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Perforation patterns with different interlaminar contact area ratios (ICARs) were designed for a 15 um thick
ethylene tetrafluoroethylene (ETFE) release film to modify the interface of unidirectional (UD) glass fibre/epoxy
composite plates. The adhesion between the layers was reduced by partially separating the ply blocks with the
release film, allowing only the epoxy to connect the layers through the circular perforations with diameters of
1 mm and 1.5 mm. After laser cutting, the resulting perforation pattern geometries were compared with the
nominal ones using an image dimension measurement system. Cut central layer, UD prismatic coupons were
tested under uniaxial tension to assess the mode II fracture toughness (Gyc) of the laminates. A strong linear

trend with increasing ICAR was observed, enabling precise control of the composite layer interface Gy through
interleaf perforation pattern design.

1. Introduction

Fibre-reinforced composites are an excellent choice for weight-
critical structural applications, allowing stiffness and strength to be
tailored to match the loads expected during operation. However, their
inhomogeneous and anisotropic microstructure, along with their poor
out-of-plane tensile and interlaminar shear strength (due to their layered
structure), pose major challenges for design engineers. Mode I and II
fracture toughness (Gic and Gy, respectively) of composite layer in-
terfaces are also key design allowables that have long been investigated,
and significant effort has been devoted to increasing them. Modification
of the matrix material of the composite is proven to be one of the most
straightforward approaches. Rubber particles, as well as nano-scale
additives (e.g., carbon nanotubes, graphene), have been widely inves-
tigated and found to be effective in toughening composite laminates
[1-4]. A unique opportunity to enhance interlaminar properties is the
use of hybrid matrix systems [5]. Interleaving of composite laminates is
an established and effective method to improve the fracture toughness of
the interfaces [6-8]. A number of approaches, including particles (e.g.
thermoplastic polymers) [7,9], films [10-14], or porous but 2D veils,
were applied successfully. Electrospun nanofibrous mats are particularly
popular and have been widely investigated in recent decades, focusing
on mechanical property improvement, as well as aspects related to the
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manufacturing process [15-20]. The key toughening mechanisms in
interleaved thermoset resin based composite laminates include (i)
alteration of the brittle nature of the matrix by arresting sharp micro-
cracks within soft (micro-) phases before they propagate, (ii) making the
interlaminar crack path tortuous by obstructing features and (iii)
containment of the interlaminar crack front within a tough interleaf
layer. The material systems used for film interleaving are reviewed in
[21] and include thermoplastic polymers, which either bond well
[11-14] to the matrix of the composite plies (e.g. polyamide 12 (PA12),
thermoplastic polyurethane (TPU), polyimide (PI, Kapton) and poly-
ethersulfone (PES)) or can be dissolved in the liquid thermoset resin (e.g.
polycaprolactone (PCL) and cardo-polyetherketone (PEK-C)) [22-25].
Fluoropolymer films (e.g. polytetrafluoroethylene (PTFE) or ethylene
tetrafluoroethylene (ETFE)) are not suitable for toughening the layer
interfaces in composite laminates as they exhibit minimal adhesion to
the matrix resins. They are widely used as release films for composite
processing and as local crack starters for advanced interfacial property
characterisation (e.g., double cantilever beam (DCB) for mode I and end-
notched flexure (ENF) for mode II fracture toughness testing). However,
perforated fluoropolymer films may be suitable for controlling the
adhesion between adjacent composite layers and, therefore, the result-
ing Gy of the modified interface. Artificial defects created by the
insertion of release film strips into adhesively bonded zones were also
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found suitable for mode I and II fracture toughness improvement [26].
Further approaches to improve the toughness of adhesively bonded
joints in modes I and II by structuring the joint, e.g., with patterning of
the substrate, the adhesive, or the interface between them, can be found
in [27].

Despite its apparently detrimental effect on structural integrity,
interlaminar weakening may also be considered useful in certain special
load scenarios; therefore, an attempt was made to explore early work in
this field. A unique application of interleaves as delamination promoters
was presented in 1977 [28] to improve the Charpy impact energy ab-
sorption of different carbon fibre/epoxy (CF/EP) laminates by
aluminium, PA-6, metallised polyester (Mylar), polyquinazoline, Kapton
and polycarbonate (PC) film interleaving at multiple interfaces within
the samples. Li and Felbeck introduced the concept of intermittent
interlaminar bonding in 1980 [29]. They used 7 um thick (~1 mm
diameter) perforated Mylar film interleaves with different contact area
ratios (18% and 36%) to divert ply fractures into delaminations and
improve the translaminar fracture toughness of angle-ply and quasi-
isotropic (QI) CF/EP laminates (characterised by compact tension
tests). A few years later, perforated Mylar and Kapton films, as well as
polyester fibre based thin and porous woven textiles, were also applied
in QI glass fibre epoxy (GF/EP) laminates to improve their translaminar
fracture toughness and bending properties (under static and impact
loading) [30]. Pegoretti et al. [31] interleaved 26 um thick, 1 mm
diameter drill perforated Mylar films to each ply interface of 8 and 16-
ply CF/EP orthotropic fabric laminates with the scope of improving
the energy absorption in an out-of-plane bending impact load scenario.
The effects of interleaving and the contact area ratios applied were
assessed using DCB, three-point bending (3 PB), and Charpy impact
tests. Relatively good adhesion was obtained between the interleaf film
and the composite plies, which was modified by setting the interlaminar
contact area (ICA) through the perforation density. The Gj¢ of the lam-
inates was decreased by a factor of 5 by reducing the ICA ratio (ICAR)
from 100% to about 2%. The bending strength decreased linearly with
decreasing Gjc. Energy absorption during Charpy impact tests was
significantly improved by reducing the Gjc of the ply interfaces, as
additional energy was absorbed during the crack propagation phase
through multiple delaminations. An optimum Gjc was observed at
around 80% reduction, where the total impact energy was increased by
almost twofold compared to that of the pristine laminates. Kuhtz et al.
[32] interleaved rather thick (75 um) polytetrafluoroethylene (PTFE)
films with 4 mm square perforations (turned by 45°, made by a CNC ply
cutter with a sharp, oscillating blade) between glass fibre/poly-
propylene (GF/PP) 3D textile plies and consolidated them in an auto-
clave. Gic and Gy values were assessed in relation to the ICAR of the
interface modification patterns. The correlation between Gy¢, Gy, and
the ICAR was reported, and second-order polynomials were fitted to the
test data. Quasi-static 3 PB material properties (maximum force and
fracture energy) of 16-ply laminates interleaved at all ply interfaces
showed a monotonic increase with ICAR. The type of correlation was not
obvious from the presented diagrams for mode II. Kuhtz et al. [33] also
assessed the impact energy absorption characteristics of CF/EP fabric
and GF/PP 3D textile based composites in the function of ICAR. Charpy
tests executed on a drop-weight tower indicated that controlled
delamination can help reduce fibre fractures and preserve the in-plane
structural integrity of the tested materials. In the case of CF/EP sam-
ples, the energy absorption capacity was increased by 65% for 60% ICAR
for a 24 mm support span, where the shear stresses were more dominant
than in the 60 mm span configuration.

