The
University
W Of

2" Sheffield.

This is a repository copy of Performance and failure mechanisms of interleaved
E-glass/epoxy composites using knitted fiber-reinforced adhesive films.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/227619/

Version: Published Version

Article:

Karimi, S., Barzegar, A., Al-Nadhatri, A. et al. (4 more authors) (2025) Performance and
failure mechanisms of interleaved E-glass/epoxy composites using knitted fiber-reinforced
adhesive films. Polymer Composites. ISSN 0272-8397

https://doi.org/10.1002/pc.30127

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose .
| university consortium eprints@whiterose.ac.uk
WA Universiies of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1002/pc.30127
https://eprints.whiterose.ac.uk/id/eprint/227619/
https://eprints.whiterose.ac.uk/

'l) Check for updates

Polymer Composites

‘ W INSPIRING
PLASTICS
WI LEY PROFESSIONALS

| RESEARCH ARTICLE CEIEED

Performance and Failure Mechanisms of Interleaved
E-Glass/Epoxy Composites Using Knitted Fiber-Reinforced
Adhesive Films

Sasan Karimi®»? | Ali Barzegar? | Abdulrahman Al-Nadhari'? | Andreas Kappel® | Christian Mittelstedt® |
Hatice S. Sas># (2 | Mehmet Yildiz!?

Faculty of Engineering and Natural Sciences, Department of Manufacturing Engineering, Sabanci University, Tuzla, Istanbul, Turkey | 2Integrated
Manufacturing Technologies Research and Application Center, Sabanci University, Tuzla, Istanbul, Turkey | *Department of Lightweight Construction
and Structural Mechanics (LSM), Technische Universitit Darmstadt, Darmstadt, Germany | “School of Mechanical, Aerospace and Civil Engineering,
The University of Sheffield, Sheffield, UK

Correspondence: Hatice S. Sas (h.s.sas@sheffield.ac.uk)
Received: 17 February 2025 | Revised: 16 April 2025 | Accepted: 19 May 2025
Funding: The authors received no specific funding for this work.

Keywords: adhesive layer | fracture toughness | interleaving | mode-I and mode-II

ABSTRACT

In this study, an adhesive film with embedded knitted fibers is utilized as the interleaved layer to evaluate the effect of carrier
fibers on delamination resistance, crack migration, and R-curve behavior in glass fiber/epoxy composites. The interaction be-
tween the knitted fibers within the adhesive layer and their integration with the main laminate matrix is examined. Mode-I and
mode-II R-curves are determined using double cantilever beam (DCB) and end-notch-flexure (ENF) samples, respectively, with
fractography used to characterize damage mechanisms and crack paths. The low viscosity of the epoxy matrix during pressur-
ized curing causes redistribution of the knitted fibers and variations in the adhesive layer thickness along and across fiber ori-
entations. This results in localized shifts in fracture mechanisms, leading to variations in toughness values. The weak interface
between knit fibers and the adhesive layer matrix induces crack paths that cause significant fluctuations in G, values in Mode-I.
The adhesive layer enhances fracture toughness by promoting a tortuous crack path, resulting in a 175.47% increase in G, dur-
ing propagation and a 171.56% increase in Gy, values during the initiation phase, respectively. The adhesive layer's thickness
and fiber distribution, influenced by resin flow during manufacturing, played a critical role in fracture behavior. These findings
provide insights into the mechanisms driving interlaminar toughening and highlight the potential of knitted fiber-reinforced
adhesive films for improving delamination resistance in composite structures.

1 | Introduction loading boundary conditions of structural elements. In lami-

nated composite materials, individual layers can be oriented

Fiber-reinforced polymer composites are widely used across
diverse industries, including aerospace, automotive, and con-
struction, due to their high specific stiffness, specific strength,
low density, and exceptional durability. The directional de-
pendence of strength and stiffness in composites, stemming
from the tensile strength of fibers, can be tailored to match the

to align their principal material directions with the primary
load directions. This design approach maximizes the potential
for high specific strength and stiffness, ensuring optimal lam-
inate performance. However, laminating composite materials
with different ply orientations introduces interlaminar shear
and normal stresses due to property mismatches between
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Summary

Investigated knit fiber-supported adhesive's effect on
composites' fracture toughness.

Achieved a 171.56% G
ous crack path.

Iic 1ncrease, promoting a tortu-

Fluctuating G, values were observed due to localized
variations in fracture caused by a weak knitted fiber-
adhesive interface.

Correlated macro fracture tests with SEM and optical
microscopy images.

Demonstrated knitted fiber-supported adhesives’
potential to enhance delamination resistance.

individual laminae. These stresses can lead to interlaminar
delamination and reduced out-of-plane properties, which are
widely recognized as the predominant life-limiting failure
mechanisms in composites. Consequently, enhancing interla-
minar fracture toughness has emerged as a critical focus of
ongoing research efforts [1-9].

The improvement of fracture toughness in laminated compos-
ites involves several techniques. These include the use of z-pins
[10], refining the manufacturing process to enhance the quality
of interlaminar bonding [11-14], and the development of tough-
ened thermoset and thermoplastic matrices [15]. Other methods
include the placement of interlayer nanofiber and microfiber
veils [16-24], the application of nanoparticles, nanotubes, and
short fibers [25-30], hybrid toughening methods with particles
and veil fibers [1, 31-37], and optimizing lay-up sequences to
minimize out-of-plane stresses. Adhesion surface treatment
[38, 39], implementing three-dimensional weaving [40, 41], and
applying interleaving and selective toughening with thermoset
and thermoplastic adhesives or modified films are also em-
ployed [1, 42-51]. The primary objective of these methods is to
delay crack propagation through high-energy dissipation mech-
anisms, such as matrix plasticity and shear deformation, crack
arresting, crack tip deviation, and enhancing the fiber-matrix
interface strength [1, 52, 53].

Among the above mentioned approaches, one promising way
to increase the interlaminar toughness is placement of an
adhesive layer of high toughness in the interlaminar area of
laminated composites [45, 54]. This concept, known as the in-
terleaving or interleaf method, involves introducing an addi-
tional layer at the interface between plies. The primary matrix
and the interleaf layer work together to provide high stiffness
and enhanced interlaminar toughness, respectively. A critical
requirement for successful interleaving is the ductility of the
interleaf resin, as it enables energy dissipation through plastic
deformation and shear yielding, thereby enhancing fracture
toughness. The interleaf resin achieves this by delaying crack
initiation through plastic deformation within resin-rich do-
mains, thereby enhancing the overall toughness of the com-
posite. Moreover, interleaved composites have demonstrated
superior behavior in terms of delamination resistance, in-
plane shear strength, and compression after impact [3, 55-58].
Yet, the success of interleaving depends on several critical

parameters. These include (i) the compatibility between the
primary matrix and the interleaved resin, as a lack of bond-
ing quality may lead to potential defects in the component,
(ii) the toughness of the interleaf layer, which should ideally
exceed that of the resin in the base laminates, and (iii) the
thickness of the interleaf layer, where increased thickness re-
sults in a resin-rich layer and, consequently, a weight penalty
[45, 55, 59]. Additionally, the mechanical properties and thick-
ness of the interleaving resin should be carefully evaluated,
and the manufacturing process must be optimized based on
the specific application and the applied boundary forces for
the final component [60].

