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Understanding mode II delamination in thermoset composites remains incomplete, particularly when
fabrication-induced variability affects interfacial characteristics and fracture performance. This research fabri-
cates unidirectional carbon/epoxy prepregs via hot-press (HP) and vacuum-bagging (VB) techniques and eval-
uates their interlaminar fracture behaviour through End-Notched Flexure (ENF) testing. Results indicate that the
mode II fracture toughness (Gyc) of VB specimens (1387 N/m) is approximately 33 % lower than that of HP
specimens (2058 N/m). Scanning electron microscopy (SEM) reveals reduced shear cusp density and matrix
cracking in VB specimens. Delamination behaviour is simulated using a symmetric Trapezoidal Traction-
Separation Law (TTSL) with pseudo-plasticity parameter I" = 0.99, which, aside from differing Gy values,
employs a consistent set of cohesive parameters (interface stiffness kjjc = 4.5 x 10° MPa/mm and interface
strength t,, ;y = 100 MPa) to accurately reproduce the force-displacement response in both fabrication methods. A
higher Gyj¢ value corresponds to greater crack extension (da) in simulated damage profiles, with da = 2.9 mm and
2.5 mm in HP and VB specimens, respectively. The numerical model is further validated using VB specimens with
varied initial crack lengths, consistently producing reliable results. These outcomes validate the proposed unified
framework, with all cohesive parameters, except for the experimentally determined Gyc, which are kept constant
(I, kyc and t, ;). This approach significantly reduces the need for extensive parametric studies in numerical
simulations, thereby improving efficiency and consistency.

1. Introduction few days of ambient exposure. [4]. Likewise, woven carbon/epoxy

composites cured using the repair-clave (RC) method demonstrated

Autoclave (AC) processing is widely used to fabricate high-quality
composite laminates [1]. However, out-of-autoclave (OOA) tech-
niques, such as vacuum-bagging (VB), have gained traction due to lower
equipment requirements [2] and fewer size constraints [3]. Ensuring
mechanical equivalence between AC- and OOA-fabricated composites is
essential for broader industrial adoption.

Several studies have shown that the composites fabricated using AC
and OOA methods exhibit comparable mechanical properties. For
instance, unnotched compressive strength, notched compressive
strength, and short beam shear strength were found to be similar for
both fabrication methods when the prepregs were processed within a
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equivalent flexural and compressive performance [1]. Comparable
interlaminar shear strength (ILSS) was also observed in single scarf re-
pairs of woven glass/epoxy composites cured via AC and
vacuum-bagging (VB) methods [2]. Furthermore, plain weave glass
fabric reinforced epoxy composites cured using AC, oven (OV), single
(SVB), and double (DVB) vacuum bagging techniques showed minimal
differences in normalised tensile modulus and tensile strength [5].
However, AC-cured samples exhibited superior normalised interlaminar
shear stiffness compared to the other methods, and both AC and OV
curing yielded higher ILSS than SVB and DVB. In contrast, for woven
E-glass/lycal epoxy composites, the vacuum infusion (VI) method
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outperformed VB and hand lay-up (HL) techniques in terms of
compressive and shear properties [6]. Based on the aforementioned
literature, it is commonly observed that AC and OOA fabrication
methods can yield comparable mechanical properties. However, the
mechanical performance is influenced not only by the fabrication
technique but also by the specific material system used. This highlights
the importance of considering both factors when evaluating or
comparing composite performance.

Delamination, or interface debonding between two materials in an
integrated structural system [7], often attributed to the inherently low
interlaminar strength of composite laminates, is widely recognised as an
early failure mode [8,9]. Delamination is often characterised using
fracture toughness properties, indicating the energy require for interface
damage evolution and crack growth [10]. In terms of mode I fracture
toughness (Gj¢), AC-fabricated laminates, whether produced via hand
lay-up or fibre placement, showed consistent values with negligible
resistance curve (R-curve) effects [4]. Conversely, OOA-fabricated
composites exhibited pronounced R-curve behaviour, likely due to
weaker fibre/matrix interfacial bonding. More recently, it was found
that the Gj¢ values were similar for hot-press (HP) and vacuum-bagging
(VB) specimens, although VB samples displayed significant fibre
bridging [11].

