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 A B S T R A C T

Numerical investigations were conducted to explore the mechanical response of hybrid layered continuous–
discontinuous tape composites focusing on damage initiation and ultimate strength under both tensile and 
bending loads. These composites combine layers of continuous unidirectional tapes with layers of randomly 
oriented short (discontinuous) tapes. A series of laminated specimens was analyzed, representing various 
strategies to create hybrid combinations as well as the limit cases of pure continuous and pure discontinuous 
tapes. The hybrid architectures consist of different stacking sequences and varying ratios of continuous and 
discontinuous plies. Detailed mesoscale simulations were performed utilizing a finite element model that 
explicitly incorporates the ply-level arrangements of both continuous and discontinuous plies. By means of 
numerical homogenization, the effective elastic stiffness and strength of each configuration were determined, 
enabling the establishment of scaling laws for these properties with respect to spatial variability and the ratio 
of continuous to discontinuous tape content. These findings serve as a roadmap for optimizing the blend of 
these two types of tape to meet specific mechanical performance targets, thereby advancing the development 
of more sustainable and high-performing composites.
1. Introduction

Lightweight and durable structures are crucial in aerospace, au-
tomotive, and wind energy industries, driving the increased use of 
carbon- and glass-fiber-reinforced composites due to their high
stiffness-to-mass density ratio. Despite their excellent mechanical prop-
erties, these materials face challenges such as limited fracture energy, 
resulting in brittle failures, and environmental concerns related to 
waste generation. To address these issues, researchers are develop-
ing innovative zero waste processes, recyclable materials, and reuse 
techniques to minimize environmental impact and improve material 
toughness [1–6].

Discontinuous Tape (DT) thermoplastic composites, also known as 
chopped tape thermoplastic composites, enhance toughness and pre-
vent catastrophic failure, though at the cost of reduced elastic stiffness 
and fracture strength compared to Continuous Tape (CT) composites. 
DT composites, made from short tapes layered in random or biased 
orientations, achieve pseudoductility through interfacial slip, allowing 
progressive failure and improved damage tolerance  [7,8]. Pimenta and 
Robinson [9] improved an analytical shear-lag model to show the influ-
ence of highly aligned discontinuities on mechanical performance. Czél 
et al. [10] validated this influence experimentally, providing a prior 
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warning before failure. Johanson et al. [11] utilized Digital Image Cor-
relation (DIC) to investigate the initiation of damage in DT composites 
based on the local strain field, revealing the progression of failure. 
Similarly to the activating effect of pseudoductility observed with 
fiber reorientation [12,13] and hybridization methods [14–16], these 
approaches lead to controlled failure modes and enhanced toughness, 
rendering composites more resilient to various loading conditions and 
reducing the likelihood of catastrophic failures.

While DT composites exhibit good pseudoductility, their significant 
spatial variability, discontinuity, and complexity result in lower elastic 
stiffness and fracture strength [17–22]. To address these challenges, 
researchers are exploring innovative solutions to enhance DT composite 
performance. One promising approach is the hybridization of continuous 
and discontinuous tapes, which enables ductile failure while maintain-
ing relatively high stiffness and strength. Furthermore, the concept of 
hybrid continuous–discontinuous tape composites can be extended to 
include systems with layers of recycled excess material (e.g., nesting 
surplus and trimmings), instead of pristine prepreg platelets, which 
would reduce waste in a closed-loop manufacturing cycle [23].

Trauth and Weidenmann [24] investigated the effect of hybridiza-
tion on mechanical properties by combining continuous carbon fiber 
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and discontinuous glass fiber. They observed a significant increase 
in tensile and compressive modulus of elasticity in fiber direction. 
Additionally, they noted increased puncture energy and maximum force 
under quasi-static puncture tests [25]. Hasan et al. [26] reinforced 
discontinuous carbon fiber with continuous glass filaments to improve 
the impact strength of the composites. Hybridization plays a key role 
in determining composite performance under various conditions, mak-
ing further research essential to refine predictive models and ensure 
reliable industrial applications [27,28]. As an example of architectural 
hybridization of discontinuous tape composites, Visweswaraiah et al. 
[29,30] integrated discontinuous with continuous laminate groups. 
Combining different fiber architectures in specific stacking configu-
rations significantly enhances mechanical properties such as tensile 
strength and stiffness while reducing warpage and strand waviness. 
Synergetic effects result in hybrid configurations outperforming indi-
vidual components by up to 25%, with superior interlaminar shear 
strength due to improved load sharing. A semi-empirical model effec-
tively predicts these behaviors and synergies, potentially streamlining 
the testing process.

The concept of hybrid continuous–discontinuous thermoplastic com-
posites addresses two key issues: (i) creating a lightweight material 
with a balance between stiffness and damage tolerance, and (ii) incor-
porating recycled excess material for a zero-waste manufacturing cycle. 
Continuous tapes enhance stiffness, while discontinuous tapes improve 
damage tolerance. A critical aspect is how to combine these tapes to 
achieve the desired mechanical properties in the hybrid material.

This work develops a computational framework to analyze the effect 
of the spatial architecture of continuous and discontinuous tapes on the 
elastic stiffness and strength of hybrid materials under various loading 
conditions. By integrating hybrid configurations, challenges such as 
stair-step surfaces and singularities in discontinuous tape layers are 
addressed, providing a more accurate mesoscale mechanical response. 
The approach enables detailed analysis of damage initiation in hybrid 
laminate coupons, with a novel focus on determining fracture strength 
under flexural loading, which is critical for thin-walled structures.