The available literature indicates a clear scope for interfacial weak-
ening to improve energy absorption in dynamic load scenarios. The
approach was also successfully applied to control damage type and
location. Interfacial weakening was realised by (i) full interleaving with
a film showing significant adhesion to the surrounding composite layers
or (ii) by the intermittent interlaminar bonding concept, where the inter-
leaf film with limited or no adhesion to the composite layers was
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perforated to facilitate direct contact at a given area of the interface. The
latter method offers more scope for controlling the reduction of inter-
facial properties through different perforation pattern designs. The
available data is scattered in terms of base materials (i.e., CF/EP, GF/EP,
GF/PP) as well as interleaf film materials (mainly Mylar, Kapton, and
PTFE), perforation geometry (circular and square shapes), and perfo-
ration method (e.g., drilling, CNC cutting). There is also a lack of
assessment of perforation patterns to account for possible
manufacturing-related deviations from the original design.

The present study aims to systematically investigate the effect of the
intermittent interlaminar bonding concept on the Gy¢ of thermoset
matrix composite interfaces, as this is the most relevant property that
plays a key role in the design for structural applications. The simplest UD
reinforcement type with the most reproducible prepreg curing in auto-
clave technology was selected to achieve planar interfaces and exclude
structural effects reported as potential contributors to interface prop-
erties. A flexible laser-cutting-based perforation method was chosen (for
the first time in the literature) to enable the analysis of several engi-
neered patterns on a thin, low-adhesion fluoropolymer release film to
simplify the potential crack-propagation phenomena at the modified
interfaces. A thorough optical analysis of the cut patterns was performed
for the first time in the literature to understand the process-related
reasons for possible inaccuracies. The further scope of this study is to
control the damage location of high-performance composite laminates
under static and dynamic out-of-plane loading. Interface modification at
selected interfaces of laminates, applied to an engineered extent (e.g.,
organised patches or local modifications at key areas), seems promising
for increasing the total absorbed energy in impact load scenarios and for
controlling the location and area of delamination. Increased post-impact
in-plane structural integrity and overall durability are also potential
benefits of engineered interfacial weakening of composite laminates.

2. Concept and perforation pattern design considerations

The key objective of the study is to develop an interleaving-based
technique that can reduce the Gy of composite interfaces in a well-
controlled manner. For example, delamination damage due to out-of-
plane overload may be concentrated at the midplane of a laminate
using selective interfacial weakening. This way, the relatively high
stiffness of the two thick blocks separated by the promoted delamination
may improve the post-overload buckling behaviour of the plate under
in-plane compression compared to the scenario with the usual delami-
nation pattern (i.e. multiple delaminations spread across the thickness).

The simplest approach is to use a film of a material that shows
minimal adhesion to the cured epoxy matrix of the composite plies.
Fluoropolymer release films have been extensively experimented with
for decades and have also established themselves in standard test
methods, e.g., as crack starters. Therefore, a 15 um thick ETFE release
film (Vabatec RF7) was chosen for the experiments. ETFE falls within the
range of fluoropolymers, with a moderate maximum application tem-
perature (210-260°C, depending on the actual product and manufac-
turer), but exhibits excellent “non-stick” properties similar to those of
fluorinated ethylene propylene (FEP) and PTFE, which can be applied at
even higher temperatures. Full coverage of an area with release film
aims to eliminate any adhesion between two neighbouring composite
plies, which is useful when a pre-crack must be created. However, the
objective here is to preserve a reduced level of adhesion through the
interleaf, which may be achieved by cutting designed perforations, e.g.,
by laser. The matrix of the composite plies can establish full cohesion
through the perforations, and the size, shape and pattern of the cuts can
be tailored to achieve the targeted Gyc. In this study, the aim was to
assess the concept, therefore simple configurations with a thin film
(significantly thinner than those in [31-33]) were preferred to minimise
the potential disruption to the laminate structure. The most basic shape,
circular perforations were cut in a simple quadratic pattern (see Fig. 1. a)
with two different nominal diameters: 1 and 1.5 mm. The interlaminar
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a) Quadratic pattern

b) Quadratic pattern
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c) Hexagonal pattern

rotated by 45°
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Fig. 1. Possible simple perforation patterns with an interlaminar contact area ratio (ICAR) of 0.5 and their repeating units.

contact area ratio (ICAR) of the interleaf was defined as
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where Aot is the total area of the representative element, Apggr is the
area of the perforation(s) within the representative element, D is the
diameter of the circular perforations, and a is the size of the represen-
tative element (centre offset for pattern generation, see Fig. 1. a). The
centre offset parameter a is required to enable the generation of patterns
with variable ICARs. Therefore, a simple formula was derived for it in
terms of the circle diameter D and the desired ICAR, based on Equation
(D).
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Fabricating high-ICAR perforation patterns was challenging, as the
remaining film width became very low (down to 0.38 mm for a 1.5 mm
diameter and ICAR = 0.5). Therefore, the highest nominal ICAR for the
experiments was set at 0.5. It was noted that a hexagonal pattern (see
Fig. 1. c) could be useful if the target ICAR is above 0.5, as it allows up to
36% wider film sections between the circular perforations regardless of
the ICAR and diameter. Since the target ICAR in this study was well
below 0.5, the quadratic pattern was chosen as it is slightly simpler to
generate. Another potentially useful feature of the selected pattern type
is that it contains larger “patches” covered with the film between the
cuts, which might promote the Gy¢ reduction effect. The quadratic
perforation patterns were turned by 45° to avoid the formation of
continuous release film strips in the loading direction (see Fig. 1. b). The
actual appearances of the laser perforation patterns were analysed and
compared against the nominal designs in section 7.1. The analysed
quadratic perforation patterns are summarised in Table 1. Larger,
1.5 mm perforations were selected to study the dependence of Gy on
the ICAR, as they are relatively simple to cut with a laser. Smaller, 1 mm
diameter perforations were tested in a second step, as they are preferable
due to their more dispersed structure and reduced interference with the
geometrical features of a potential composite product. Since a higher