The Cohesive Zone Model (CZM) is commonly recognised for its
effectiveness in replicating delamination phenomena in laminated
composites and bonded joints [12,13]. Utilising finite element tech-
niques, CZM facilitates in-depth analysis of stress fields, initiation of
material degradation, and crack progression, serving as a viable sub-
stitute for intricate experimental setups. The reliability of CZM out-
comes is closely tied to the formulation of the traction-separation law
(TSL) applied [14-16]. Among these, the bilinear TSL (BTSL) is
frequently used due to its straightforward implementation and suit-
ability for simulating brittle and semi-ductile materials [17]. Never-
theless, BTSL may fall short when used with ductile adhesives, as it does
not fully capture their mechanical response [14]. In such scenarios, the
trapezoidal TSL (TTSL) offers a more accurate representation, especially
for interfaces that exhibit elastic-plastic or non-linear fracture charac-
teristics [18-22]. According to May et al. [23], extending the plateau
region in TTSL enhances its ability to model materials with greater
ductility.

TTSL has been successfully applied in various studies to model mode
I delamination, including investigations on unidirectional glass/epoxy
composites [24], unidirectional carbon fibre composites bonded adhe-
sive joints [25], glass/epoxy composite bonded nano-alumina pow-
der-reinforced adhesive joints [26], and fibre-metal laminates (FMLs)
with doubler and splice configurations [19,20]. These findings under-
score the adaptability of TTSL across a wide range of materials and
loading conditions. Prior research has demonstrated its effectiveness in
modelling mode II delamination for both dry and moisture-exposed
specimens [27], suggesting its suitability for composites fabricated
using different techniques.

Based on the aforementioned literature review, it is evident that
studies on the delamination behaviour of composite laminates fabri-
cated using different methods remain limited. While mode I delamina-
tion is more commonly investigated due to its lower fracture toughness
compared to mode II [28-38], mode II delamination is equally impor-
tant. This is because transverse loading on composite structures typically
induces bending, which in turn generates interlaminar shear stresses
that can lead to mode II delamination. In aerospace applications, such
bending loads are frequently encountered in components such as the
fuselage and stabilisers [38]. Although mode II delamination has been
extensively studied by various researchers [27,39-47], there is a lack of
comparative studies focusing on the influence of fabrication methods.
Moreover, in practical scenarios such as aircraft composite repair, VB is
often preferred over autoclave curing due to spatial constraints that
make AC use impractical [2]. These considerations form the basis and
motivation for the current research.
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A unified framework for simulating mode II interface delamination
process in laminated composites, fabricated by different techniques is
proposed in this study. In this respect, mode II delamination behaviour
of unidirectional carbon/epoxy laminates fabricated via HP and VB
methods was examined through experimental and numerical ap-
proaches. Mode II fracture toughness (Gjc) was quantified, and
delaminated surfaces were analysed using scanning electron micro-
scopy. The CZM approach incorporating TTSL with varying pseudo-
plasticity parameters (I") was employed to simulate force-displacement
responses and crack growth profiles. The simulation methodology was
further validated using VB specimens with different initial crack lengths.
This could significantly reduce the amount of experimental works and
parametric studies in numerical simulations.

2. Materials and methods

The composite material utilised was T600 S/R368-1 unidirectional
carbon/epoxy prepreg from Structil. The prepreg features an areal
density of 170 g/m?, a fibre volume fraction of approximately 59 + 2 %,
and a nominal ply thickness of 0.2 mm. A unidirectional carbon/epoxy
composite panel comprising 16 layers and measuring 400 x 400 x 3.2
mm? was produced using both HP and VB methods (see Fig. 1). Each
layer of prepreg was carefully hand-laid and consolidated using a roller
to eliminate any air bubbles trapped between the layers. To create pre-
cracks, a 15 pm-thick Teflon insert, 70 mm wide, was placed at the mid-
thickness along both edges of each panel.