The flexural behavior of discontinuous fiber-reinforced composites 
has been investigated to understand damage mechanisms and improve 
predictive capabilities. Nakashima et al. [31] developed an analytical 
model for ultra-thin chopped carbon fiber tape-reinforced thermoplas-
tics (UT-CTT), showing the influence of fiber orientation and tape 
geometry on flexural properties. However, their model did not address 
progressive damage mechanisms. Tang et al. [32] explored bending 
fatigue in chopped carbon fiber composites using a hybrid micro-macro 
model, which accurately captured fatigue life but was computationally 
demanding for large-scale simulations. Similarly, Qu et al. [33] used a 
peridynamics-based model to analyze the flexural response of compos-
ites, demonstrating the method’s capability in handling discontinuities. 
While peridynamics has been widely applied in solid mechanics for 
fracture analysis and damage modeling (e.g., Zhang et al. [34]), its 
application in stress concentration analysis and specific damage modes 
in hybrid composites remains limited.

The present study adopts the Hashin failure criteria-based FEM 
model to predict both the flexural and tensile response of composites for 
modeling intralaminar damage mechanisms, such as matrix cracking 
and fiber breakage, achieving a balance between accuracy and com-
putational feasibility. Various configurations are analyzed, generating 
scaling relations to determine optimal spatial arrangements and tape 
proportions for achieving target hybrid material properties. This ap-
proach helps identify the best balance between mechanical efficiency 
and hybridization ratio, contributing to more resilient, sustainable 
structures in aerospace, automotive, and wind energy applications 
while minimizing waste.

The article is structured as follows: Section 2 outlines the hy-
brid configurations and simulation methodology. Section 4 presents 
results for selected configurations under tension and bending load-
ing. Section 5 conducts a parametric analysis to explore the depen-
dence of elastic properties on configuration characteristics, including 
2 
spatial arrangement and continuous tape volume. Section 6 focuses 
on detectable initial and ultimate strength. The final section offers 
concluding remarks and future work recommendations.

2. Hybrid configurations and simulation methodology

2.1. Generation of CT-DT hybrid configurations

To study the effect of continuous tape content and its spatial dis-
tribution in hybrid materials, numerical coupon-like samples are gen-
erated by combining layers of unidirectional continuous tapes and 
randomly-oriented discontinuous tapes. While both tapes share the 
same material, their effective properties differ in stiffness and strength, 
treating them as distinct materials. The primary variable character-
izing the hybrid material is the ratio of continuous to discontinuous 
tapes, referred to as the hybridization ratio. Three layered configura-
tions are considered in the present study, namely (i) inward-to-outward
placement of CT layers (Fig.  1(a) and labeled as S1C𝑛), (ii) outward-
to-inward placement of CT layers (Fig.  1(b), and labeled as S2C𝑛), 
and (iii) intercalated placement sequences of DT and CT layers (Fig.  1 
(c), and labeled as S3C𝑛). These configurations are selected for their 
compatibility with existing manufacturing techniques and relevance 
to thin-walled structures. Details on generating random DT layers are 
provided in [35].

The laminated samples for all configurations consist of 𝑁 = 20
layers, with each layer having the same volume. The number of layers 
is chosen based on convergence studies for the average mechanical 
properties of a laminate [35]. For inward-to-outward and outward-
to-inward configurations, hybridization ratios were varied in 10% in-
crements from 0% (all discontinuous tapes) to 100% (all continuous 
tapes). Intercalated samples were generated with hybridization ratios 
of 25%, 50% and 75%, along with several sub-configurations labeled 
as S3C𝑛 (Fig.  1). The samples are arranged in anticipation of possible 
effects in the case of bending since failure under tension differs from 
failure under compression and the outer layers are more relevant than 
the inner layers.

For a 50% hybridization ratio, sample S3C1 features a fine layer-by-
layer intercalation. S3C2 and S3C3 are intercalated every two layers, 
with a shift between them. S3C5 uses a coarser intercalation (every 
three layers), while S3C6, similar to S3C5, includes an extra continuous 
tape layer, resulting in a 55% hybridization ratio. Notably, S3C6 has 
continuous tapes on both the top and bottom layers.

At higher hybridization ratios (i.e., 75% continuous tapes), two 
shifted variants, S3C7 and S3C8, are analyzed, while a single sample, 
S3C9, represents the lower ratio (25%). In the 25% configuration, 
continuous tape layers are placed away from the top and bottom. While 
not covering all possible arrangements, these configurations capture the 
key features needed to explore the hybrid material design space.

A typical computational sample in Fig.  2 includes (a) individual 
layers of randomly oriented tapes, (b) layer-wise volume-filling orien-
tations, (c) integrated coupon-like specimen and (d) a detailed through-
the-thickness magnified view. The samples, similar in dimensions to 
those in [35], exclude a 10 mm border to mitigate edge alignment 
effects in DT layers, ensuring an unbiased random distribution. The 
final dimensions are 150 mm × 40 mm × 2 mm.

In the finite element modeling, all layers are explicitly represented 
with their local fiber orientations, without through-the-thickness av-
eraging. A mesoscale modeling approach is adopted, where the mi-
croscale is captured through effective constitutive tape properties, the 
mesoscale is explicitly modeled with layer-wise configurations, and the 
macroscale laminate behavior is obtained via numerical homogeniza-
tion of mesoscale simulation results under various loading conditions.
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Fig. 1. Configurations of specimens based on continuous tapes (a) inward-to-outward, labeled as S1C𝑛, (b) outward-to-inward, labeled as S2C𝑛, (c) intercalated placements, labeled 
as S3C𝑛.
Fig. 2. Schematic representation of (a) virtual layers of non-overlapping continuous and discontinuous tapes, (b) ply-wise volume-filling tapes (c) assembled CT-DT hybrid laminate 
(d) detailed through-the-thickness laminated structure.
2.2. Numerical implementation

The hybrid CT-DT specimens described in Section 2.1 are meshed 
using 8-noded continuum shell elements (Abaqus SC8R) with dimen-
sions 1 mm × 1 mm × 0.1 mm (one element per layer). A mesh 
convergence analysis with 3 ⋅104, 1.2 ⋅105 and 4.8 ⋅105 elements showed 
a peak load error of less than 2%. Each element is assigned a local 
fiber orientation and corresponding material properties based on the 
configuration.
3 
Due to the heterogeneous nature of the specimens, applying uniform 
point-wise kinematic boundary conditions does not accurately reflect 
actual conditions, especially under bending. To address this, 8-noded 
brick elements (Abaqus C3D8R) were added as tabs at the specimen 
ends, as shown in Fig.  3. These tabs allow uniform boundary conditions 
to transition into non-uniform conditions at the interface, transmitting 
the applied force and displacement while preventing premature failure 
due to overly-stiff boundary conditions in heterogeneous systems.