Table 1
Analysed perforation pattern configurations.
Perforation pattern Nominal Nominal
designation perforation interlaminar
diameter contact area ratio
(Dy) (ICAR)
[mm] [-]
D1.5mmICARO.2 1.5 0.2
D1.5mmICARO0.3 1.5 0.3
D1.5mmICARO.4 1.5 0.4
D1.5mmICARO.5 1.5 0.5
D1.0mmICARO.2 1 0.2
D1.0mmICARO.3 1 0.3

number of low-diameter perforations is required to cover the same area
with the same resulting ICAR, a more significant deviation between the
nominal and actual ICAR is expected, as some material is burned by the
laser around the perimeter of the cuts. Fabrication of 1 mm perforation
patterns with the same target ICAR took significantly longer, again
because of their longer total cutting paths.

3. Materials

The materials considered for design and used in the experiments
were UD S-glass fibre/epoxy (GF/EP) prepregs from Hexcel, made with
Flite Strand S-glass (Owens Corning) fibres and 913 (Hexcel) aerospace-
grade epoxy resin, with a cure temperature of 125°C. Vabatec RF7, a
15 pm thick ETFE release film, was used for interface modification.
Some key properties of the materials are summarised in Table 2.

4. Coupon design and geometry

The objective of the mechanical test campaign was to determine the
Gypc of the interfaces in laminates containing different interleaves and to
compare them with that of the baseline laminate without interleaves.
Prinz and Gadke [34], then Wisnom [35] proposed a simple tensile test
based alternative to the more complicated but standardised ENF test
[36] to determine the Gy of unidirectional composite laminates. The
tensile test based approach, revisited recently by Scalici et al. [37] and
also called the transverse crack tension (TCT) test, involves a discon-
tinuous layer in the middle of a symmetric UD plate (see Fig. 2.), which
promotes the initiation and propagation of four interlaminar crack
fronts, leaving delaminated areas behind. The author applied the tensile
test-based Gpc determination approach in previous studies
[10,11,17,38,39] and found it advantageous for its simplicity and suf-
ficient agreement with data obtained by material manufacturers using
more complex standard test methods. The coupons tested within the
study were 15 mm wide, UD prismatic tensile test coupons (see Fig. 2.),
with one-third of the composite plies in the centre of the laminate being
cut perpendicular to the fibres, and optional interleaves incorporated
into the expected delamination areas.

During the design of the coupons, the simple stacking sequence of
continuous and discontinuous layers of the same thickness and orien-
tation was checked from two aspects: (i) The preferred strain regime for
delamination initiation is above 1% to avoid the initial segment of the
stress—strain curve, but delamination should happen well before reach-
ing the failure strain of the continuous GF/EP plies to avoid premature
fracture of the coupons. (ii) During the tensile test up to the event of
delamination, the continuous layers near the discontinuity need to be
able to take the full load, which is carried by all the plies anywhere else
along the length of the coupons. The highly loaded section of the
continuous plies extends together with the delamination areas. This
condition corresponds to a stress concentration factor of 1.5 in the
continuous GF/EP layers, initially at the discontinuity and later in the
delaminated section.
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Table 2
Properties of the applied materials based on the manufacturer’s datasheet values.
Diameter Elastic modulus Strain to failure Tensile strength Density
Fibre type Manufacturer
[nm] [GPa] (%] [GPa] [kg/m®]
Flite Strand S- Owens 9 92 3.6-4.4 3.3-4.1 2450
glass Corning
Nominal fibre areal Fibre volume Nominal cured ply Predicted elastic Failure strain
Prepreg type Manufacturer density” fraction® thickness” modulus”
[g/m?] [%] [mm] [GPa] [%]
S-glass fibre/913
epoxy Hexcel 305 49 0.25 47.1 3.9
(GF/EP)
Nominal Tensile strength (both Failure strain (machine Failure strain (cross
Release film type ~ Manufacturer Material thickness directions) direction) direction)
[pm] [MPa] [%] [%]
Vabatec RF7 Vabatec ETFE 15 >40 >170 >300
# Based on the manufacturer’s product-specific data.
b Estimated using manufacturer’s product-specific data.
¢ Conservative average experimental value for design purposes obtained with similar material.
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Fig. 2. Schematic of the UD cut central layer tensile test coupons for the determination of Gy,

A simple formula was presented in [35] and applied here to estimate
the mode II energy release rate Gy at a given stress in the cut central
layer coupons:

o? htye

G = 4E(h — to)

3

where o is the stress calculated for the full cross-section of the coupon, h,
and t,, are the thicknesses of the coupon and the cut layer, respectively,
and E is the elastic modulus of the GF/EP. The formula was converted to
strain (¢), assuming a linearly elastic response until delamination initi-
ation, as it was easier to tune the preferred delamination initiation to the
failure strain of the GF/EP plies than using stresses affected, e.g. by
possible variations in thicknesses:

Ee?ht,y

G = 4(h — t)

(€]
To fulfil condition (i), Gy with the configuration of [0.5 mm
continuous/0.5 mm cut/ 0.5 mm continuous] UD GF/EP was checked at
1 and 2% strain and found to be 0.89 and 3.57 N/mm, respectively.
Based on previous test results on similar materials [17], delamination
initiation was expected to occur somewhere between the analysed
strains, and a sufficient margin was left to avoid premature failure of the
continuous plies before delamination initiation, as Gy values below
1 N/mm and above 2 N/mm had never been obtained before.
Condition (ii) was checked, assuming a high 2% strain for delami-
nation initiation and a conservative 3.5% failure strain for the GF/EP

based on previous tensile tests on similar material. The previously
published formula for CF/EP layers of different moduli [40] was
adopted:

toont > SdelEtcut
2E (ebcr/mp — el
where t.o is the thickness of one continuous layer (see Fig. 2.), &4 is the
assumed delamination strain (i.e. 2%), and eygr/zp is the estimated
breaking strain of the GF/EP (i.e. 3.5%), t;;=0.5 mm. A minimum of
0.336 mm was obtained for t.n, after substituting the parameters,
which provides a sufficient (approx. 50%) margin to the applied 0.5 mm
nominal thickness to avoid the premature fracture of the continuous
layers in the coupons.