During the HP process, the panel was cured under a pressure of 5 bar,
whereas the VB method involved sealing the prepregs in a vacuum bag
and applying vacuum pressure. Both curing processes were carried out
at a peak temperature of 125 °C for a total of 155 min, following the
curing cycle illustrated in Fig. 2. The resulting composite plates featured
a stacking sequence of [0g//0g], where "//" indicates the placement of
the Teflon insert. Upon completion, the edges of the composite plates
were trimmed using an abrasive blade with coolant to ensure clean and
precise finishes. For mode II End-Notched Flexure (ENF) testing, speci-
mens were cut to a width of 20 mm. To protect the crack tip during
cutting, the uncut section of the composite plate was covered with a
rigid steel plate and securely clamped. Fig. 3 shows the ENF test setup,
with an initial crack length (a,) of 25 mm introduced in both specimen
types. Testing was performed in displacement-controlled mode using a
universal testing machine equipped with a 5 kN load cell, operating at a
crosshead speed of 1 mm/min. A minimum of five specimens were tested
for each fabrication technique. Prior to scanning electron microscopy
(SEM) imaging, the delaminated surfaces were gold-coated using a 134
Bio-Rad Polaron Division coater, and micrographs were captured with a
Philips XL40 microscope.

3. Data reduction scheme

The mode II fracture toughness (Gy¢) was calculated using Irwin-Kies
[48] Equation:

P2 (dC
Gic = 2B (E) €y

where P represents the critical load, B is the specimen width, C denotes
the compliance, and a is the crack length. The compliance was modelled
using a calibration equation as described in Ref. [49]:

C:CQ(13 +C1 (2)

where C, and C; are constants obtained by fitting a plot of C versus a°.
By substituting the derivative of Eq. (2) into Eq. (1), the expression for
Gypc is obtained:

P2
Guc= ﬁBCzaZ 3
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Fig. 1. Schematic illustration of the composite plate layup and specimen preparation process. All dimensions are given in millimetres (mm).
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Fig. 2. Curing cycle applied to the carbon/epoxy composites in this study.

4. Trapezoidal Traction-Separation Law

Fig. 4 illustrates the idealised mode II Trapezoidal Traction-
Separation Law (TTSL). In the initial phase, the shear traction (t;) in-
creases linearly with the relative displacement (5y7), with the gradient of

this segment representing the stiffness of the mode II interface (k).
When the traction reaches the interface strength (¢, 1), corresponding to
the separation &,,;;, damage initiation occurs. As §; continues to increase,
the traction remains constant, representing the interface’s plastic
response. The point &, ;; marks the second inflection in the trapezoidal
curve. Following the plateau region, the shear traction gradually de-
clines in a linear fashion, culminating in total separation at d¢. It is
important to note that setting the pseudo-plasticity parameter I' =
0 transforms the model into bilinear traction-separation law (BTSL).

The mode II fracture toughness (Gyc), which represents the trape-
zoidal area, is obtained through experimental procedures. Meanwhile,
the mode II penalty stiffness (kp) is set at 4.5 x 10° MPa/mm, and the
mode II interface strength (t,, ;) is chosen to be 100 MPa, based on the
methodology outlined in a previous study involving the same material
[27]. In summary, k;; was determined using:

E,
ky ="

4
e @

where the Young’s modulus of the epoxy resin, denoted as Ep, is 4.5 GPa,
while h., represents the thickness of the cohesive element, set at 10 pm.
Additionally, the value of t, 5 was determined through a parametric
study over a range of 60-100 MPa. A value of 100 MPa was selected as it
yielded the closest peak force in comparison to the experimental results
[27]. These three parameters are used to calculate &, 11, 6y 11, and &z, as
explained below.
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Fig. 4. Trapezoidal traction-separation response under mode II loading.

From Fig. 4, the following observations can be made:

t,
S =7 ®)
The pseudo-plasticity parameter, denoted as I, is defined as the ratio
of the area under the plateau region to the total area beneath the trac-
tion-separation curve [23]:

__ Area under plateau region
n Total area

- (5p.11 - 50‘11)&1,11

N Gic

GIIC

tur

Spsr =0oqr + 1 (6)

As illustrated in Fig. 4, an increase in I" indicates a higher degree of
plasticity and a corresponding decrease in &y In simpler terms, greater
plasticity results in a faster reduction of traction within the softening
zone. Additionally, it is important to note that several simulations were
conducted to evaluate the effect of I, using values of 0, 0.2, 0.4, 0.6, 0.8,
and 0.99. Specifically, I" = 0 represents BTSL, while I" = 0.99 reflects a
condition where the slope of the softening region equals k.