All analyses were executed under quasi-static loading conditions 
and solved using implicit time integration (Abaqus Standard FEM 
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Fig. 3. Boundary conditions of specimens under (a) Tensile and (b) Bending load.
Table 1
Elastic properties of CF/PEEK [19] and AS4/PPS composite with a fiber volume ratio 
of 59% [36].
 Property CF/PEEK AS4/PPS Units 
 Longitudinal Young’s modulus, 𝐸f 130 128 GPa  
 Transverse Young’s modulus, 𝐸m 10 10.1 GPa  
 Shear modulus, 𝐺fm 5.2 5.7 GPa  
 Longitudinal Poisson’s ratio, 𝜈fm 0.33 0.37 –  

package). Boundary conditions in tensile analyses were defined under 
simply-supported conditions in combination with a uniform displace-
ment applied point-wise on one face at a quasi-static rate in the 
𝑥-direction (Fig.  3(a)). For bending analyses, the displacement of the 
lower edge on the left side of specimen was constrained (zero dis-
placement in all directions) while the lower edge of the right side was 
specified in accordance with a roller support (restriction only in the 𝑧-
direction). The mid-section of the specimen is subsequently displaced 
downwards to mimic the conditions encountered in a three-point 
bending test as shown in Fig.  3(b).

2.3. Mechanical models and material properties

The continuous and discontinuous tapes are assumed to be made of 
the same material system. Two systems are considered in the present 
study, namely CF/PEEK (carbon fiber/polyether ether ketone) and 
AS4/PPS (carbon fiber/polyphenylene sulphide) unidirectional (UD) 
prepregs. The first system is used in conjunction with experimental 
results of laminates with discontinuous tapes for validation of the nu-
merical model. The hybrid material design analysis is carried out with 
the second system. PPS-based systems have slightly lower properties 
than PEEK-based systems but they have relatively lower costs. The 
elastic properties of CF/PEEK and AS4/PPS are indicated in Table  1, 
including the Young’s moduli 𝐸f and 𝐸m, with the index f representing 
the local fiber direction (longitudinal) and m the transverse direction, 
which is dominated by the response of the matrix material, the shear 
modulus 𝐺fm and the Poisson’s ratio 𝜈fm.

Damage initiation in the composite material is detected based 
on Hashin’s failure criteria [37] including four damage mechanisms, 
namely (i) fiber tension, (ii) fiber compression, (iii) matrix tension, and 
(iv) matrix compression. The aforementioned damage mechanisms are 
characterized by material parameters 𝜎tf , 𝜎cf , 𝜎tm, 𝜎cm, 𝜏 l, 𝜏t that refer to, 
respectively, the fracture strength 𝜎f in the longitudinal fiber direction 
under tension (t) and compression (c), the fracture strength 𝜎m in the 
transverse fiber direction under tension (t) and compression (c) and the 
shear strengths 𝜏 in the longitudinal (l) and transverse (s) directions.

When the damage initiation criterion of one of the four failure 
mechanisms is satisfied, further loading induces the degradation of ma-
terial stiffness coefficients, as described by the in-plane damaged stiff-
ness matrix 𝑪d such that the in-plane stress response of the damaged 
material is given as 
𝝈 = 𝑪 𝝐 (1)
d

4 
where

𝝈 =
⎡

⎢

⎢

⎣

𝜎11
𝜎22
𝜏12

⎤

⎥

⎥

⎦

𝝐 =
⎡

⎢

⎢

⎣

𝜖11
𝜖22
𝛾12

⎤

⎥

⎥

⎦

are the in-plane components of the stress and strain tensors with 𝛾12 =
2𝜖12.

The reduction in stiffness coefficients is modulated by damage 
variables, which can assume values ranging from zero (indicating an 
undamaged state) to one (representing a fully damaged state for the 
mode corresponding to that particular damage variable). The evolution 
of damage is modeled based on the various fracture mechanisms, with 
limit values 𝐺f in the fiber direction and 𝐺m in the transverse direction, 
which are dominated by the fiber and matrix fracture properties respec-
tively. It is assumed that the critical values in tension and compression 
are the same, i.e., 𝐺tf = 𝐺cf  and 𝐺tm = 𝐺cm. The damage variables evolve 
according to a linear softening relation between an equivalent strain-
like variable and an equivalent stress such that complete damage per 
unit area is achieved when the energy dissipated is equal to the critical 
value. Fracture energy values for the system analyzed in the present 
work, made of UD tapes of CF/PEEK or AS4/PPS tapes are indicated in 
Table  2.

To enhance convergence and mitigate numerical difficulties, a vis-
cous regularization was employed, with numerical viscosity 7.5 ⋅10−4 s, 
chosen as the smallest value that provides a convergent result.