Several studies in the literature have demonstrated the use
of thermoset- and thermoplastic-based adhesives as interleaf
layers [61]. In a study, Yasaee et al. [9] studied the use of var-
ious types of interlayer strips, including thermoplastic films,
chopped fibers, and thermoset prepreg, investigating their
effectiveness in enhancing the Mode-I fracture toughness.
They specifically applied a thermoplastic polyimide interleaf,
reporting 79% improvement in the critical energy release rate
through Mode-I fracture toughness, Gy.. In another study by
Yasaee et al. [49], the use of a thermoset-based adhesive film
as an interleaf resulted in a 112% increase in Mode-II frac-
ture toughness, Gy, compared to reference samples. However,
the authors highlighted the challenge of controlling the final
thickness of the interleave layer during the manufacturing
process, particularly due to resin/prepreg diffusion, which is a
key issue in thermoset interleaving. According to Masters [61],
there is an enhancement in the strain energy release of inter-
leaved samples observed in both Mode-I and Mode-II tests,
with the improvement being more pronounced in Mode-II.
Additionally, the study concluded that interleaving is effective
in reducing damage induced by impacts. Idress et al. [60, 62]
examined design tools for interleaving, highlighting the im-
portance of various factors. They fabricated composite sheets
with different types of resin-rich layers (RRL) with different
thicknesses. Alongside considering the relative thickness of
the interleaf compared to the plastic deformation zone, they
emphasized the critical role of selecting appropriate resins
for RRL. Their results indicate that the effective interleaving
is promoted by the closely matched toughness properties of
the primary matrix resin and the interleaved resin. They con-
cluded that a large mismatch between RRL and fiber-matrix
toughness values results in an adhesive failure and poor
toughening effect. These finding are also supported by Sela
et al. [45]. Hojo et al. [63] investigated Mode-I and Mode-II
loading for unidirectional CF/epoxy laminates with ionomer
interleaf with different thicknesses. They reported significant
improvement in both Mode-I and Mode-II fracture toughness.
The microscopy images confirmed that the crack never prop-
agates through non-toughened region which is the main rea-
son behind the high toughness. In Resis and Reneker [64], an
adhesive layer is applied as interleaf interlaminar layer along
the free edges, and delamination is arrested by interleaf layer
until final failure. In addition, fatigue loading interleaf layer
reduces the crack propagation rate. Selective interleaving in
stress concentration locations, such as holes and joints, has
been successfully proven in many cases. However, a major
limitation of interleaving is the resulting weight penalty.
The discrete layer of interleaved resin reduces stiffness and
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strength in the in-plane direction, requiring additional plies
to maintain design properties [1]. However, literature lacks
a comprehensive study for fracture performance of knit fiber
supported epoxy-based adhesive layer application as inter-
leave layer.

Although thermoset interleaves offer significant potential for
enhancing composite toughness through diffusion and bonding
with the primary matrix, they have been studied less extensively
than their thermoplastic counterparts due to challenges in con-
trolling interleaf thickness during manufacturing. Maintaining a
uniform interleaflayer is crucial, as high pressure enhances bond-
ing by minimizing voids; however, the low viscosity of the resin
during hot pressing induces flow, leading to a reduction in inter-
leaf thickness. This issue remains a critical challenge in thermoset
composite interleaving, particularly in hot press processing.

In this study, interleaved glass fiber/epoxy composites were fab-
ricated using compression molding in a hot press in one shot
cycle. To the best knowledge of the authors, limited research
has explored the use of high pressure for interleaved specimen
manufacturing, despite its significant impact on the functional-
ity of the interleave layer in enhancing fracture toughness. Two
layers of adhesive film, each containing a knitted fiber carrier,
were used as the interleave layer. The adhesive film resin was
toughened epoxy-based, consistent with the main matrix, en-
suring compatibility. However, during manufacturing in the hot
press, at temperatures exceeding the glass transition tempera-
ture (Tg), both matrices exhibited a drop in viscosity and began
to flow, complicating the creation of a uniformly thick interla-
minar interleave layer. In the context of this study, the knitted
fibers served a dual function. Firstly, they controlled the adhe-
sive film thickness during high-pressure processing. The carrier
fibers restricted the flow of the adhesive film's epoxy under high
pressure, preventing excessive reduction in thickness. Secondly,
during fracture, the knitted fibers contributed to the toughening
effect by inducing crack tip deviation, facilitating load transfer
between plies, and bridging the separation layers under both
Mode-I and Mode-IT loading conditions. Double cantilever beam
(DCB) and end-notched flexure beam tests were conducted to
provide a comprehensive understanding of failure mechanisms.
The Mode-I and Mode-I1I test results were correlated with macro-
level and micro-level analyses using optical microscopy images
and SEM in a complementary manner. This study represents
the first in the literature to utilize an adhesive film with knitted
carrier fibers as an interleaf layer and to conduct an in-depth in-
vestigation of fracture mechanisms under Mode-I and Mode-II
loading conditions. Furthermore, a correlation between load-
bearing performance and fracture mechanisms is established.

2 | Material and Methods
2.1 | Materials and Sample Manufacturing

In this study, unidirectional E-glass/epoxy prepregs supplied
by Krempel GmbH, Germany, are used as the prepreg mate-
rials. Additionally, a toughened thermoset adhesive film with
a knitted fiber carrier, 3M-AF163-2K, supplied by 3M, is em-
ployed. Table 1 summarizes the specifications of the prepreg
and adhesive film. To introduce a pre-crack for fracture testing,

TABLE1 | Prepregand adhesive layer specifications.