The nominal free and overall length of the coupons were Ly =
160 mm and 260 mm, respectively. The placement of the perforated
release film interleaves is presented in Section 5. No end-tabs were
bonded on the coupons as the discontinuous plies localised and initiated
the mode II delamination damage well before the continuous plies
would break. Therefore, the stress concentrations around the grips were
not critical, and the coupons were not destroyed but remained in one
piece until the tests were terminated.

Please note that the mode I interfacial fracture toughness Gj¢ of the
modified interfaces is also expected to be influenced by the perforated
release film interleaves, but a less straightforward correlation between
the ICAR and the Gy is expected, as the layer separation effect of the
perforated release films may hinder some mechanisms (such as fibre
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bridging). Since mode I fracture properties play an important role, e.g.,
during unloading or post-impact buckling load scenarios, the author
believes that their characterisation in perforated release film modified
laminates deserves attention for further investigation.

5. Composite plate manufacturing and coupon fabrication

GF/EP composite laminates were manufactured by manually stack-
ing six 300x300 mm plies of UD prepreg with the same orientation,
according to Fig. 2. (longitudinal section showing the layer discontinuity
and interface modification areas) and Fig. 3. (showing the position of the
same features in top view). The author [41] had previously experienced
that UD laminates do not have flat ply interfaces but exhibit out-of-plane
widthwise ply undulations in their cross-sections perpendicular to the
fibres. This effect may influence the mode II fracture process of UD
laminates, therefore an attempt was made to flatten those interfaces
within the laminates, which were selected for further modification. Flat
interfaces are desired as the Gy¢c modification approach is planned to be
implemented in multi-directional laminates, where the ply (or ply block)
interfaces are inherently flatter, as no fibre bundle nesting occurs due to
different fibre orientations in the adjacent layers. The ply block flat-
tening technique is explained step-by-step: (i) Three blocks of double
plies wrapped in release film were stacked on a flat Al tool plate with
5 mm thick flat Al plates between and on top of them. (ii) The whole
stack of three double-ply blocks and three Al plates was put under
vacuum on a tool plate in a bag similar to those used for autoclave curing
and heated to approximately 60°C in a convection oven to soften the
epoxy resin in the prepreg plies. (iii) The stack of ply blocks and flat
plates was cooled down to room temperature under vacuum, and then
the ply blocks were laid up into laminates as usual. The ply blocks
became notably flatter after the combined heat and vacuum treatment,
allowing the fabrication of two baseline laminate types (i.e., pristine and
flattened) and the assessment of the effect of out-of-plane waviness in
the UD composite layers on the Gy of the laminates. The interleaved
laminates were made of flattened ply blocks to minimise the variability
in their Gy.

The test plates were prepared in the following steps: (i) Two UD plies
were stacked in a block together with the optional perforated release
film pieces on both sides and cut perpendicular to the fibres with a rotary
blade to form the central ply block of the laminate, according to Fig. 3.
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(ii) Two further blocks of two continuous UD plies were prepared. (iii)
The ply blocks and the optional perforated release film pieces were
stacked into one laminate with the same fibre orientation according to
the side view schematic of Fig. 3 with the following order: [continuous
ply block/optional interface modification/ply block with cut/optional
interface modification/continuous ply block]. The prepared prepreg
stacks were fully wrapped in release film, and sufficiently thick silicone
strips were placed around them on an Al tool plate to minimise resin
bleed-out from the plies. 5 mm thick Al top plates were used to reduce
the thickness variation of the cured GF/EP plates. The laminates were
then vacuum bagged and cured in an autoclave (Olmar ATV 1100/2000)
for 60 min at 125°C and 7 bar pressure (as recommended by the
manufacturer). Individual coupons were cut from the cured test plates
using a Mutronic Diadisc 5200-type precision cutter with a diamond
particle-coated wheel.

The effect of ply block flattening was assessed on polished cross-
sections of cured baseline laminate samples using a Keyence VHX-
5000 digital microscope with a VH-Z100UT VH zoom lens. The sam-
ples were cast into transparent epoxy resin and polished on a Buehler
Beta machine using the following abrasive sequence: P400 grit SiC
paper, 9 um and 3 pym diamond suspensions, and finally a 0.05 pm
alumina suspension, all supplied by Buehler. Fig. 4 shows the result of an
attempt to manually track the ply block interfaces on high-resolution
mosaic images.

The figure suggests only marginal differences between the shapes of
the layer interfaces, but confirms that the extra step in the
manufacturing process helped consolidate the plies slightly better.

6. Mechanical test method

Testing of the coupons was executed under uniaxial quasi-static
tensile loading and displacement control at a crosshead speed of
5 mm/min (total test time 100-200 s) on a computer-controlled Zwick
7250 type 250 kN rated universal electro-mechanical test machine fitted
with a regularly calibrated 250 kN load cell and 100 kN rated Instron
2716-003 type manual wedge-action grips. The strains were measured
optically on one side of the coupons using a Mercury Monet type video-
extensometer with two 5-megapixel resolution cameras to cancel the
possible effect of out-of-plane displacements of the coupons. Two
different sections were prepared for optical strain measurement

ide view
300 mm Side vie
- > (transparent)
' l Fibre direction Top view (transparent)
=i
11
11 130 mm
1 1 -+ >
1 1
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[
[
[
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Fig. 3. Schematic of the position of cut lines and components used for the fabrication of interface-modified composite plates.
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_ Flattened baseline

Fig. 4. Digital microscope images of the polished cross-sections of baseline laminate samples with dots showing the anticipated positions of the interfaces between

blocks of double plies.

(see Fig. 2), creating high-contrast targets of white dots (with a sharp-tip
paint marker) on a black background (with a blunt-tip permanent
marker). The longer, approx. 120 mm section included the central layer
discontinuity zone, while the shorter, approximately 50 mm section was
designed to exclude it. This specialised strain measurement setup en-
ables the assessment of the effect of the central discontinuity on the
overall stress-strain response.