2.4. Sample homogenization

A homogenization scheme similar to Classical Laminated Plate The-
ory was implemented to provide insight into the effective mechanical 
response of hybrid continuous–discontinuous tape composites under 
various loading conditions. The in-plane forces per unit width, referred 
to as force resultants and denoted as 𝑁11, 𝑁22, and 𝑁12, are computed 
as 

𝑁𝛼𝛽 = ∫

𝑡∕2

−𝑡∕2
𝜎𝛼𝛽d𝑥3 =

𝑁
∑

𝑘=1
∫

𝑧𝑘

𝑧𝑘−1
𝜎𝛼𝛽d𝑥3 𝛼, 𝛽 = 1, 2 , (2)

where the through-the-thickness integration is carried out in the do-
main shown in Fig.  3(c), with 𝑡 representing the thickness and 𝑧𝑘
indicating the 𝑥3-coordinate of the 𝑘th layer. Similarly, the moments 
per unit width, referred to as moment resultants and denoted as 𝑀11, 
𝑀22, and 𝑀12, are computed as 

𝑀𝛼𝛽 = ∫

𝑡∕2

−𝑡∕2
𝜎𝛼𝛽𝑥3d𝑥3 =

𝑁
∑

𝑘=1
∫

𝑧𝑘

𝑧𝑘−1
𝜎𝛼𝛽𝑥3d𝑥3 𝛼, 𝛽 = 1, 2 . (3)

After through-the-thickness homogenization, coupon-level effective 
force resultants (denoted as 𝑁̂11, 𝑁̂22, and 𝑁̂12) and moment resultants 
(denoted as 𝑀̂11, 𝑀̂22, and 𝑀̂12) are evaluated by integrating the 
through-the-thickness force and moment resultants over the mid-plane 
of the coupon (excluding the end tabs) and normalizing the results 
by dividing by 𝐿𝑤, which represents the mid-plane area based on the 
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Table 2
Failure limits and fracture properties of UD CF/PEEK and AS4/PPS composite [19,36,38].
 Property CF/PEEK AS4/PPS Units  
 Tensile strength in the longitudinal fiber direction, 𝜎tf 2280 2045 MPa  
 Compressive strength in the longitudinal fiber direction, 𝜎cf 1300 1117 MPa  
 Tensile strength in the transverse fiber direction, 𝜎tm 86 50 MPa  
 Compressive strength in the transverse fiber direction, 𝜎cm 86 90 MPa  
 In-plane shear strength, 𝜏 l = 𝜏s 152 77 MPa  
 Fracture Energy in the longitudinal fiber direction, 𝐺t,c

f 12.5 12.5 kJ/m2 
 Fracture Energy in the transverse fiber direction, 𝐺t,c

m 1.0 1.0 kJ/m2 
length 𝐿 and width 𝑤 of the specimen, i.e., the coupon-level effective 
force resultants are 

𝑁̂𝛼𝛽 = 1
𝐿𝑤 ∫

𝐿

0 ∫

𝑤

0
𝑁𝛼𝛽d𝑥1d𝑥2 𝛼, 𝛽 = 1, 2 , (4)

while the coupon-level effective moment resultants are 

𝑀̂𝛼𝛽 = 1
𝐿𝑤 ∫

𝐿

0 ∫

𝑤

0
𝑀𝛼𝛽d𝑥1d𝑥2 𝛼, 𝛽 = 1, 2 . (5)

The results of all simulations are reported using the coupon-level 
effective response, with the effective mid-plane strains defined as 

𝜖𝛼𝛽 = 1
𝐿𝑤 ∫

𝐿

0 ∫

𝑤

0 ∫

𝑡∕2

−𝑡∕2
𝜖𝛼𝛽d𝑥1d𝑥2d𝑥3 , 𝛼, 𝛽 = 1, 2 , (6)

and the effective curvatures as 

𝜅̂𝛼𝛽 = 1
𝐿𝑤 ∫

𝐿

0 ∫

𝑤

0 ∫

𝑡∕2

−𝑡∕2
𝜅𝛼𝛽d𝑥1d𝑥2d𝑥3 𝛼, 𝛽 = 1, 2 . (7)

The effective laminate response is then expressed as a relation be-
tween the in-plane effective force/moment resultants [𝑁̂𝛼𝛽 , 𝑀̂𝛼𝛽 ] and 
the in-plane effective strain/curvature [𝜖𝛼𝛽 , 𝜅̂𝛼𝛽 ] through the so-called 
𝐴𝐵𝐷-matrix.

2.5. Post-processing: criterion for detection of onset of damage

After an initial elastic stage, the hybrid laminate fails at its weakest 
region(s). As deformation increases, the specimen degrades further, 
reaching a peak load. Damage then localizes in a narrow region, and the 
load decreases. The specimen is fully damaged when the load reaches 
zero. In brittle behavior, the damage onset and peak load are close, 
while for more damage-tolerant specimens, they are distinctly different.

To characterize the inelastic behavior of hybrid specimens, the 
onset of failure is identified by the first occurrence of damage in the 
simulation. However, this approach may underestimate the load for 
damage initiation, as degradation may be localized and not propagate 
until the load increases significantly. To standardize damage detection, 
the criterion is based on the reduction in effective stiffness. For tensile 
and bending tests, damage onset occurs when the reduction in stiffness, 
normalized by the initial undamaged stiffness, exceeds a critical thresh-
old. The critical reductions in tensile stiffness (𝑅𝑇 ) bending stiffness 
(𝑅𝐵) are given by: 

𝑅𝑇 =
𝐴0 − 𝐴d,0

𝐴0
(8)

and 

𝑅𝐵 =
𝐷0 −𝐷d,0

𝐷0
(9)

where 𝐴0 and 𝐴d,0 are the undamaged tensile and bending stiffnesses, 
respectively, and 𝐷0 and 𝐷d,0 are the damaged stiffnesses at the onset 
of detectable damage, all measured in the longitudinal direction of 
the specimens. Based on preliminary parametric analyses monitoring 
energy dissipation, the following critical values were chosen:
𝑅𝑇 = 3,% 𝑅𝐵 = 3% .