Prepreg— KREMPEL GmbH

(UD prepreg)

Resin type Epoxy resin
Fiber type E-glass
Mass per unit area of fiber (g/m?) 310
Mass per unit area of prepreg (g/m?) 496
Fiber density (g/m?) 2.54
Effective prepreg thickness (mm) 0.2
Fiber volume content (%) 60
Adhesive layer—3 M (Scotch-Weld AF

163-2K film)

Mass per unit area (g/cm?) 219.7
Effective thickness (mm) 0.19
Color Yellow
Stress intensity factor, K;- (MPam'/?) 2.34
Tensile yield strength, o, (MPa) 36.22
Poisson ratio, v 0.34

a 20-um-thick PTFE film coated with a release agent is in-
serted between the adhesive layers. Prepreg layers are cut into
300mm x 300 mm sheets and manually laminated with stacking
sequences of [0°];5 and [0°],, for fracture and tensile test sam-
ples, respectively. These sequences are selected to achieve the
required final thickness for each test, in accordance with ASTM
standards [65-67]. For the fracture test sample, two layers of ad-
hesive film are inserted at the midplane between the 9th and
10th layers, while for the tensile test sample, the adhesive film is
placed between the 6th and 7th layers. To ensure identical pro-
cessing conditions are implemented for both reference and test
specimens, adhesive films are applied to only half of the sheet
during a single hot press cycle (Figure 1a). This approach allows
for a rigorous comparison between the reference samples (de-
noted as REF, without an adhesive film) and the test samples
(denoted as ALE, with an embedded adhesive layer as inter-
leaf), as both are subjected to the same processing conditions.
Figure 1b,c illustrate the stacking sequences for REF and ALE
sections, along with the adhesive layer placement for fracture
and tensile tests, respectively. For fracture test samples, the pre-
crack length is set to 63 mm for both Mode-I and Mode-II tests
using PTFE film (Figure 1a).

After the preforms with interleaved adhesive films are pre-
pared, curing is carried out using a hot press process. The ap-
plication of high pressure during curing plays a critical role in
enhancing the fracture performance of interleaved compos-
ites. This is achieved through several mechanisms, including
improved consolidation, stronger bonding, increased resin
penetration into the knitted fibers of the interleave layer, and
stabilization of fiber positioning. A hydraulic hot press with a
one-sided oil-heated plate is used to manufacture the compos-
ite sheets, as shown in Figure 1d. A premanufactured mold is
employed to apply uniformly distributed pressure across the
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| Sample preparation with (a) placement of adhesive layer and PTFE film in laminate (top view), and laminate stacking sequences

and schematics of adhesive layer position in half of composite sheets for (b) fracture sample and (c) tensile test sample, and sample manufacturing
steps illustrating (d) hot press machine, (¢) mold, (f) schematics of applied pressure and heat in mold, and (g) process parameters for pressure and

temperature applied in hot press.

composite components (see Figure 1e,f). The process parame-
ters for pressure and temperature, provided in Figure 1g, are
applied during the curing process. Initially, the mold is heated
to a steady-state temperature of 115°C. Once the temperature
is stabilized, the laminated preform is inserted. An initial
pressure of 4bar is applied, followed by a gradual increase to
21.8bar according to a specific profile. This pressure profile
ensures void-free interlaminar bonding and an effective cur-
ing process. The bonding quality was evaluated through mi-
croscopy imaging and differential scanning calorimetry (DSC)
analysis in the next sections. Then, the composite laminates
are naturally cooled to room temperature under a constant
pressure of 21.8 bar. After manufacturing, the sheets are tem-
pered in an oven at 60°C for 6h. The knitted fiber-reinforced
adhesive films have possessed low thickness and high com-
pliance, enabling them to conform effectively to the laminate
layup without inducing significant distortion. Post-curing in-
spection has revealed no observable warping or unevenness,
indicating that the interleaved films are well accommodated
within the laminate architecture. The final thickness of the
composite sheets is measured as 3.5+ 0.03 mm for fracture test

samples and 2.5+0.02mm for tensile test samples. Finally,
test specimens are precisely cut from the manufactured com-
posite plates using a waterjet system [68].

2.2 | Material Characterization
and Mechanical Tests

2.2.1 | Optical Microscopy

The distribution of fibers and void content is examined fol-
lowing sample molding and surface polishing procedures, as
outlined by Karimi et al. [12]. Optical microscopy images are
captured using a Nikon LV100ND microscope at 100X magni-
fication. Figure 2 presents cross-sectional micrographs of the
REF and ALE samples, shown in Figure 2a,b, respectively.
Both sample groups exhibit nearly uniform fiber distribution
and interlaminar areas are free of voids, demonstrating the
effectiveness of the manufacturing process. Figure 2c sche-
matically illustrates the arrangement of glass fibers within
the composite prepreg, highlighting the presence of midplane
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FIGURE2 | Microscopic images of cross-sections showing (a) REF and (b) ALE samples; (c) a representative schematic of ALE samples; (d) varia-

tion in adhesive layer thickness and distribution of carrier fibers in ALE; (¢) a magnified schematic representation of carrier fibers; and f. the role of

carrier fibers in controlling adhesive layer thickness under pressure.

knit fibers embedded in the adhesive layer. These knit fibers
act as a reinforcing mesh, providing structural support to the
adhesive layer. Additionally, Figure 2d presents a wider cross-
sectional micrograph of the ALE sample, where the sections
of some carrier fibers within the adhesive film are marked.
Notably, the adhesive layer exhibits thickness variations per-
pendicular to the fiber direction, potentially enhancing me-
chanical interlocking. The average adhesive layer thickness in
this direction is measured at 185+ 50 um [69]. Furthermore,
the cross-sectional micrograph reveals a void-free interface
between the adhesive layer and the main composite matrix.
This absence of voids, combined with the potential interlock-
ing effect between the adhesive film and the composite matrix,
suggests the likelihood of high interlaminar strength between
these layers. Figure 2e,f, schematically depict the role of the
knitted fibers in regulating the thickness of the adhesive layer
by restricting the flow of the adhesive matrix under pressure
during the manufacturing process. This restriction leads to
the formation of a trapped adhesive film matrix between the
carrier fibers, which play a crucial role during fracture. In the
absence of the carrier fibers, the applied pressure in the hot
press may induce excessive resin flow out of the mold, result-
ing in an excessively thin adhesive layer as the interleave.

Following mechanical testing, fractography, the fracture sur-
faces of the composite samples are examined using a Nikon
SMZB800N Stereo Microscope. Further detailed analysis is con-
ducted using a Zeiss 35VP field emission scanning electron mi-
croscope (FE-SEM) operated at an accelerating voltage of 3kV,
with images captured at various magnifications. To ensure

sufficient electrical conductivity, the SEM specimens are coated
with a thin layer of Fe prior to imaging.