7. Results and discussion
7.1. Assessment of the perforation patterns

The ETFE release films were cut using a Versa Laser VLS2.30 type
cutting/engraving CO3 laser with a 10.6 ym wavelength and a maximum
power of 30 W. Since the control software of the laser cutter did not
allow precise setting of the cutting parameters, the power and the speed
of the laser beam were assessed during a series of preliminary trials and
the optimal settings were used throughout the rest of the study. Plain A4

sheets of paper were placed under the thin ETFE films to support them
over the metallic honeycomb table of the cutter. The laser was set to cut
the film fully, but not to cut through the paper, leaving only marks. The
“strength” (i.e., darkness and width) of the burnt marks on the backing
paper was helpful in assessing the optimal power and speed of the laser
beam, which are opposing parameters. Maximum speed and sufficient
power were targeted to reduce the fabrication time.

The different perforation patterns of the release film samples (see
Table 1) were analysed with a Keyence IM-7020 type image dimension
measurement system featuring a 1-inch, 6.6 megapixel monochrome
CMOS sensor (see Fig. 5a.) to assess the geometrical precision of the
fabricated perforation patterns through comparison to the original
design (nominal values). The achievable measurement repeatability and
accuracy were + 2 and + 5 pm, respectively. The diameters and centre
positions of the circular perforations were determined using the contour
and shape recognition capabilities of the measurement system. A
convenient 5x5 circle area was analysed to reduce the effect of one-off
defects (see Fig. 5b.), and the parameters Aror and Apgrp Were

[#1} ]‘1 A

)

WS 11\ l18mm

Fig. 5. a) Samples on the table of the image dimension measurement system, b) processed image taken by the measurement system from a D1.0mmICARO.3 type

sample (black dashed lines showing the region of interest).
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Results of the optical assessment of the perforation patterns. (ICAR: interlaminar contact area ratio, values in brackets correspond to the coefficients of variation (CoV)

of the average parameters in [rel.%]).

Nominal Measured Absolute/relative Nominal Average ICAR calculated Difference in Total perforation
diameter average diameter difference in diameter ICAR from measured data ICAR length* to cover
(Dn) D) 100 mm?
[mm] [mm] [mm]/[%] [-1 [-1 [-1 [mm]
D1.5mmICARO0.2 1.5 1.617 0.117/7.819 0.2 0.233 0.033 53.3
(0.62)
D1.5mmICARO.3 1.5 1.607 0.107/7.140 0.3 0.344 0.044 80.0
(0.69)
D1.5mmICARO0.4 1.5 1.607 0.107/7.159 0.4 0.456 0.056 106.7
(0.72)
D1.5mmICARO.5 1.5 1.581 0.081/5.405 0.5 0.557 0.057 133.3
(0.79)
D1mmICARO.2 1 1.113 0.113/11.25 0.2 0.248 0.048 80.0
(0.97)
DImmICARO.3 1 1.114 0.114/11.38 0.3 0.373 0.073 120.0
(0.67)
*Calculated with the nominal perforation diameters, as those are more relevant to cutting route generation.
* 4 2 *
— 1.5 A 14 1o < < - F 300 =
€ © Nominal perf. pattern E
.§. — parameters —_
. L
Q ® Measured perf. pattern o
* 4 c
g parameters S
< 1.0 A < 2o L 200 —
= < ICAR and tot. perf. length £
c with nominal Dn=1.5 mm =
o o
= # ICAR and tot. perf. length o
45 s — o * ! p g £
5 *o with measured D=1.6 mm )
& 0.5 A L 4 - 100 o
] > o o <© ICAR and tot. perf. length =
& o 0’ n— with nominal Dn=1 mm é
@ ICAR and tot. perf. length
with measured D=1.1 mm
0.0 T T T T T T T T T 0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Interlaminar contact area ratio (ICAR) [-]

Fig. 6. Nominal and measured parameters of the investigated perforation patterns and total perforation lengths calculated with the nominal and measured pa-

rameters to cover 100 mm? (Dn stands for nominal diameter).

calculated based on the measured edge sizes of the region of interest and
the individually measured circle diameters.

Table 3 and Fig. 6 show the results of the optical measurements in
comparison to the nominal values. Circle diameters were measured
individually for 25 circles in each configuration, and average ICAR
values were obtained from sufficiently large regions of interest (see
Fig. 5b). The measured diameters are approximately 0.1 mm larger than
the nominal values (regardless of the set nominal diameter), which
represents a larger relative difference (up to 11%) in the case of the
lower, 1 mm nominal diameter circles. The observed approximately
constant increase in the resulting diameter was expected, as the laser
beam has a finite width and burns some material while cutting. The
recorded diameter differences provide a basis for compensating for the
exact route input to the cutting machine. However, the required
compensation is expected to be specific to a given piece of equipment
and cutting parameters, therefore no further steps were taken to get
closer to the nominal diameter.

The actual ICAR values show differences of up to 0.07 from the
nominal ones, with an increasing trend towards higher targeted ICARs
(see Fig. 7). This was expected, as more circular perforations and a
longer total perforation length are required to cover the same area with
a higher ICAR pattern. Higher differences are observed for lower
diameter patterns for the same ICAR, as the deviation is associated with

the total length of the cutting route (see Fig. 7), which is up to 15%
higher for the patterns with 1 mm than for the 1.5 mm circles based on a
simple geometric calculation. Visual assessment of Fig. 7 confirms
monotonic trends between the total perforation length and the differ-
ence between the nominal and measured ICAR values of the assessed
perforation pattern configurations. The calculated total perforation
length values (based on the nominal perforation diameters, which are
more relevant to cutting route generation) to cover an arbitrary
100 mm? area are included in Table 3 and Fig. 6, as well to aid in
explaining the trends observed in the measured data. The designations
of the laminate configurations featuring interfacial modification have
been updated according to the test results and will be used in the new
form during the discussion of the mechanical test results.