The progression of damage is a gradual process and there is no 
precise threshold value. Consequently, the specific threshold value was 
5 
chosen large enough to prevent a premature detection of damage, 
while it was small enough to detect a clear change in the dissipation 
rate (slope as a function of applied strain). These threshold values, 
though somewhat arbitrary, can be applied systematically and serve 
as a comparative basis, similar to plasticity thresholds (proof stress) in 
metals.

3. Validation of numerical model for fully-discontinuous speci-
mens

The UD CF/PEEK discontinuous tapes, with dimensions of
22.5 mm × 7.5 mm and a thickness of 0.2 mm, were randomly placed 
into the mold. The material properties of these tapes are provided 
in Tables  1 and 2. The mold was positioned in a press, and once 
the processing temperature of 385 ◦C was achieved, a full pressure 
of 35 bar was applied. After maintaining this condition for 15 min, 
the mold was cooled at an average rate of 10 ◦C/min. The resulting 
panel dimensions were 100 mm × 140 mm with a thickness of 4 mm. 
Three specimens, labeled E1, E2 and E3, were cut from the panel. Each 
experimental specimen measures 140 mm in length and 25.4 mm in 
width, with a gauge section of 30 mm × 25.4 mm, constrained by the 
mold size and the clamps of the tensile testing machine. A tensile load 
was applied until the specimens ruptured.

The tensile stress versus cross-head displacement curves for the 
three specimens are shown in Fig.  4. Prior to reaching the ultimate 
tensile stress, small reductions in stress can be observed in the curves 
for E1 and E2. This behavior indicates the onset of detectable damage. 
E3 did not have a clearly identifiable onset of damage.

When tensile loading was applied to the virtual specimens, gener-
ated to replicate the size and material of the experimental specimens 
shown in Fig.  5, damage initiation was identified using a 3% stiffness 
reduction criterion.

A two-sample t-test was performed to compare the mean scores 
of the probabilistic virtual and experimental test series. As shown in 
Fig.  6 the two-sided p-values were 0.4289 for the detectable damage 
strength data and 0.8045 for the ultimate strength data. Despite the 
limited number of experimental samples, the results suggest that the 
predictions for the hybrid structures are realistic and reliable. In par-
ticular, the value of 3% stiffness reduction as a criterion for initiation 
of detectable damage matches the experimental results within a rea-
sonable tolerance. Similarly, the prediction for the ultimate strength is 
also predicted within a reasonable tolerance. The same approach will be 
used in subsequent sections for AS4/PPS since the material properties 
of that system are similar to the ones for CF/PEEK.

4. Representative responses under tensile and bending loading

Finite element simulations were carried out with the specimens 
indicated in Section 2.1 using the boundary conditions indicated in 
Section 2.2. Correspondingly, the effective mechanical behavior of the 
hybrid continuous–discontinuous specimens for distinct configurations 
can be obtained through post-processing and homogenization under 
tensile and bending loads.
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Fig. 4. Tensile stress–displacement behavior of experimental specimens.
Fig. 5. Stress–strain response of virtual specimens under tensile loading. The values for the initial detectable damage 𝜎ini are based on a 3% reduction of the stiffness.
4.1. Tensile behavior of distinct configurations

4.1.1. Fully discontinuous specimen
The first type of specimens analyzed consists of randomly-oriented 

discontinuous tapes, expected to exhibit lower elastic stiffness and 
strength. The specimen is loaded until failure, which in this case is 
dominated by matrix failure in tension. Fig.  7 depicts the spatial distri-
bution of the matrix failure 𝑑𝑚 in tension, where 0 indicates no failure 
and 1 indicates complete failure. The contour plot is taken at a nominal 
axial strain of 𝜖11 = 0.58%, slightly after the ultimate load. Red regions 
indicate complete matrix failure, typically in short tapes with fibers 
perpendicular to the load, while blue regions, with fibers aligned in the 
loading direction, show no matrix failure. Although the figure depicts 
damage in the top layer, extensive damage occurs throughout all layers. 
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Beyond the ultimate load, damage localizes, and the specimen’s ability 
to carry load significantly degrades, with ultimate failure occurring 
when the specimen can no longer transmit axial load.

For a fully random sample, the effective axial force resultant 𝑁̂11
is plotted as a function of the effective axial strain 𝜖11 in Fig.  8. 
The response is initially linear until damage is detected, based on the 
criterion in Section 2.5. The initial detectable damage occurs at an axial 
strain of 0.28% and an axial force resultant of 237 MPa mm.

Beyond this threshold, the curve becomes nonlinear, with increased 
energy dissipation and a corresponding decrease in effective modulus, 
reflecting the accumulation of damage. The ultimate force resultant 
occurs at a maximum load of 435 MPa mm and a strain of 0.55%. 
Energy dissipation increases sharply as the resultant force reaches its 
peak.
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Fig. 6. Variability of damage initiation and maximum tensile strength in experimental (E) and virtual (V) specimens.

Fig. 7. Spatial distribution of matrix failure 𝑑𝑚 in tension at a nominal strain of 𝜖11 = 0.58% for a fully-discontinuous specimen.

Fig. 8. Effective force resultant 𝑁̂11 and dissipation energy as a function of the axial strain 𝜖11 for a fully-random short tape (discontinuous) thermoplastic composite specimen 
under tensile load.
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Fig. 9. Spatial distribution of fiber damage 𝑑𝑓  in tension at a nominal strain of 𝜖11 = 1.63% for a fully-continuous specimen.
The quasi-static simulation is only able to capture part of the 
post-peak response. The curve shown in 8 is terminated at the latest 
converged state, but the numerical simulation is unable to determine 
the full extent of the fracture energy of the material. Nevertheless, the 
simulation is able to establish two representative values, namely the 
onset of detectable damage at 0.28% and the ultimate load at a strain 
of 0.55%. This considerable strain range between initial detection and 
peak load reflects the material’s ability to undergo significant deforma-
tion before reaching its ultimate strength, showcasing its resilience and 
capacity for pseudoductility under tensile loading conditions (damage 
tolerance).