Specifically, in this study, two layers of adhesive film are used to
create a sufficiently thick interlayer matrix, maximizing tough-
ening through the adhesive film. Understanding the role of the
matrix in influencing the size of the plastic yield zone is crucial.
An estimate of the plastic zone radius (r) for the matrix is de-
termined based on experimental data, using Irwin's plastic zone
model for plane strain, as reported by Ozdil and Carlsson [70],
and is given by Equation (1):

1 (K3
ry—ﬂ<o_—y> (5(1-21}2)) (1)

where K. is the critical stress intensity factor, which is di-
rectly related to the matrix’s fracture toughness, o, denotes
the tensile yield stress and v is the Poisson's ratio of the matrix.
Corresponding properties of the adhesive film epoxy obtained
from the technical data sheet are listed in Table 1 [71].

Based on the values in Table 1, the interleave layer thickness,
2ry, is calculated to be 766.4um. This indicates that to achieve
pure cohesive fracture using only the adhesive film matrix
without the carrier knitted fibers, an interleave film thickness
of 766.4pum would be required. For our samples, the adhesive
film thickness before lamination is 190 wm, which is less than
2r,. This suggests that the fracture toughness of the interleave
layer will continue to increase until it reaches 2r,, supporting
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the validity of our approach to enhance fracture toughness by
increasing the number of interlaminar adhesive films [72]. The
presence of knitted fibers can restrict the plastic zone at the
crack tip, potentially limiting the effectiveness of the adhesive
film. However, on the other hand, the knitted fibers can also
enhance fracture toughness by bridging the separation layers.
These effects were thoroughly studied in this work.

2.2.2 | DSC Analysis

To investigate the suitability of the implemented pressure and
temperature profile for both the prepreg and adhesive films, as
well as to analyze the consistency between the adhesive layer
matrix and the main prepreg matrix, DSC analysis is carried
out using a NETZSCH STA 449F3 device. The analyses are con-
ducted in the temperature range of 25°C-250°C with three cy-
cles (heating-cooling-heating) at a rate of 5°C/min.

The DSC diagram for the second heating cycle is depicted in
Figure S1. No exothermic peak is observed, indicating successful
curing of the epoxy for both materials. The measured glass transi-
tion temperatures (Tg) are 112.3°C and 110.3°C for the cured pre-
preg material and cured adhesive layer, respectively. The T, values
of the primary epoxy matrix and the interleaved film resin are
found to be closely matched. This similarity, in conjunction with
their shared epoxy-based chemistry, suggests a degree of thermal
and phase compatibility. Such alignment reduces the likelihood of
thermal mismatch stresses and phase separation during curing or
in service, thereby supporting cohesive integration of the interleaf
within the laminate system [60]. A small drop in the adhesive lay-
er's DSC diagram is observed around 220°C, which is attributed
to the melting of minor toughening additives within the adhesive
layer. This phenomenon does not affect the overall manufacturing
process. Additionally, the DSC diagrams confirm that the applied
temperature of 115°C during the manufacturing process is suffi-
cient to fully complete the curing process within the hot press.

2.2.3 | Mechanical Tests

To investigate the effect of the adhesive layer on both in-plane
and fracture toughness properties, three types of mechanical
tests are performed: transverse tensile tests, Mode-I fracture
tests, and Mode-II fracture tests.

Transverse tensile tests are conducted on REF and ALE sam-
ples to assess the effect of adhesive layers on in-plane proper-
ties while suppressing the dominance of fiber tensile strength.
Samples with dimensions of 175mmX25mm and an aver-
age thickness of 2.5mm are cut from composite laminates.
Aluminum tables (25mm X 25 mm) are bonded to the ends of the
samples. An Instron machine with a 100kN capacity is used to
perform the tests in accordance with the ASTM D3039 standard,
from which stress—strain curves are obtained [67].

To quantify interlaminar fracture toughness, DCB tests are used
to measure Mode-I fracture toughness, and edge notch flexure
(ENF) tests are used to assess Mode-II fracture toughness.
These tests are conducted in accordance with ASTM D5528 [65]
and ASTM D7905 [66] standards, respectively.

For Mode-I fracture tests, three samples are prepared for
each group, and two hinges are bonded to the pre-cracked
end of each sample (Figure S2a). To facilitate the monitoring
of crack propagation, the cross-section of each sample was
painted white and marked with vertical lines at 1 mm inter-
vals for the first 5mm, followed by 5mm intervals beyond the
pre-crack tip. Tests are performed at a constant displacement
rate of 2mm/min. Crack propagation distance, applied force,
and crack opening displacement are continuously monitored
and recorded in real-time using the Instron test machine
(Figure S2b). Load versus crack opening displacement and
strain energy release rate versus crack propagation diagrams
are generated. The Mode-I critical strain energy release rate
(Gyo) is calculated using the modified beam theory specified
in ASTM D5528 (Equation 2):

3P6
G = 2@+ 14D @

where P (N) is the applied load, § (mm) is the load point displace-
ment, b (mm) is the sample width, a (mm) is the crack length,
from the loading point to the crack tip, and A (mm) is the cor-
rection factor. The maximum load is considered the crack initia-
tion point, and the calculation is performed individually for the
crack initiation and propagation phases.

During the ENF tests, the compliance-calibration (CC) ap-
proach is used to determine the Mode-II critical strain energy
release rate (Gyo). Initial tests with crack lengths of 20mm
and 40mm are conducted to establish the correlation between
sample compliance (C) and the cubic function of crack length
(e with compliance markers are positioned at a =20, 30, and
40mm from the PTFE layer tip (Figure S2c). Tests are conducted
at a crosshead loading rate of 0.5mm/min using the Instron
set-up (Figure S2d). The compliance-calibration coefficients A
and m are determined through least squares regression analysis,
establishing the relationship, C = A + ma3. Then, Gy is calcu-
lated using Equation (3):
3P?ma?

Grc = TO ®

where P is the applied load (N), m is a constant value from the
regression analysis, a, is the initial crack length (mm), and b is
the sample width (mm). Similarly, three samples are tested for
each REF and ALE groups. The Gy;c value only was calculated
for crack initiation not for propagation.

3 | Results and Discussion

This section presents the results of the mechanical tests fol-
lowed by the fractography to elucidate the failure mechanisms
in correlation with the mechanical tests.