7.2. Mode II fracture toughness test results

The scope of this section is to compare the Gyc of the laminates
modified with perforated release film interleaves to those of the two
different type (i.e. pristine and flattened) baseline laminates. The tensile
stress—strain responses of the coupons were recorded and used to eval-
uate their Gy, therefore these are discussed first. As explained in Section
6 and presented in Fig. 2, the stress—strain diagrams of the individual
coupons were recorded in two ways, including and excluding the central
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Fig. 7. Increase of the observed difference in the interlaminar contact area ratio (ICAR) in function of the total perforation length for the assessed perforation pattern
configurations. (Total perforation length values were calculated for a 100 mm? area using the nominal perforation diameters, as it is more relevant to cutting route

generation; Dn stands for nominal diameter).

layer discontinuity zone using the global- and local strain recordings,
respectively (see Fig. 8). The local- and global strain based responses
started to deviate from around 0.6% strain visibly in case of the pre-
sented curves. This deviation typically began later in cases of other
configurations with less severe interfacial modification, but became
visible around the strain of 1% at the latest. The coupon in Fig. 8 showed
an outstanding extra strain of up to 0.2% (global vs. local) due to
delamination initiation around the central layer discontinuity before
unstable delamination propagation. In the case of the other configura-
tions, the observed extra strain was usually smaller, but the local strain
values recorded on a section excluding the central layer discontinuity
were selected for further evaluation and presentation, as they are less
affected by strain variations. In the rest of the manuscript, “strain” refers
to the specific elongation measured over an approx. 50 mm long section,
excluding the middle zone of the coupons where the central layer is
discontinuous (i.e. the local strain in Fig. 8.).

The Gjj¢ of the interfaces in the coupons were evaluated both based

500

on stress (equation (3)) and strain (equation (4)), taking the last point
before the stress drops associated with delamination into account. Since
the difference was minor, a stress-based evaluation was selected to
present the results (see Table 4), as delamination propagation typically
occurs at a constant stress, enabling a more accurate Gy evaluation.
Delamination propagated unstably in most coupons, but traces of a
plateau on the stress-strain diagram were observed in a few cases (e.g.,
for the one in Fig. 8).

Fig. 9 shows the stress—strain responses of the tested coupon series.
The diagrams confirm that the test data for each series are consistent and
show limited scatter. The elastic modulus of all series was similar within
the experimental scatter (43 GPa on average) but up to 10% lower than
the predicted value (47.1 GPa) based on the prepreg manufacturer’s
data. The layer discontinuity was expected to contribute slightly to the
observed reduction in elastic modulus. Most of the coupons delaminated
suddenly, and the corresponding stress drops are clearly visible on the
individual stress-strain diagrams, facilitating the simple and accurate

400 +

2

+ Global strain

Stress [MPa]
N
8

+ Local strain

Global strain

Local
strain

<— Central layer discontinuity

0.6

0.8 1 1.2 1.4 1.6

Strain [%]

Fig. 8. Comparison of the stress-strain diagrams of a D1.1mmICAR0.25 coupon showing a short plateau before delamination. Data was recorded using longer

(global) and shorter (local) gauge sections for strain acquisition.
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Table 4
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Results summary of the tensile tests. (Values in brackets correspond to the coefficients of variation (CoV) of the average parameters in [rel.%]. The cut layer thickness
was estimated by taking one-third of the total measured thickness. Please note that specimen designations were updated based on the optical assessment of the pattern

geometries).
Measured Total measured Estimated cut Elastic Delamination Delamination Gy from Relative
width thickness layer thickness modulus stress strain stress difference in
w) (h) (teus) (E) Gnc*
[mm] [mm] [mm] [GPa] [MPa] [%] [N/mm] [%]
Baseline 15.02 1.51 0.503 43.53 673.3 1.564 1.968 5.37
(0.14) (0.70) (1.34) (3.00) (4.04) (7.24)
Flattened baseline 15.03 1.47 0.491 43.74 665.9 1.542 1.868 -
(0.07) (1.67) (1.53) (1.72) (1.42) (2.96)
D1.6mmICARO.34 15.04 1.49 0.497 42.54 522.2 1.237 1.194 —36.08
(0.08) (3.40) (1.55) (1.99) (2.81) (3.39)
D1.6mmICARO.46 15.04 1.54 0.512 42.98 605.0 1.424 1.634 —12.52
(0.08) (0.81) (0.93) (1.16) (1.38) (1.749)
D1.6mmICARO0.56 15.04 1.52 0.507 43.38 684.9 1.598 2.056 10.07
(0.05) (0.95) (0.93) (1.90) (1.66) (3.60)
D1.1mmICARO.25 15.06 1.52 0.506 42.49 456.8 1.087 0.932 —50.11
(0.11) (1.40) (1.15) (2.67) (3.57) (4.73)
D1.1mmICARO.37 15.07 1.52 0.507 42.30 549.8 1.315 1.359 —27.26
(0.10) (1.14) (1.70) (1.57) (0.81) (1.61)

*Compared to the average Gy of the flattened baseline series.

evaluation of the Gy using the last reliable stress value before the drop
and equation (3). As a general trend across all laminate configurations in
Fig. 9, a reduction in the maximum stress (and strain before the load
drop) was observed with decreasing ICAR. This trend was clearly
translated to a reduction in Gy with decreasing ICAR (see Fig. 10).

The average Gy of the pristine and flattened baseline coupons in
Fig. 10 shows a difference of more than 5%, but their scatter bands
overlap significantly. A two-sample Student’s t-test with two-tailed
distribution, considering unequal variances (also called the Welch-
test), was applied to assess if the observed difference is statistically
significant. A p-value of 0.155 was obtained, indicating that the prob-
ability of the average values being different is less than 85%. This is not
considered sufficient for statistical significance, but it suggests a slight
decrease in Gyc due to the flattening of the delaminating layer in-
terfaces. This difference was expected, as undulated ply interfaces may
increase the energy required for mode II crack propagation by me-
chanical interlocking due to fibre bundle nesting. The CoV of the pristine
baseline series was significantly larger than that of the other series, inc.
the flattened baseline one (see Table 4. for details). Flattening of the
layer interfaces appears to result in more consistent Gy values.

It is interesting to note that the laminate with an ICAR of 0.56
showed a higher average Gy than those of both baseline laminates,
however the difference is only statistically significant compared to the
more relevant flattened baseline (with a p-value of 0.0007 based on the
Welch test). This indicates that the positive effect of the structured
adhesion pattern through the perforations was stronger than the effect of
having no adhesion at 44% of the layer interface area. The interface
modification could have hindered the mode II delamination propagation
by the details of the perforation patterns, which may have eliminated
the stress singularities that can develop easily at wide, straight crack
fronts. This hypothesis was further investigated in Section 7.3. by
exploring the fracture surface morphology of the delaminated interfaces
of tested coupons. Since the total thickness of the laminates did not in-
crease significantly for any of the perforation patterns, the approach
may be considered for the limited but well-controlled increase of Gy for
structural applications. Analysis of mode I fracture performance is
essential if perforated film interleaving is considered for toughness
enhancement, as some mechanisms (e.g. fibre bridging) may be hin-
dered in opening mode.