4.1.2. Fully continuous specimen
The second type of specimens analyzed are made only out of con-

tinuous tapes in the longitudinal direction (i.e., all 𝑁 = 20 plies are 
made out of 0◦ UD tapes aligned in the longitudinal direction of the 
specimen). As in the previous case, this configuration is also expected 
to be a limit case but now in terms of higher values for elastic stiffness 
and fracture strength.

The specimen is loaded until failure, which in this case is dominated 
by fiber failure in tension. Fig.  9 depicts the spatial distribution of 
the fiber damage 𝑑𝑓  in tension at a nominal axial strain 𝜖11 = 1.63%, 
which corresponds to a point slightly after the ultimate strength. As 
shown in the figure, the fiber damage localizes close to the end tabs due 
to a slight concentration of stresses, but otherwise failure could have 
localized elsewhere in the presence of imperfections. However, it is 
worth pointing out that the specimen still has a non-negligible residual 
strength at the state shown in the figure since the damage needs to 
further localize and fully break a cross-section of the specimen.

The effective axial force resultant 𝑁̂11 for this configuration is 
plotted as a function of the effective axial strain 𝜖11 in Fig.  10. As can 
be observed in the figure, the response is approximately linear until 
the point of initial (detectable) damage at an axial strain of 1.5716% 
and an axial force resultant of 4023 MPa mm. Soon after the initial 
detection of damage, the peak axial force resultant of 4027 MPa mm is 
reached at a strain of 1.5736%. Only one small portion of the post-peak 
response is shown as the simulation was not able to converge beyond 
that point. Correspondingly, the information about the fracture energy 
of this configuration is somewhat limited. Nevertheless, the relatively 
small strain span from detection of damage to peak load is an indication 
of a brittle response, which is to be expected for this configuration since 
it is dominated by fiber fracture in all plies.

4.1.3. Specimens with 50% hybridization ratio
To illustrate the mechanical performance of hybrid continuous–

discontinuous tape composites, the effective axial force resultant 𝑁̂11
as a function of the effective axial strain 𝜖11 are reported in Fig.  11 
for samples with the same hybridization ratio of 50% but distinct 
spatial distribution, namely the inward-to-outward, intercalated and 
outward-to-inward hybrid configurations. For comparison purposes, the 
mechanical responses of the fully continuous and fully random cases, 
shown respectively in Figs.  8 and 10, are reproduced in Fig.  11.
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The samples with the same hybridization ratio of 50% show a 
similar mechanical response, which was anticipated since the spatial 
distribution should not have a major influence for the case of tensile 
loading (Fig.  11). The effective elastic stiffness in all three hybrid 
configurations is similar, and the peak loads are also comparable, 
partially validating the numerical simulations. The response of the 
hybrid continuous–discontinuous tape composites is bounded by the 
fully random (discontinuous) and fully continuous tape cases in terms 
of stiffness and ultimate load. Fig.  11 omits energy dissipation but 
shows that the response for the 50% hybridization ratio is qualita-
tively bounded between the fully discontinuous and fully continuous 
configurations.

4.2. Bending behavior of distinct configurations

4.2.1. Fully discontinuous specimen
Similar to the tension case, the first specimen analyzed is a sample 

made only of randomly-oriented discontinuous tapes (i.e., 0% hy-
bridization ratio), which is expected to have the lowest properties in 
terms of stiffness and strength. The sample is loaded under three-point 
bending conditions until failure, with the top layers in compression and 
the bottom layers in tension. Failure is expected to initiate in the matrix 
where the fibers are misaligned with the load. Correspondingly, Fig.  12 
shows the damage variable for matrix failure: (a) compression failure 
in the top layer and (b) tension failure in the bottom layer. Note that 
Fig.  12(b) is a rotated view of the bottom of the specimen for clarity.

As seen in the figure, matrix failure under tension in (b) is more pro-
nounced than compression failure in (a), highlighting that the weakest 
aspect of this configuration is the misaligned layers subjected to tensile 
loads. The top section provides damage tolerance after the bottom 
layers fail.

The effective moment resultant 𝑀̂11 for the specimen is shown in 
Fig.  13 as a function of the effective curvature 𝜅̂11. The figure also 
includes the energy dissipated as a function of the curvature. The 
response of the specimen is mostly linear prior to the initial detection 
of damage based on the criterion outlined in Section 2.5, which occurs 
at an effective curvature of 𝜅̂11 = 0.0042 mm−1 and at an effective 
moment resultant 𝑀̂11 = 124MPa  mm2. Subsequently, under increased 
loading, the effective bending moment reaches its ultimate value of 
𝑀̂11 = 138 MPa  mm2 at an effective curvature of 𝜅̂11 = 0.0048 mm−1.

The curve is terminated at the last converged state, which occurs 
shortly after reaching the ultimate bending moment resultant. As op-
posed to the case of tensile loading analyzed in Section 4.1.1, the range 
from the initial detection of damage to the ultimate loading shown in 
Fig.  13 is relatively narrow, which indicates a more brittle behavior 
under bending than under axial tension.