3.1 | Transverse Tensile Test Results
In this study, transverse tensile tests are conducted with fibers

oriented perpendicular to the loading direction to evaluate
the effect of the adhesive layer on the in-plane performance
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of composites. Transverse tensile tests were conducted to as-
sess the influence of the interleaved adhesive film on matrix-
dominated mechanical behavior [73]. As the reinforcement
fibers within the interleaf are not aligned with the laminate’s
primary fiber direction, their effect on longitudinal mechanical
performance is minimal. Thus, evaluating the E,, modulus pro-
vides a more representative measure of the structural interaction
between the interleaved film and the laminate. Table 2 lists the
Young's modulus, Poisson's ratio, and tensile strength for both
reference (REF) and adhesive layer-embedded (ALE) samples.
Figure S3 illustrates the stress—strain diagrams obtained from
the transverse tensile tests for both sample types. As expected,
the ALE samples exhibit lower Young's modulus and tensile
strength under tensile loading perpendicular to the fiber direc-
tion. Specifically, the ALE samples show a 20.82% reduction in
Young's modulus and a 7.63% reduction in tensile strength com-
pared to the REF samples. The reduction in tensile strength is
attributed to the fiber-matrix interfaces of the knit fibers em-
bedded in the adhesive layer, which act as stress concentration
points. Additionally, since some of these fibers in the adhesive
layer are not aligned with the tensile force, breakage initiates in
the adhesive layer under high-stress conditions. The reduction
in E,, observed in the ALE samples is attributed to local com-
pliance induced by the knitted fiber architecture and resin-rich
zones within the interleaved film. These knitted regions, while
beneficial for fracture toughness, disrupt continuous load trans-
fer paths in the transverse direction. This disruption leads to lo-
calized strain accumulation and reduces the effective stiffness.
While stress concentrations typically affect strength, their influ-
ence on local compliance can indirectly contribute to a decrease
in the measured transverse modulus. Further discussion will be
provided through detailed fractographic analysis of the fracture
surfaces in Section 3.4.

Building on the matrix-dominated failure mechanisms dis-
cussed earlier, both REF and ALE samples exhibit very low
Poisson’s ratios, with the ALE samples showing even lower val-
ues. When fibers are oriented perpendicular to the loading di-
rection, their contribution to load-bearing is negligible, leaving
deformation behavior predominantly controlled by the epoxy
matrix. The epoxy matrix, with its significantly lower stiffness
compared to the fibers, undergoes axial stretching under ten-
sile loading. However, the transverse fibers—particularly in the
ALE samples, where the adhesive layer's knit fibers further re-
strict lateral movement—severely limit transverse contraction.
This constraint results in minimal lateral strain, thereby pro-
ducing the observed low Poisson's ratios. These findings align
with the earlier observation of reduced stiffness and strength in
ALE samples, underscoring the critical role of matrix-adhesive
interactions in governing deformation behavior.

TABLE 2 | In-plane properties of REF and ALE samples under
transverse tensile test.

Young's Poisson’s Tensile

modulus ratio strength
Sample (E22) (GPa) (V12 =vy3) (MPa)
REF 10.7+0.29 0.069+0.004 61.2+10.35
ALE 8.4+0.20 0.062+0.002 56.5+3.02

3.2 | Mode-I Fracture Test Results

The DCB tests are conducted following the methodology
outlined in Section 2.2, with G- values calculated using
Equation (2). Figure 3 presents load-crack opening displace-
ment diagrams and R-curves for a representative REF sample
and all ALE samples. Table 3 presents the average G- values
with standard deviations in both crack initiation and crack prop-
agation phases. From the force-displacement curves, for ALE
samples, the force initially rises before decreasing as the crack
propagates, whereas the REF samples exhibit a simpler force
reduction profile. (Figure 3a). Only one of the REF samples is
presented as a representative diagram in Figure 3a. Moreover,
during the Mode I tests, ALE samples demonstrated larger C-
(COD) compared to REF samples. This is primarily due to the
presence of knitted fibers within the interleaved zone, which en-
gage in energy-dissipating mechanisms such as fiber bridging
and pull-out. These mechanisms contribute to a more gradual
and stable crack propagation, resulting in a larger area under the
load-COD curve and indicating a more ductile fracture behav-
ior. Representative load—-COD curves are shown in Figure 3a.
Before reaching the peak load, ALE samples exhibit varying
slopes, indicating differences in effective stiffness. This varia-
tion can be attributed to differences in the fracture mechanisms
occurring immediately beyond the crack tip during crack initi-
ation. This variation in crack initiation behavior is attributed to
the presence of the adhesive film at the crack tip, which influ-
ences the local fracture mechanism. Considering the maximum
force as the crack initiation criterion, Figure 3b shows the G
versus crack length for the REF sample, with the linear R-curve
indicating stable crack propagation (maximum standard devi-
ation value of 0.028kJ/m?). In contrast, all three ALE samples
have displayed distinct fracture behaviors. While fracture forces
in ALE samples are consistently higher than those of the REF
sample, their load—displacement curves have exhibited signif-
icant fluctuations and unstable crack growth. This stick-slip
propagation which is characterized by abrupt force drops, is
commonly observed in DCB testing of ductile matrix composites
[49, 50, 74, 75]. The instability is attributed to localized varia-
tions in fracture mechanisms, resulting in a high standard de-
viation of G.

The maximum load-bearing capacity of the REF samples is
47.3N, while the average value for ALE samples reaches 100.5N,
representing a 112.5% increase. For crack initiation, ALE sam-
ples exhibit a G of 2.3kJ/m?, a 365.39% improvement over REF
samples (0.5kJ/m?). This suggests that the adhesive layer sig-
nificantly enhances Mode-I fracture toughness during initiation
by absorbing elastic energy and delaying crack propagation.
However, as the crack advances, Gy values exhibit consid-
erable fluctuations and unstable growth, reflected in a high
standard deviation (0.5kJ/m?) during propagation (Figure 3c
and Table 3). The average fracture toughness of ALE samples
remains significantly higher than REF samples, with 175.47%
improvement in propagation, though toughness declines
sharply beyond 40 mm of crack growth. This instability arises
from competing mechanisms: the adhesive layer initially resists
crack propagation through energy absorption but accelerates it
in weaker regions due to localized stress concentrations. The 2-
layer adhesive film demonstrates optimal effectiveness within
the first 40mm of propagation, after which toughness drops
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TABLE 3 | Gy values for crack initiation and propagation.
Sample GIC_initiation GIC_propagation
REF 0.50+0.09 0.60£0.003
ALE 2.33+£0.26 1.65+0.50
Increment 365.39% 175.47%

significantly. The significant variation in fracture forces and Gy
standard deviations, are attributed to shifting fracture mech-
anisms along the crack path, will be analyzed in detail in the
fractography section, focusing on adhesive-matrix interactions
and failure modes.

