]s configuration shows the optimal comprehen-
sive performance. It maintains high EA (15725 J) and SEA (3.21 J/g), and its cost-efficiency index
(EA/Cost = 42.82]J/CNY) is 17% higher than that of pure CFRP, attributing to the ductility of glass fibers
that suppresses brittle failure and reduces material costs.

The established multi-scale model, integrating the micromechanics failure criterion and stress ampli-
fication factors, successfully bridges the micro-meso-macro scales. This model accurately predicts
the impact force-displacement response and performance indicators of hat-shaped beams. Compared
with traditional macro-mechanical models, it considers the influence of microscopic parameters on
macroscopic failure behavior, realizing the quantitative mapping of microstructural characteristics to
macroscopic performance.

The orthogonal discrete optimization results indicate that the ply angle has the most significant impact
on the cost-efficiency index (EA/Cost), followed by the warp carbon fiber content, while the weft carbon
fiber content has the least influence. This highlights that adjusting the ply angle is the most effective way
to balance energy absorption and cost. Compared with the initial design, the EA/Cost of the optimized
structure increases from 42.82 to 55.13 J/CNY, with an improvement of 28.74%.

The multi-scale model and optimal hybrid architecture obtained in this study can be generalized to
other thin-walled energy-absorbing structures with similar loading and deformation mechanisms.
The model can also be extended to higher-energy impact cases by adjusting impact parameters and
boundary conditions. However, the present model adopts idealized yarn geometry and ignores strain
rate effects, which need to be further improved for complex structures and extreme impact scenarios.
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