4.2.2. Fully continuous specimen
The next sample analyzed is made only of continuous tapes with 

fibers oriented in the axial direction and loaded under three-point 
bending conditions until failure. This sample is expected to have the 
highest stiffness and fracture strength under bending, with the top 
layers under compression and the bottom layers under tension.
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Fig. 10. Effective force resultant 𝑁̂11 and dissipation energy as a function of the axial strain 𝜖11 for a continuous thermoplastic composite specimen under tensile load.
Fig. 11. Effective force resultant 𝑁̂11 as a function of the axial strain 𝜖11 for various hybrid continuous–discontinuous tape thermoplastic composite specimen with 50% hybridization 
ratio of 50% under tensile load. The limit cases of fully-continuous (100% ratio) and fully-discontinuous (0% ratio) are reproduced here for ease of comparison.
The effective bending moment resultant 𝑀̂11 and the energy dis-
sipated for this specimen is shown in Fig.  14 as a function of the 
resultant curvature 𝜅̂11. As can be observed in the figure, the initial 
detection of damage and the ultimate load point are close to each 
other, which confirms the brittle nature of the specimen made only out 
of continuous tapes. The numerical simulation indicates the presence 
of an ultimate value, but otherwise is unable to proceed beyond the 
peak value, hence the value of the effective fracture energy cannot be 
established accurately.
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4.2.3. Specimens with 50% hybridization ratio
The third case analyzes hybrid samples under three-point bending. 

Depending on the spatial configuration, failure occurs due to matrix or 
fiber failure, or a combination of both. To assess the performance of 
hybrid samples with a 50% hybridization ratio, three configurations—
outward-to-inward, intercalated, and inward-to-outward—are
analyzed. These configurations are expected to perform as best, in-
termediate, and worst, respectively, and the analysis aims to quantify 
these expectations.
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Fig. 12. Damage variable 𝑑𝑚 in (a) matrix compression for the top layer and in (b) matrix tension for the bottom layer of a specimen made only of randomly-distributed 
discontinuous tapes loaded under three point bending up to an effective curvature 𝜅̂11 = 0.0048 mm−1. Both (a) and (b) correspond to the same specimen, with (a) being the top 
view and (b) a rotated view of the bottom of the specimen.
Fig. 13. Effective moment resultant 𝑀̂11 and dissipation of energy as functions of the effective curvature 𝜅̂11 for a specimen made of discontinuous tapes only under three point 
bending load.
In Fig.  15, the bending response of hybrid continuous–discontinuous 
thermoplastic composite specimens featuring 50% hybridization ratio 
are shown, where the effective bending moment resultant 𝑀̂11 is plot-
ted as a function of the effective curvature 𝜅̂11. The response curves 
for the fully-continuous (100% hybridization) and fully-discontinuous 
10 
(0% hybridization) specimens are shown for comparison. For the 50% 
hybridization ratio, three configurations, namely inward-to-outward, 
finely intercalated, and outward-to-inward, are analyzed. Unlike ten-
sile loading, the configuration’s impact on bending behavior is more 
pronounced, even with the same hybridization ratio.
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Fig. 14. Effective moment resultant 𝑀̂11 and dissipation of energy as functions of the effective curvature 𝜅̂11 for a specimen made of continuous tapes only under three point 
bending load.
Fig. 15. Effective bending moment resultant 𝑀̂11 as a function of the effective curvature 𝜅̂11 for various hybrid continuous–discontinuous tape thermoplastic composite specimen 
with 50% hybridization ratio of 50% under three-point bending. The limit cases of fully-continuous (100% ratio) and fully-discontinuous (0% ratio) are reproduced here for ease 
of comparison.
The bending stiffness of the 50% outward-to-inward specimen
closely matches that of the fully-continuous specimen, highlighting 
the influence of the outer layers. Its ultimate strength is about 30% 
lower than the fully-continuous specimen, indicating good perfor-
mance. Failure initiates in the inner layers. The 50% inward-to-outward 
specimen has similar stiffness to the fully-random specimen, with 
strength comparable to the fully-discontinuous specimen, both dom-
inated by matrix failure in the outer layers. The finely intercalated 
specimen shows intermediate stiffness and strength. In general, the 
outward-to-inward configuration outperforms the inward-to-outward 
configuration in terms of stiffness and strength. This is essentially due 
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to the fact that the stresses under bending are higher in the outmost lay-
ers. Since the outward-to-inward configurations have continuous tapes 
in the outer layers, then the overall performance is better compared to 
the inward-to-outward configuration that places the weakest material 
(discontinuous tapes) in the critical outer layers.

5. Effect of configurations and hybridization ratio on elastic prop-
erties

A key goal of hybrid materials is to combine the properties of contin-
uous and discontinuous tapes. Continuous tapes aim to enhance overall 
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Fig. 16. Comparison of effective longitudinal stiffness under uniaxial tension for inward-to-outward, outward-to-inward and intercalated configurations.
stiffness, ideally proportional to their volume content (hybridization 
ratio). This section analyzes the effective elastic stiffness under tension 
and bending for different configurations and hybridization ratios.

5.1. Elastic properties under tensile loading

Fig.  16 shows the tensile longitudinal stiffness as a function of 
hybridization ratio for various configurations: inward-to-outward (red), 
outward-to-inward (blue), and intercalated (green). For configurations 
with randomly-oriented discontinuous tapes, six random realizations 
are used to capture fluctuations, with the mean and standard deviation 
shown. No significant differences in longitudinal stiffness are observed 
among the configurations, and the simulations confirm that a simple 
rule of mixtures can estimate the hybrid material’s stiffness, within the 
fluctuations.

5.2. Elastic properties under bending loading

The bending stiffness under three-point bending as a function of hy-
bridization ratio, revealing significant differences between the inward-
to-outward and outward-to-inward configurations, as illustrated in Fig. 
17. For configurations with randomly-oriented discontinuous tapes, six 
realizations were used to calculate the mean and standard deviation.