3.3 | Mode-II Fracture Test Results

Mode-II fracture tests are conducted in accordance with the
ASTM D7905 standard, which excludes crack propagation mon-
itoring. Figure 4a presents the representative load-flexural dis-
placement curves for ENF samples, with the maximum bearing
load annotated for each curve. The ALE samples exhibit a max-
imum load of 1019 N, representing a 37.88% improvement over
REF samples (739 N). This significant increase in load-bearing
capacity underscores the enhanced resistance to crack initiation
in Mode-II loading.

Figure 4b shows the calculated Gy values for REF and ALE sam-
ples, determined using the compliance-calibration method de-
scribed in Section 2.2.3. The REF samples showed a Gy value of
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| (a) Load-displacement curves, and G—crack length diagrams of DCB samples for (b) REF and (c) ALE samples.

2.11+0.67kJ/m?, whereas the ALE samples achieve a Gy value
of 5.73+1.7kJ/m?, reflecting a 171.5% improvement compared to
REF samples. This dramatic increase is attributed to the adhe-
sive layer's ability to absorb strain energy under Mode-II fracture,
thereby significantly enhancing delamination resistance.

3.4 | Fractography
3.4.1 | Transverse Tensile Fractography

The fracture surfaces of transverse tensile test samples were
analyzed using SEM to elucidate the mechanisms underlying
the mechanical behavior observed in Section 3.1. Figure 5 com-
pares the fracture surfaces of REF and ALE samples, with key
features correlated to the reduction in Young's modulus, tensile
strength and Poisson’s ratio reported in Table 2.

The fracture surface of the REF sample exhibits fiber breakage,
matrix cracking, and separation of fiber bundles from the epoxy
matrix (Figure 5a). Residual matrix adhering to the fibers con-
firms strong interfacial bonding, consistent with the REF sample's
higher tensile strength (61.2+10.35MPa) and Young's modulus
(10.7+0.29GPa). These results align with the uniform fiber dis-
tribution and void-free microstructure observed in Figure 2a. This
observation remains consistent for the ALE samples as depicted
in Figure 5b. However, in ALE samples, stress concentrations at
the interfaces between the adhesive layer's knit fibers and the sur-
rounding matrix initiate failure. Scarps and river lines (Figure 5b)
mark crack initiation sites, while fiber pullout within the adhesive
layer creates voids and holes (Figure 5c). These mechanisms ex-
plain the deterioration in the in-plane mechanical performance
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FIGURE4 | (a)Load-flexure extension and (b) Gy;c diagrams of ENF samples for REF and ALE samples.

FIGURES5 | SEM image of fracture surface after transverse tensile test for (a) REF and (b-e) ALE samples.

of ALE samples in comparison to REF samples, as highlighted in
Table 2. Brittle matrix failure, evidenced by residual matrix frag-
ments, correlates with the low Poisson’s ratios, as transverse fiber
constraints suppress lateral contraction.

Moreover, the adhesive layer forms a void-free interface with
the primary matrix (Figure 5d), confirming effective bonding.
However, shear traces and scarps on the adhesive layer high-
light localized stress redistribution, consistent with unstable
crack growth and fluctuations in the stress—strain curves.
Residual primary matrix on fibers (Figure 5e) reaffirms
strong fiber-matrix adhesion, though misaligned knit fibers in
the adhesive layer act as weak points, promoting premature
failure.

3.4.2 | Mode-I Fractography

Figure 6 presents microscopy and SEM images of fracture
surfaces from Mode-I DCB tests on the reference (REF) sam-
ple. Figure 6a highlights fiber bridging ahead of the crack tip,
a key toughening mechanism for reference samples. Figure 6b
reveals randomly oriented broken fibers, indicative of fiber pull-
out and bridging phenomena. The representative SEM image
in Figure 6¢ confirms robust fiber-epoxy adhesion, evidenced
by fiber breakage and pullout, while Figure 6d shows micro-
dimples in the epoxy matrix, indicative of plastic deformation
and ductile fracture behavior [48]. Figure 6e schematically
illustrates the crack path, which oscillates between the pri-
mary matrix and fiber-matrix interface. This alternating path
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FIGURE 6 | Fractography of REF sample under Mode-I test.

activates toughening mechanisms—fiber bridging, pullout,
and matrix plasticity—consistent with findings in ductile com-
posite systems [7, 31, 75, 76]. These mechanisms correlate with
the rising R-curve observed in REF samples (Figure 3b), where
the Gy increases during propagation due to progressive energy
dissipation. The trend stabilizes at steady-state crack growth,
dominated by sustained fiber bridging. Thus, this fractographic
analysis aligns with the mechanical results: while REF samples
exhibit lower G values compared to ALE samples (Table 3),
their stable propagation and rising toughness underscore the
effectiveness of intrinsic toughening mechanisms in noninter-
leaved composites.

Figure 7 explores the relationship between crack propagation
and applied load by correlating load-crack length curves (from
Figure 3a,c) with fracture surface images for three ALE sam-
ples. Each sample is analyzed in paired panels: ALE sample 1
(Figure 7a,b), ALE sample 2 (Figure 7c,d), and ALE sample 3
(Figure 7e,f). Distinct whitish and yellowish regions on the frac-
ture surfaces (Figure 8b,d,f) demarcate shifts in fracture mecha-
nisms, with dashed lines indicating the onset of color transitions
and corresponding load drops.

Using Equation (2) and experimental data from Figure 3c, the G
values are calculated with the lengths of these areas are quanti-
fied and juxtaposed with the crack propagation length in the dia-
grams for all REF and ALE samples. Figure 8 presents the average
Gc values for the REF sample and three ALE samples where for
ALE samples the corresponding values for the whitish and yel-
lowish areas as Area A and Area B, respectively. The location and
length of the whitish and yellowish areas in Figure 7b,d.f exhibit
randomness, which contributes to the variation in the reported
G values for the two distinct fracture surface colors of the ALE
samples in Figure 9. The inclusion of the adhesive layer signifi-
cantly increases the G- values compared to the REF samples.
Notably, cracks within the whitish areas demonstrate higher G
values for propagation compared to those in the yellowish areas.

~ Glass Fiber
\Epoxy matrix s

N
Crack tip

Moreover, based on force-time data observations for ALE sam-
ples during the experimentation it is evident that cracks in the
white area propagate at a slower pace compared to other areas,
owing to a higher strain energy absorption during crack propa-
gation. These findings underscore the adhesive layer's dual role:
improving initiation toughness through energy dissipation while
introducing instability via interfacial weaknesses.