Summing the area under the trapezium, the Gy is expressed as:

1 1
Grc = Stundon + tunr (5p.H - 50.11) +Stun (5f.H - 5p.11)

2 2
1 1 1
= Etu.llﬁn.ll + tunrGpr — tunSour + Efu,uﬁf,n — Etu,uﬁp.u ™
1 1 1
= - itu,II(so.H + itu.llap.ll + Etu,H(sf.II

1
= Etu.ll (5f,H + 6 — 50,11)

The value of ¢ can therefore be calculated using:

Fig. 5 presents the finite element representation of the ENF sample.
As shown in Fig. 5(a), the laminated composite was modelled using
SC8R continuum shell elements, while the interfacial region at the mid-
thickness location was defined using COH3D8 cohesive elements with a
thickness of 10 pm. The contact surface between the upper and lower
arms was modelled using a surface-to-surface contact formulation,
incorporating finite sliding and frictionless tangential behaviour. The
laminate’s thickness (z-axis) was discretised into four elements. A roller
support was imposed at the bottom-left corner, and a pinned support
was used at the right end as boundary conditions. To replicate the
experimental conditions, a vertical displacement was applied at the
centre of the specimen to simulate loading.

In the longitudinal direction, Fig. 5(b) shows that the delamination
zone was finely meshed with 0.1 mm elements, while regions outside
this zone used a coarser mesh of 2 mm. Across the width, the mesh size
was set to 0.5 mm. This modelling approach has been validated to yield
accurate simulation results, as demonstrated in previous research [27].
The lamina properties of the unidirectional carbon/epoxy composite
used are listed in Table 1. A previous study demonstrated that the same
composite material, when fabricated using both HP and VB techniques,
exhibited identical mechanical properties [11]. The finite element
simulations were performed using Abaqus FE analysis software.

6. Results and discussion
6.1. Force-displacement curves

The solid line in Fig. 6 represents the typical experimental force-
displacement responses obtained from the ENF tests. In both Fig. 6(a)
and (b) - corresponding to specimens produced via HP and VB,
respectively — the force initially increases linearly with displacement,
indicating elastic behaviour. Upon reaching the peak force, a noticeable
drop occurs, signifying a sudden crack propagation along the interface of
the specimen. It is worth noting that the average slope for HP specimens
is 134.58 N/mm, while that for VB specimens is 135.23 N/mm. This
negligible difference partially validates that the elastic properties of
specimens fabricated using both methods are comparable.
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0.5 mm
Y
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Crack tip —
Area of interest for
crack propagation
Interface: Composite:
Cohesive element Continuum shell
(COH3DS) element (SC8R)
z
Table 1

Unidirectional carbon/epoxy composite lamina specifications [27].

E11 (GPa) Ez, (GPa) G2 (GPa) Gi3 (GPa) Gas (GPa) Vi2

103.0 6.7 2.7 2.7 2.5 0.34

6.2. Compliance plot

Fig. 7 presents the compliance curves for ENF specimens tested with
varying initial crack lengths. For specimens fabricated via HP and VB,
the optimal fitting parameters k are 5.37 X 1078 and 4.18 x 1078,
respectively, as derived from Eq. (3). The corresponding n values are
7.13 x 1072 and 6.63 x 107>, Both compliance plots exhibit a high
degree of correlation, with R? values approaching unity, indicating
excellent fit quality.

6.3. Mode II fracture toughness

As illustrated in Fig. 8, the average mode II fracture toughness (Gyic)
of the unidirectional carbon-epoxy composites, calculated using Eq. (3),
is 2058.27 N/m for the HP specimens and 1387.19 N/m for the VB
specimens. This indicates that the Gy value for VB specimens is about
33 % lower than that of the HP specimens. The error bars represent the
standard deviation associated with each fabrication method, measured
at 160.86 N/m for HP and 221.65 N/m for VB. The values in parentheses
represent the coefficient of variation (C.V) in percentage for each
fabrication method. Values of 7.8 % for HP and 16.0 % for VB indicate
reliable repeatability of the tests. Furthermore, the lower C.V observed
in the HP method suggests a more consistent and uniform quality in the
fabricated specimens.