As shown in Fig.  17, the outward-to-inward configuration quickly 
increases bending stiffness with a small addition of continuous tapes, 
but this effect saturates at higher hybridization ratios. In contrast, 
the inward-to-outward configuration shows a gradual stiffness increase 
initially, which accelerates as the hybridization ratio approaches 100%. 
The inward-to-outward configuration also exhibits greater variability 
between random realizations, especially at low hybridization ratios, 
due to the influence of randomly oriented outer layers during bending.

For intercalated configurations with 25%, 50%, and 75% hybridiza-
tion ratios, the bending stiffness generally follows a rule of mixtures. 
Nevertheless, deviations occur when both the top and bottom lay-
ers consist of continuous tapes. The stiffness of a 55% hybridization 
sample (S3C6 in Fig.  1) is notably higher than that of 50% samples 
(S3C1–S3C5), where at least one external layer contains discontinuous 
tapes. This highlights the significant influence of continuous tapes in 
the outer layers.
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6. Effect of configurations and hybridization ratio on the initial 
and ultimate failure strengths

The strength was characterized by two points: (i) initial failure 
strength (load at first damage detection) and (ii) ultimate failure 
strength (maximum load). To assess damage tolerance, the energy 
dissipated between initial failure and ultimate strength is used as an 
indicator of toughness.

Fig.  18 presents the initial and ultimate strengths for intercalated 
configurations under bending, measured as critical bending moment 
resultants, for various hybridization ratios and intercalation arrange-
ments (fine and coarse). For comparison, values for the 0% (purely 
discontinuous tapes) and 100% (purely continuous tapes) hybridization 
cases are included. The energy dissipated up to ultimate strength is 
also shown, using the scale on the right. The specific intercalated 
configurations S3C𝑛 are detailed in Fig.  1.

In terms of initial strength, Fig.  18 shows that for intercalated 
configurations with a 50% hybridization ratio, sample S3C4 has lower 
initial strength than other samples (S3C1–S3C5) due to more discontin-
uous tapes in the bottom layers, which fail earlier under tensile load. 
This premature failure also results in higher energy dissipation. Despite 
of this, the ultimate strength for all 50% samples remains similar within 
the fluctuations of random realizations. A similar trend is observed 
for the 75% hybridization ratio, where S3C8 has lower initial strength 
than S3C7 due to bottom-layer discontinuous tapes in tension versus 
top-layer tapes in compression. Nonetheless, the ultimate strength of 
samples S3C7 and S3C8 are similar. Hence, while initial strength varies, 
ultimate strength under bending is less sensitive to intercalation details.

Regarding the increase in ultimate strength in bending with the ad-
dition of continuous tapes, the values for 0%, 25%, 50% and 75% show 
a steady strengthening, but jumps significantly at 100%. In contrast, 
energy dissipation decreases rapidly as the continuous tape content 
increases. These results are consistent with the role of the continuous 
and discontinuous tapes, namely that the continuous tapes are efficient 
at carrying mechanical loads (uninterrupted) while discontinuous tapes 
enhance pseudoductility.

7. Conclusions and recommendations

A systematic investigation of various configurations and stacking 
sequences reveals key factors influencing the stiffness, strength, and 
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Fig. 17. Comparison of effective bending stiffness under three point bending for inward-to-outward, outward-to-inward and intercalated configurations. The stiffness for the 
intercalated configuration with a 55% hybridization ratio (corresponding to the configuration labeled as S3C6 in Fig.  1) is highlighted in red.
Fig. 18. Initial and ultimate strength (measured in terms of bending moment resultants (MR) for a laminate) and dissipation of energy (DE) for various intercalation arrangements 
and hybridization ratios under bending loading. The limit cases of a laminate made out of purely discontinuous tapes (R) and purely continuous tapes (C) are included for reference.
damage tolerance of hybrid laminates made from continuous and dis-
continuous tapes. For stiffness, the ratio of continuous tapes is critical, 
showing a linear correlation under tensile loading for all stacking 
sequences. Under bending, placing continuous tapes on the outer lay-
ers, similar to an I-beam design, greatly improves stiffness, while the 
opposite arrangement yields sub-optimal performance. The intercalated 
approach also shows a near-linear stiffness correlation, though it can 
depend on whether the outer layers are occupied by continuous tapes.

The ultimate strength of the laminate under tensile load corre-
lates approximately linearly with the ratio of continuous tapes except 
for values close to 100%, where a significant increase occurs. The 
13 
damage tolerance in tension, as measured indirectly by energy dissipa-
tion, showing a brittle-like behavior. This behavior is observed for all 
stacking sequences analyzed in tension. Under bending, placing discon-
tinuous tapes on the outer layers provides good damage tolerance but 
has a sub-optimal performance in terms of strength. Conversely, placing 
continuous tapes on the outer layers results in enhanced strength, but 
at the expense of damage tolerance. Intercalated arrangements tend to 
provide enhanced strength but limited damage tolerance.

The present study indicates that the strategy to add layers of contin-
uous tapes to a laminate made out of discontinuous tapes to enhance 
strength and stiffness or, conversely, the strategy to add layers of 
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discontinuous tapes to a laminate made out of continuous tapes to 
enhance damage tolerance, requires a detailed analysis of the expected 
loading conditions to optimize the trade-off between these properties. 
Under uniaxial tension, the main factor is the hybridization ratio, while 
the stacking sequence plays a secondary role. For bending loading, both 
the hybridization ratio and the details of the stacking sequence are 
important, where an optimization strategy would depend on a required 
performance trade-off for the hybrid material.

It is important to point out that the conclusions of the present study 
on damage tolerance are limited by the fact that the fracture energy of 
the specimens could not be established since the simulations did not 
converge until final failure. A different modeling strategy is required 
to determine the actual fracture energy and, thus, to quantify damage 
tolerance more accurately.
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