To investigate the fracture mechanisms underlying the dis-
tinct whitish and yellowish regions observed during Mode-I
testing, a detailed microscopic analysis of ALE samples is
conducted (Figure 9). Figure 9a depicts the fracture surface
of ALE sample 2, highlighting the whitish and yellowish re-
gions. Three primary failure modes are identified: (1) adhesive
failure, characterized by complete separation of the adhesive
layer from the primary matrix due to weak interfacial bonding
(Figure 9b); (2) thin-layer cohesive failure, where partial adhe-
sive separation and knit fiber remnants create tortuous, zigzag
crack paths that enhance fracture toughness through signifi-
cant strain energy absorption (Figure 9¢); and (3) midplane co-
hesive failure, involving crack propagation along the adhesive
layer's midplane, resulting in pulled-out knit fibers and smooth
fiber-matrix interfaces indicative of weak bonding (Figure 9d)
[77]. Whitish regions, dominated by thin-layer cohesive fail-
ure, exhibit slow crack growth and stable G,. values (2.33kJ/
m?2), correlating with high-energy absorption. In contrast, yel-
lowish regions, governed by midplane cohesive failure, show
rapid propagation along weak interfaces, leading to erratic Gy
fluctuations (standard deviation: 0.5kJ/m?, Figure 3c) and de-
clining toughness beyond 40 mm crack length. The transition
between these mechanisms explains the fluctuating R-curves
(Figure 7) and high standard deviations, driven by competing
energy dissipation (tortuous paths in whitish areas) and inter-
facial weaknesses (midplane failure in yellowish areas).

In order to correlate the fracture mechanisms on the micro
level and validate the findings from the microscopy study
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FIGURE 7 | Correlation between load-crack length curves (a, ¢, and e) and fracture surface images (b, d, and f) for ALE samples 1, 2, and 3, re-

spectively under Mode-I fracture tests.

presented in Figure 9, scanning electron microscopy (SEM)
imaging is conducted on two distinct areas of the fracture sur-
face obtained from Mode-I fracture tests. Figure 10 presents a
schematic for the crack propagation path based on fractogra-
phy through SEM images. In the initiation of a crack at the tip
of the Teflon film, the crack propagates toward one of bending
arms creating a trapezius trace of shear effect on adhesive film
matrix, as illustrated in Figure 10a. Fiber imprints are visible,

indicating poor adhesion between the knit fibers of the adhe-
sive film and the composite matrix, as well as bridging phe-
nomenon. Subsequently, the crack follows a zigzag trajectory
through the adhesive layer, alternating its propagation direc-
tion between the upper and lower interfaces of the adhesive-
main matrix, as depicted in the two microcopy images taken
from adjacent regions Figure 10bl. In certain areas, the crack
propagates along the boundary between the adhesive film and

11 of 19

QSUDOIT SUOWWOY) dANEAIY) d[qeatjdde Ay Aq PAUIA0S dIe SI[INIE V() SN JO I[N 10§ AIRIqIT QUIUQ AS[IAN UO (SUONIPUOD-PUR-SULIANWO KI[IM TeIqout[uoy/:sdny) SUONIpuo)) pue SWIAL, 9y 98 *[702/90/60] U0 Areiqry auruQ ASIa 9591 £q £210€°2d/2001°01/10p/wod: Ka[im: Kreagrpaurjuo-suoneatjqndadsy,/:sdny woiy papeojumod ‘0 ‘69508 T



Gie (KI/m?)

4
35 OALE_Area B
3 0.61 OALE_Area A
5.8 0.95 100
2
13 277
1 2.15 1.94
0.5 J
0 . : .
REF ALE Sample1 ALE Sample2 ALE Sample 3

FIGURE 8 | Representative fracture surfaces and G values of the REF and three ALE samples with portions of area A (whitish) and area B

(yellowish).

Adhesive Failure

e |

Thin-layer cohesive failure

 —
 —

cohesive failure
%
=

FIGURE9 | Stereo-microscopy images and attributed fracture mechanisms for DCB samples under Mode-I fracture tests for ALE samples exem-

plifying for (a) ALE sample 2, (b) whitish region with adhesive failure and (c) thin-layer cohesive failure: and for yellowish region (d) cohesive failure

mechanisms and (e) boundary between two distinct fracture areas.

the main matrix, detaching the adhesive matrix and expos-
ing the underlying glass fibers, as shown in Figure 10b2. The
schematics with two layers adhesive film illustrates how the
presence of knit fibers influences the deviation of the crack
tip and leads to the formation of shear traces in multiple di-
rections. This is depicted in Figure 10c, where colored vec-
tors represent the directions of the shear forces. Furthermore,
the pocket of resin in Figure 10c originates from the adhesive

layer epoxy, which is expected to provide a sufficient matrix
for plastic deformation and ductile fracture behavior, result-
ing in a significant enhancement in energy dissipation. These
phenomena promote a tortuous crack path, leading to high
strain energy absorption during propagation and an improve-
ment in the G value. In the previously illustrated fractures in
Figure 9b,c, adhesive failure and thin-layer cohesive failures
happen through this phase of crack propagation. The dashed
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FIGURE 10 | Schematic representation of crack path and SEM images of the fracture phases for ALE sample under Mode-I test.

line in Figure 10d marks the boundary where the crack transi-
tions into the mid-plane of the adhesive layer. This transition
is indicated by a color change on the fracture surface, from
whitish to yellowish regions, signifying a shift from thin-layer
cohesive failure to cohesive failure, as shown in Figure 9e.
At the adhesive layer interface, the crack pulls out the knit
fibers, creating a bulk of fibers at the interface, as shown in
Figure 10e. During inspection using both microscopy and SEM
imaging, broken knitted carrier fibers were rarely observed.
This indicates that the knitted fibers generally maintain their
integrity. In most cases, clusters of distorted knitted fibers
were evident on the fracture surfaces especially when crack
propagates into midplane region. In the cohesive failure area,
the knit fibers are deboned from the adhesive layer matrix, ex-
hibiting a very smooth fiber surface without any resin residue,
as seen in Figure 10f. This lack of visible damage to the fibers
suggests poor interfacial bonding between the carrier fibers
and adhesive matrix. From Figure 10, it can be concluded that
the carrier fibers provided a bridging effect and induced crack
tip deviation, serving as toughening mechanisms. However,
they themselves played a significant role in random shifting
between different fracture mechanisms under Mode-I loading
as illustrated in Figure 9. The crack propagation in midplane

of two adhesive films limits the effectiveness of adhesive film
matrix which could otherwise enhance toughness by provid-
ing increased plastic deformation.