Compared to mode I delamination of the same material fabricated
using HP and VB methods [11], mode II delamination exhibits distinct
behaviour. Firstly, the mode I fracture toughness (Gj¢c) was found to be
consistent across both fabrication methods. However, the Gyc for VB
specimens was approximately 33 % lower than of HP specimens. Sec-
ondly, a significant R-curve was observed in mode I VB specimens due to
fibre bridging, whereas HP specimens exhibited a negligible R-curve. In
contrast, mode II delamination in both HP and VB specimens was
characterised by a sudden crack jump, evidenced by an abrupt drop in
force following the peak load. Consequently, for mode I delamination, a
bilinear-exponential traction-separation law (BETSL) was employed to
simulate delamination growth in VB specimens, while a simpler bilinear
traction-separation law (BTSL) was sufficient for HP specimens. For
mode II delamination, due to the absence of a significant R-curve in both
cases, a trapezoidal traction-separation law (TTSL) was adequate to

describe the delamination behaviour. Additionally, it is noteworthy that
for both fabrication methods, G¢ consistently remained lower than Gyyc.
Given the complexity of loading conditions in real-world applications,
future work should consider extending the study to mixed-mode
delamination.

6.4. Fractographic analysis

Fig. 9 shows SEM images comparing the delaminated surfaces of HP
and VB specimens. Prominent features such as shear cusps and matrix
cracking are evident in both ENF specimens, consistent with observa-
tions reported in shear-mode delamination studies by other researchers
[46]. Shear cusps are indicative of cohesive failure within the matrix
[38]. Similar features have also been observed in the adhesive matrix of
carbon fibre/polyether-ketone-ketone (CF/PEKK) composites bonded
with Scotch-Weld AF 163-2 K structural adhesive film, patricularly after
exposure to cyclic hygrothermal loading, attributed to plasticisation
effects [50]. However, the shear cusps in the hot-press specimens appear
shorter and more densely distributed, which may have contributed to
greater energy dissipation and, consequently, a higher fracture tough-
ness [51]. In a previous study on mode I delamination of the same
carbon/epoxy composite, SEM revealed that the VB specimen exhibited
weaker fibre/matrix interfacial bonding, which contributed to fibre
bridging during delamination propagation [11]. SEM observations from
both mode I and mode II delamination tests consistently indicate that the
interface quality in HP specimens is superiour to that in VB specimens.
This improvement is likely due to the direct pressure applied during HP
fabrication, which may compress the laminate more effectively than the
vacuum pressure used in VP laminate. As a result, the resin is distributed
more uniformly, leading to a thinner resin-rich area [6]. A reduced
resin-rich region can minimise stress concentration and enhance
fibre/matrix interfacial bonding.

Sutter et al. [4] compared mode I delamination behaviour between
AC-cured IM7/977-3 and OOA-cured IM7/MTM45-1 carbon/epoxy
composites. SEM analysis of the fractured surface of the IM7,/977-3
specimen revealed extensive matrix remnants on the fibres, indicating
strong fibre/matrix interfacial bonding. In constrast, the IM7/MTM45-1
specimen exhibited a significant number of bare fibres, suggesting
weaker interfacial bonding between the fibre and matrix. A greater
number of bare fibers are observed on the fractured interface of VB
sample, as shown in Fig. 9(b). This suggests that a weaker fiber/matrix
interfacial bonding following the VB fabrication process compared to HP
process. However, the preceding discussion is limited to a qualitative
assessment of the SEM observations. While qualitative analysis provides
valuable insignts, it primarily serves to support comparative evaluations
of damage mechanisms in specimens fabricated using different methods.
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Fig. 6. Mode II delamination force-displacement curves: experimental vs. numerical for (a) hot-press and (b) vacuum-bagging composites.

To enhance the robustness of these findings, quantitative image analysisi
techniques such as those available in ImageJ and MATLAB could be
employed in future work [52]. These tools would enable more objective
and reproducible measurements of fracture surface features, thereby
strengthening the interpretation of interfacial failure characteristics.
According to Centea et al. [3], vacuum application removes
entrapped air, thereby reducing macro-void formation and compacting
the fibre bed. As the temperature increases, the resin gradually in-
filtrates the fibre network and bonds the fibres together. Ideally, the
cured composite laminate should be void-free, however, in practice,
flow-induced voids may still be present due to the incomplete resin
impregnation of dry areas before gelation. Fig. 10(a) presents a sche-
matic diagram of the hand-laid unidirectional carbon/epoxy prepregs,
while Fig. 10(b) illustrates the composite laminate after curing under
pressure and temperature. Since both HP and VB laminates were fabri-
cated using the same curing cycle, they are theoretically expected to
exhibit similar elastic properties. This observation aligns with findings
from a previous study on the same material fabricated using identical
methods [11]. Similarly, Dewangan and Chakladar [5] reported that the
normalised tensile modulus of plain weave glass fabric reinforced epoxy
composites remained consistent across specimens fabricated using vac-
uum pump, double vacuum-bagging, oven curing and autoclave curing.
Nevertheless, resin flow at the crack tip may differ due to variations
in pressure application methods - direct application in HP versus