The key finding of the experimental study is that the Gy values of

the laminate configurations made with 1.5 mm nominal diameter per-
forations in the interleaf films follow a very strong linear trend with
increasing ICAR (R? = 0.999) over the studied range. This explored
trend, together with findings describing the key features of inaccuracies
in laser perforations, enables the accurate prediction, design, and con-
trol of the Gjj¢ of layer interfaces in composite laminates. Fig. 10 shows
the Gy¢ values presented in [33] for fabric-based CF/EP with thick
(75 um) interleaves and large, 4 mm square perforations. The Gy¢
values reported by Khutz et al. [33] were significantly lower for similar
ICARs. This difference was mainly attributed to the different reinforce-
ment structure (i.e. UD vs fabric), different matrix material, different
perforated release film thickness (15 ym vs 75 pm) and different perfo-
ration pattern geometry (1-1.5 mm round vs 4 mm square). Still, the
contribution of the applied different test methods (UD cut central layer
tensile vs ENF) to the observed differences in the Gy values cannot be
ruled out. Regardless of the different base materials, interleaf film ma-
terials, and interleaf configurations, Khutz et al. also reported a mono-
tonic increasing trend. However, the exact trend up to an ICAR = 1 is
unclear due to missing data in the high-ICAR regime, where it
becomes extremely hard or even impossible to prepare the perforated
release film because of very narrow remaining film sections between the
perforations. Nevertheless, a strong linear trend was confirmed in both
studies in the ICAR regime, which is of practical relevance. This
indicates the universal effect of the intermittent interlaminar bonding
concept on the Gy of thermosetting composite layer interfaces. The
scope of using the 1 mm nominal diameter configurations in the present
study was to apply smaller perforations, which are expected to be more
dispersed (i.e. less disruptive to the laminate structure) and to find a
suitable ICAR, which leads to approximately 50% Gy reduction. It is
interesting to note that perforation patterns with the same ICAR but
lower hole diameters are expected to result in slightly higher G,
according to Fig. 10. The most probable reason for this is that having a
higher number of small disruptive features (i.e. perforations) makes the
crack paths slightly more tortuous and therefore may increase the
fracture toughness. The configurations D1.1mmICAR0.25 and
D1.1mmICARO0.37, having nominal ICARs of 0.2 and 0.3, were found
suitable for further application in quasi-isotropic laminates to concen-
trate delamination damage to specific interfaces under static
indentation.
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Fig. 9. Aggregated tensile stress—strain responses of the investigated laminate configurations.
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Fig. 10. Gyic results summary of the investigated UD GF/EP configurations, including data from [33] obtained for CF fabric/EP with 4 mm square perforations.

7.3. Delamination fracture surface analysis

Microscopy techniques were utilised to understand the structure of
delaminated interfaces and the damage mechanisms active during the
mode II fracture of the layer interfaces in the tensile test coupons. Mosaic
images were captured with a digital microscope (Keyence VHX-5000 with
VH-Z100UT VH zoom lens) to assess the overall appearance of the frac-
ture surfaces of the interface-modified laminates after mode II delami-
nation. This technique was chosen for the initial observations because it
requires minimal sample preparation. Samples were cut with the preci-
sion cutter equipment used for fabricating the tensile test coupons, and
were taken from the central section of the tensile test coupons immedi-
ately next to the artificial discontinuity in the central layer. The perfo-
rated release film was consistently found on the central ply block side of

the delaminated interfaces, as expected, since the perforated release film
pieces were cut together with the central ply blocks during the lay-up
procedure. Therefore, the overall appearance of the interfaces was first
investigated on pieces of the central ply blocks, which easily fell out of the
tested coupons after cutting them across the fibre direction approxi-
mately 20 mm away from the central ply block cut. Fig. 11. shows
the typical overall appearance of the central layer interface of a
D1.6mmICARO0.34 type sample with the perforated release film on it
(referred to as the film side of the interface). The close-up views suggest
that partially exposed fibres are present on the surface of the epoxy layer
at the perforations, and that they are broken around the perimeter of the
circular perforations through the release film. The other two investigated
samples (i.e. D1.6mmICAR0.56 and D1.1mmICARO0.25) showed very
similar damage patterns.

Regions where the release
film is still bonded

Fig. 11. Overall view of the delaminated interface of a D1.6mmICARO0.34 type sample with the release film around the circular perforations (film side of the
interface). Close-up views suggest the presence of exposed fibres broken around the perimeter of the perforations.
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Lighter and darker areas in Fig. 11 around the perforations indicate
that the release film is no longer fully attached to the composite layer
(the lighter areas are detached, while the darker regions are bonded).
Since the magnification and resolution of the digital microscope images
were found insufficient for detailed analysis of the fracture surfaces, a
comprehensive scanning electron microscope (SEM) analysis was con-
ducted (with a Jeol JSM 6380LA equipment using the secondary elec-
tron detector) to explore the dominant damage modes at the
delaminated interfaces of selected coupon types. Images from different
coupon types (as indicated in the figure captions) are presented in the
following section to demonstrate that the observed features were very
similar across all perforation patterns. Samples cut from the tested
coupons were sonicated in a water bath to remove the residual dust,
dried and sputter-coated with gold to eliminate static charging. The SEM
images in Fig. 12 show the typical appearance of the film side of the
delaminated interfaces and reveal that there are no fibres (as assumed
based on Fig. 11), only traces of fibres at the surface in the perforation
zones.