In summary, the toughening mechanisms observed in Mode-I
fracture of the adhesive layer include fiber pull-out, fiber
bridging, fiber breakage, and plastic deformation of the adhe-
sive layer matrix. These mechanisms contribute to the eleva-
tion of the R-curves, as depicted in Figure 3a. However, crack
propagation along with declining G, values and high standard
deviation, in Figure 3c, all were attributed to the transition
in crack propagation characteristics from thin-layer cohesive
failure to cohesive failure between the adhesive layers. In fact,
the weak bonding between carrier fibers and adhesive film
matrix facilitated a growth surface for crack propagation in
this region.

To investigate the factors governing random crack patterns and
color variations in fracture surfaces, through-thickness mi-
croscopy analysis was conducted on ALE sample 1 (Figure 7b),
which exhibited multiple transitions between thin-layer cohe-
sive failure (whitish regions) and midplane cohesive failure
(yellowish regions). Figure 11a shows microscopy images of
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Correlation between fracture mechanism and carrier fibers positioning. Cross-sectional microscopy images represent (a) thin-layer
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the sections for top and bottom fracture surfaces for the OA
and BC regions, illustrating thin-layer cohesive failure with
adhesive layer residuals visible at the bottom and top, respec-
tively. Figure 11b represents the fracture surfaces for regions
AB and CD (Figure 7b) with pure cohesive failure, marked by
yellowish fracture surfaces. The dashed lines in Figure 12a,b
indicate the distances used for measuring the adhesive layer
thickness across all four regions: OA, BC, AB, and CD. Based
on microscopy images, the presence of adhesive layer residu-
als on both the top and bottom layers indicates pure cohesive
type failure. The average adhesive film thickness was mea-
sured as 187 and 170 um for regions OA and BC, respectively,
while for regions AB and CD, the average thickness was 123.5
and 132 um, respectively. These measurements are then plot-
ted against the increment of crack length in the same plot

alongside corresponding load data, as depicted in Figure 1lc.
Based on the microscopy images (Figure 11a,b), the crack sur-
face profile, indicated by the white dashed line, shows that the
distribution and positioning of the knitted carrier fibers play a
significant role in determining the fracture mechanism.

Clustered carrier fibers in OA and BC regions create resin-rich
zones, forcing cracks into thin-layer cohesive paths that due
to the strong bonding between the adhesive film matrix and
the main matrix, dissipate significant energy (schematic in
Figure 11d). Conversely, evenly distributed fibers in thinner
regions (AB, CD) promote weak midplane interfaces, enabling
rapid propagation with minimal energy dissipation (schematic
in Figure 1le), consistent with declining G;¢ values and high
standard deviations (Figure 3c).
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Crack tip

Teflon film

FIGURE12 | SEM images of fracture surface under mode-II for (a) REF and (b-e) ALE samples, along with schematic representations of fracture

mechanisms.

The distribution of carrier fibers—driven by resin flow during
the hot press process (Figure S4)—plays a critical role in adhe-
sive thickness variability. Under high pressure and tempera-
ture, resin flow redistributes fibers, creating localized clusters
or uniform distributions. Clustered fibers enhance toughness
by resisting crack advance, while uniform distributions exac-
erbate interfacial weaknesses, as observed in SEM analysis
(Figure 10).

3.4.3 | Mode-II Fractography

Figure 12 schematically illustrates the fracture surface under
shear force in Mode-II along with an SEM image for REF and
ALE samples. The SEM image in Figure 12a shows hackle pat-
terns aligned with the direction of crack propagation, along with
ductile deformation surfaces and fiber pullouts. These features
are typical in Mode-II fracture, resulting from the coalescence
of sinusoidal-shaped micro-cracks occurring perpendicular to
the maximum principal tensile stress in the resin-rich region, as
noted in references [31, 42].

In contrast, ALE samples exhibit enhanced fracture behavior:
Figure 12b-e illustrate how the adhesive layer creates tortu-
ous crack paths around knit fibers, providing additional resin
for plastic deformation and significantly improving Gy, values
(Figure 4b). Larger hackles in ALE samples (Figure 12d) indi-
cate stronger interfacial bonding between the main laminate
fibers and adhesive matrix, correlating with higher energy ab-
sorption during crack growth [5, 60, 78]. Crack propagation in
ALE samples occurs through both the adhesive-main matrix
interface and the adhesive-adhesive layer interface, evidenced
by indentations on fracture surfaces (Figure 12c). The bulk
adhesive matrix trapped between knitted fibers in Figure 12c
confirms the effectiveness of carrier fibers in restricting of
resin flow during hot pressing, thereby preserving the integ-
rity of adhesive film under pressure as depicted schematically
in Figure 2. Furthermore, pronounced plastic deformations at
knit fiber junctions (Figure 12e) highlight the adhesive layer's
role in redistributing shear stresses, enhancing Gyc. These find-
ings again highlight the dual role of knit fibers: inducing crack
path tortuosity for energy dissipation and reinforcing interfacial
bonding to resist shear-driven failure.
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4 | Conclusion

In this study, an adhesive film with knitted fiber carriers is
used as an interleave layer for E-glass/epoxy composite com-
ponents, and DCB and ENF samples are prepared by hot press
consolidation and tested under Mode-I and Mode-II fracture
tests. Additionally, a transverse tensile test is conducted to in-
vestigate the in-plane mechanical properties of the components.
The incorporation of the adhesive film led to a substantial en-
hancement in the fracture toughness of the samples, with im-
provements of 365.39% and 175.47% observed for initiation and
propagation, respectively, in Mode-I, and a 171.5% improvement
in Mode-II. However, this improvement came at the expense of
a reduction in their in-plane properties.

In Mode-I, the introduction of knit fibers enhances fracture tough-
ness through bridging, enhanced plastic deformation and fiber
pullout. However, the presence of knit fibers within the adhesive
film imposes constraints on plastic zone diameter at the crack
tip, limiting the full utilization of the plastic deformation poten-
tial arising from excess resin in the adhesive film. Additionally,
varying distribution of knitted fibers within the adhesive matrix,
influenced by high compression during manufacturing, resulted
in two distinct fracture mechanisms: thin-layer cohesive failure
and cohesive failure with two different strain energy release rates
in Mode-I fracture (Gy¢). The interface bonding between knit fi-
bers and the adhesive film epoxy is weaker than the adhesion of
composite fibers to the main epoxy. Consequently, when carrier
fibers are close enough to each other, crack growth typically oc-
curs at the knit fiber-adhesive film epoxy interface. This leads to
random shifts in the fracture mechanism and significant fluctu-
ations in G, values during crack propagation, thereby limiting
the adhesive film's contribution to improving fracture toughness
in Mode-I fracture. However, due to the dominant positive effect
of the carrier fibers under shear loading, the adhesive film effec-
tively enhances fracture toughness in Mode-II loading.
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