vacuum pressure in VB — which can lead to differences in interface
quality and consequently, distinct delamination behaviour. As illus-
trated in Fig. 11, variations in the resin-rich region is believed to in-
fluence the fracture process zone (FPZ), thereby affecting the
delamination response [53]. This variation is thought to alter the initial
conditions at the crack tip, which significantly affects the Gy of lami-
nates produced by different fabrication methods.

6.5. Determination of cohesive parameters

Fig. 6 depicts how variations in I' influence the simulated force-
displacement profiles for specimens produced via HP and VB methods.
For both fabrication methods, increasing I” results in a modest elevation
in the simulated peak force, while the numerical stiffness remains
largely unaffected. The simulation results show the closest agreement
with experimental data at I” = 0.99, with deviations of 2 % for HP
specimens and 5 % for VB specimens. This underscores the importance
of selecting an appropriate I" value when applying the TTSL to achieve
accurate simulation outcomes. Furthermore, the experimental and nu-
merical slopes for both fabrication methods show good agreement,
further supporting the use of same elastic properties for both fabrication
methods listed in Table 1.

Importantly, when comparing HP and VB specimens, the cohesive
zone model is independent of t,j;, k;, and I" — with the only variation
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being the Gy value. This finding is significant, as it simplifies the
simulation process for the same material fabricated using different
techniques, reducing the need for extensive parametric studies. Table 2
summarises the cohesive parameters used in the mode II delamination
simulations for both HP and VP specimens.

From the force-displacement data in Fig. 6, the damage profile at the
time of peak force is extracted. To take advantage of specimen sym-
metry, analysis was limited to one half of the width within the

delamination region of interest, as shown in yellow in Fig. 5(a). In
Fig. 12, the crack initiation zone is marked in red, whereas the intact
area is represented in blue. At peak force, the estimated crack initiation
lengths at the mid-width are 2.9 mm for HP and 2.5 mm for VB speci-
mens. This difference is attributed to the variation in Gy, as the simu-
lation methodology remains consistent across both models.
Additionally, a comparative analysis reveals that the onset of dam-
age is marginally greater at the specimen’s edge — where plane stress
conditions prevail — than at the centreline, which experiences plane
strain. This difference arises because plane strain limits material defor-
mation, leading to a narrower plastic region [54]. This behaviour is
observed in both HP and VB specimens, as shown in Fig. 12(a)—(b).

6.6. Model validation at difference initial crack lengths

To reinforce the validity of the TTSL, identical parameter values
were used to model delamination in VB specimens featuring a, of 17.5,
22, 26, 33, 37, and 42 mm. Fig. 13 compares the experimental and
numerical force-displacement curves for these specimens. The simula-
tion results demonstrate accurate predictions of both the initial stiffness
and the maximum force. The largest percentage deviation was observed
at a, = 42 mm, where the difference between experimental and nu-
merical results was approximately 7 % for both the slope and peak force.
In the crack growth region, which is represented by the vertical drop in
the force, the simulation results closely match the experimental data,
except for the case with a, = 17.5 mm. The numerical force-
displacement curve predicts a more pronounced force drop, which is
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Fig. 9. Scanning electron micrographs of unidirectional carbon/epoxy delamination: (a) hot-press, (b) vacuum-bagging.
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Table 2
Summary of cohesive parameters used in mode II delamination simulations for
HP and VB specimens.

Parameter Hot-press Vacuum-bagging
Gue 2.06 N/mm 1.39 N/mm

ki 4.5 x 10° MPa/mm 4.5 x 10° MPa/mm
tynr 100 MPa 100 MPa

r 0.99 0.99

o1 2.22 x 107* mm 2.22 x 107" mm
S 2.06 x 1072 mm 1.39 x 1072 mm
Seur 2.08 x 102 mm 1.41 x 102 mm

consistent with trends observed for other initial crack lengths. Experi-
mentally, however, the data suggest a smaller crack jump in the spec-
imen [42]. This discrepancy may explain why ASTM D7905
recommends an initial crack length of 30 mm for mode II delamination
using ENF test [49]. Nevertheless, in this study, specimens with initial
crack lengths ranging from 22 mm to 42 mm demonstrated good
agreement between experimental and numerical force-displacement
responses.