Fig. 13 shows the two sides of a debonded epoxy block that joins the
adjacent composite layers via a perforation in the release film. The
debonded fibres are clearly visible on the no-film side of the interface.
Although epoxy pieces broken off from the resin-rich layers outside the
perforation zones were uncommon in the investigated samples, this
particular site was found helpful for visualising the structure of the
fractured modified interfaces. In all samples, resin blocks with traces of
fibres stood out on the film side and had their corresponding recesses on
the no-film side, revealing the surfaces of densely packed fibres that
were left exposed after local debonding during the mode II delamination
process (see Fig. 13). The polished cross-section of a pristine
D1.1mmICARO.25 type coupon was studied to understand the structure
of the interlayer (formed by the interface modification) and its distinc-
tive damage pattern observed on the SEM images. Fig. 14 reveals that
the laser-cut edges of the perforations are uneven and have features
(formed by melting and burning) that are significantly thicker than the
film itself. These uneven and typically thick laser-cut edges pushed the
stiff fibres in the neighbouring composite layers apart, making space for

Composites Part A 207 (2026) 109743

resin pockets at the perforations. Since the perforated release films acted
as separators between adjacent composite layers, they retained some
excess epoxy at the interface by blocking resin migration and hindering
dense fibre packing through nesting. Fig. 14 also demonstrates the
appearance of the non-modified ply interfaces within the three ply
blocks, whose expected positions are marked on the micrograph but are
very hard or impossible to recognise due to resin migration and fibre
nesting. The almost invisible ply interfaces confirm that there are no
significant resin-rich layers or areas at the non-modified interfaces, just
as in the baseline samples (see Fig. 4).

Fig. 13. and Fig. 14. confirm the existence of a structured interlayer
(formed between the composite blocks by the insertion of the perforated
release films), that did not break along one side of the release film but
followed a slightly more tortuous fracture path, inclining towards the
interface between the resin pockets at the film perforations and the
densely packed fibres on the no-film side. This fracture behaviour is
expected, as the interlaminar cracks followed the lowest energy path:
epoxy block debonding from a stiff substrate (i.e. densely packed glass
fibres) instead of shear fracture of the block.

In contrast, the delaminated interfaces of the baseline samples show
a balanced number of debonded fibres and fibre traces (see Fig. 15.),
indicating the absence of a distinct resin-rich layer in agreement with
the appearance of the analogous ply interfaces on the cross-section mi-
crographs of Fig. 4. and Fig. 14. This appearance is typical in unidirec-
tionally reinforced polymer composites, accompanied by extensive
hackle formation, which is a common failure mode of epoxy exhibiting
some ductility at the microscale.

One of the key findings of the microscopy study is that the addition of
perforated release films to selected interfaces in unidirectional com-
posite laminates alters the otherwise quasi-homogeneous architecture
by creating a structured interlayer. The perforated film consistently
remained on the central layer side of the interfaces as it moved together
with this block during the mode II fracture test. The observed fracture
surfaces were not smooth, exhibiting outstanding resin blocks at the
perforation zones on the film side and featuring recesses on the corre-
sponding no-film side of the delaminated interfaces. The patterned resin

Fig. 12. Different magnification scanning electron micrographs taken from the film side of a delaminated interface of a D1.6mmICARO0.56 type sample with traces of

debonded fibres on the surface.
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Fig. 14. Digital microscope image of the cross-section of a D1.1mmICARO0.25 type coupon before testing.

blocks, which joined the adjacent composite layers through the perfo-
rations of the release film, did not suffer shear fracture at the level of the
release film but instead debonded from the densely packed fibres on the
no-film side of the interface. The high slope of the trendlines in Fig. 10,
and particularly the high Gy¢ of the D1.6mmICARO0.56 type coupons (i.e.
10% higher than that of the baseline), is attributed to this unique frac-
ture pattern. In cases of high ICAR perforation patterns, the resin blocks
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form a nearly continuous network with a notably long perimeter (see
Fig. 12). Mode II fracture through this structured network of resin blocks
is expected to absorb more energy than that of the much flatter in-
terfaces of the baseline coupons. This additional fracture energy appears
to counteract the fact that 44% of the full interface area, covered with
release film, provides no or minimal adhesion.
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Fig. 15. Delaminated interfaces of a Baseline and a Flattened baseline sample (central layer side) with both debonded fibres and fibre traces.

Conclusions

The following conclusions were drawn from the study of different

perforated release film layer interface modification configurations:

Perforated release films with structured patterns were found to be
suitable for controlling the mode II fracture toughness (Gyc) of
composite layer interfaces. Perforation patterns were systematically
designed for geometrical characterisation and interface
modification.

Six laser-cut perforation patterns were analysed optically, and it was
found that the actual perforation diameters were larger than the
nominal values. The difference was similar across all configurations
and did not depend on the nominal diameter, as it was due to the
finite width of the cut line.

The laser-cutting-induced increase in perforation diameters resulted
in a difference between the nominal and actual interlaminar contact
area ratios (ICAR), which is defined as the ratio of perforation areas
to the total area of interest. The differences in the ICAR values
showed a monotonic relationship with the total perforation length
(needed to cover a given area with set perforation diameter and ICAR
parameters).

Unidirectional composite prismatic tensile test coupons with one-
third of their plies cut in the central layer were found to be suit-
able for Gy assessment when the strain was measured over a section
excluding the ply discontinuity zone.
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The Gy¢ of the modified laminates exhibited a strong linear trend
with increasing ICAR, enabling the precise design of perforation
patterns to accurately control composite layer interface properties.
The maximum reduction of Gpc was up to 50% with the applied
perforation patterns, but the test campaign results indicate that the
full range may be covered if suitable perforation parameters are
selected.

Fractography of the delaminated interfaces revealed that the perfo-
rated release films created structured interlayers between the com-
posite blocks, which failed in a unique way. Resin pockets at the
perforations consistently remained bonded to the film side of the
interfaces and debonded from the no-film side, leaving recesses.
The effect of prepreg manufacturing induced transverse direction
out-of-plane undulation on the Gp¢ was analysed by flattening the
ply blocks before lay-up. Baseline laminates with flattened interfaces
(and no perforated release film) exhibited slightly lower Gy values
than the pristine ones, despite only a small improvement in interface
shape observed in cross-sectional micrographs.

Interestingly, the perforation pattern with the highest ICAR (0.56)
increased the Gy of the laminate by up to 10%. This indicates that
the effect of structuring the interface was stronger than the separa-
tion effect of the remaining release film, covering 44% of the inter-
face area. The high obtained Gy¢ values are attributed to the
additional energy required to fracture the structured interlayer of the
modified coupons. Based on the presented findings, high ICAR
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perforation patterns may be developed to achieve a limited yet well-
controlled increase of Gy in composite laminates.
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