6.7. Further discussion

This study is limited to T600 S/R368-1 unidirectional carbon/epoxy
prepregs with a [0g//0g] stacking sequence, fabricated using HP and VB
techniques. Pure mode II delamination was investigated using the three-
point End-Notched Flexure (ENF) test under quasi-static loading at a rate
of 1 mm/min. The results of this study establish a unified framework for
the numerical simulation of mode II delamination in unidirectional
carbon/epoxy composites fabricated using hot-press (HP) and vacuum-
bagging (VB) methods. This approach significantly reduces the need for
extensive experimental work and parametric studies in numerical sim-
ulations. The findings are particularly valuable for predicting shear-
induced delamination in composite structures subjected to bending
loads, such as aircraft fuselages and stabilisers [38].

Composite components in aircraft are predominantly fabricated
using autoclave curing. However, barely visible impact damage (BVID)
can occur due to low-energy impact events [55], necessitating structural
repair. In many cases, especially in confined spaces, autoclave curing is
not feasible for repairs. Under such constraints, vacuum-bagging is a
widely adopted alternative, as it allows localised sealing and curing of
the repair area. Based on the results of this study, the Gj¢ of VB
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Fig. 12. Damage distribution at peak load for unidirectional carbon/epoxy specimens fabricated via (a) hot-press and (b) vacuum-bagging.
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Fig. 13. Comparison of experimental and numerical force-displacement responses for vacuum-bagged specimens with varying initial crack lengths. Solid lines

represent experimental data, while dashed lines indicate FE-predicted results.

specimens is approximately 33 % lower than that of HP specimens. This
suggests that repaired regions may exhibit reduced resistance to
shear-induced delamination, which is commonly triggered under
bending loads. Therefore, this reduction in interlaminar toughness
should be carefully considered when employing vacuum-bagging tech-
niques for repairing primary composite structures in aircraft.

Given the complexity of real-world composite structures and loading
conditions, this work provides a foundation for future studies involving
multidirectional laminates and mixed-mode delamination. Furthermore,

the proposed numerical simulation methodology holds potential for
application to other composite systems, enabling the development of a
unified set of cohesive parameters across different material
configurations.

7. Conclusions

A validated unified framework for simulating mode II interface
delamination process in laminated composites, fabricated by different
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techniques has been developed. The mode II interface delamination
processes in unidirectional carbon/epoxy composite laminates via hot-
press (HP) and vacuum-bagging (VB) techniques through both experi-
mental testing and numerical simulation have been quantified. The key
findings are summarised as follows:

i) Force-Displacement Behaviour:

Both HP and VB specimens exhibited similar responses under mode II
loading, characterised by a linear increase in force with displacement
followed by a sudden drop at peak force, indicating crack propagation.

ii) Fracture Toughness Comparison:

The mode II fracture toughness (Gy¢) of VB specimens was measured
at 1387.19 N/m, which is approximately 33 % lower than that of HP
specimens (2058.27 N/m).

iii) Microscopic Damage Analysis:

Scanning electron micrographs revealed that VB specimens showed
less severe damage features, such as fewer shear cusps and matrix
cracks, suggesting lower energy dissipation and correlating with the
reduced Gyc value.

iv) Numerical Modelling Validation:

The Trapezoidal Traction-Separation Law (TTSL), using consistent
parameters — interface stiffness (k) = 4.5 x 10° N/mm, interface
strength (¢, ;1) = 100 MPa, and pseudo-plasticity parameter (I") = 0.99 —
accurately predicted the force-displacement behaviour for both HP and
VB specimens. The only variable between models was the experimen-
tally derived Gy value, confirming the robustness of the cohesive zone
modelling approach across different fabrication methods.

v) Damage Profile Analysis:

At peak load, the crack initiation lengths were estimated to be 2.9
mm for HP and 2.5 mm for VB specimens. This difference is attributed to
the variation in Gy values. Additionally, the damage initiation size was
slightly larger at the specimen edge (plane stress condition) compared to
the mid-width (plane strain condition), due to the constraint in material
deformation under plane strain.
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