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Delamination, Given the inherent susceptibility of laminated composites to delamination damage, numerous
Glass/epoxy composites, strategies have been introduced in recent years to enhance delamination resistance. One emerging
Interlayering method, approach is the use of 3D-printed interlayers; however, despite promising results in enhancing
Mode 1II interlaminar fracture delamination resistance, the effect of interlayer cellular architecture on mode II interlaminar
toughness, fracture toughness (ILFT) has not yet been investigated. Accordingly, this study designed an
3D printed interlayer. interlayer composed of PVA filament, with a thickness of 0.4 mm and a hexagonal cellular

architecture. Also, to comparatively evaluate the effectiveness of the interlayer cellular
architecture, the results were compared with those of the authors’ previous study, and the effect
of replacing the square geometry with the hexagonal geometry was assessed while maintaining
the materials and design parameters constant. The results demonstrated that the hexagonal
interlayer increased the maximum load-bearing capacity by 25% and 34% compared with the
control specimen and the square structure, respectively. Moreover, based on the compliance
calibration method, the initiation and propagation values of ILFT (G7% and GF7.’"") increased by
164% and 88%, respectively. Meanwhile, the G/¢ and Gh7°" improved by 160% and 17%,
respectively, compared with those of the square structure, indicating the superiority of the
hexagonal geometry in controlling the propagation of delamination damage. Fractographic
analysis further revealed that crack deflection and pinning, together with the deformation and
breakage of the PVA filaments, altered the failure pattern and enhanced delamination resistance.
Overall, the findings underscore the decisive role of the cellular architecture of 3D-printed
interlayers in the interlaminar performance of composites.

Extended Abstract
1. Introduction

espite advantages such as a high strength-to-weight ratio, adequate corrosion resistance, and the possibility
of tailoring their properties, laminated composites are subject to structural limitations arising from their
anisotropic behavior, weakness in the through-thickness direction, and mechanical incompatibility
between the matrix and reinforcing phases. In other words, these inherent characteristics reduce their resistance to
interlaminar delamination. In this regard, it should be noted that delamination, as a hidden damage mechanism,
can occur without visible signs and, by reducing the stiffness and strength of laminated composites, may lead to
catastrophic structural failure [4-6]. Consequently, given this issue and the widespread use of these materials in
critical industries such as aerospace, shipbuilding, and automotive manufacturing, evaluating the variables
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governing interlaminar delamination resistance and optimizing the manufacturing and design processes are
essential for enhancing the safety and durability of these systems.

Accordingly, extensive research has been conducted in recent years to enhance the resistance of laminated
composites to interlaminar crack propagation and delamination, leading to the development of various strategies.
The most important of these strategies include through-thickness reinforcement of the structure [ 7, 8], modification
of the fiber-textile architecture [9-11], and surface functionalization and thermal treatment [12-14] to strengthen
interlaminar interactions. In addition, other investigations have demonstrated that interleaving, which involves
introducing a secondary layer, commonly referred to as an interlayer, at the fiber-matrix interface, plays a
significant role in inhibiting delamination growth [19-22].

In this context, it is worth noting that the use of interlayers, owing to their unique advantages in preserving in-
plane mechanical properties while markedly improving out-of-plane properties, has attracted considerable
attention as an effective approach to enhancing resistance to crack growth. Nevertheless, in recent years, the high
costs associated with the synthesis and preparation of these interlayers, together with the adverse environmental
impacts of some of them, have directed research toward the introduction and application of novel interlayer
methods and structures, an approach primarily pursued to reduce the costs associated with producing conventional
interlayers [4]. In this regard, Kazemi and Salamat-Talab [26] evaluated the effect of these novel 3D-printed
polyvinyl alcohol (PVA) interlayers on mode II interlaminar fracture toughness (ILFT) in glass/epoxy composites.
The geometry of these interlayers comprised square cellular networks designed to establish a balance between the
filament and resin volume fractions at the delamination interfaces. Analysis of the crack-growth resistance curves
of the reinforced specimens in that study showed that this structure increased ILFT by 73% and maintained the
upward trend in crack-growth resistance.

Considering the aforementioned studies and based on the research background, it can be stated that although
interleaving is an efficient strategy for improving the delamination resistance of laminated composites,
conventional methods for synthesizing such interlayers are often restricted to costly and environmentally
incompatible processes. Furthermore, although 3D-printed interlayer structures represent an emerging technology,
the influence of their cellular geometry topology and architecture on mode II ILFT has not yet been investigated.
Therefore, adopting a comparative approach with respect to the previously described reference study [26], the
present research investigates the effects of variations in the architecture and topology of the cellular geometry of
a 3D-printed PV A-filament interlayer to provide a more comprehensive perspective and a critical understanding
of the corresponding influential parameters in these structures and their effects on interlaminar properties. It should
be noted that, to ensure identical experimental conditions, all variables associated with the materials,
manufacturing process, and other influential parameters were maintained exactly the same as those employed in
the reference study, with only the cellular geometry being changed from square to hexagonal. Accordingly, to
determine the mode II ILFT, end-notched flexure (ENF) test specimens comprising 28 glass-fiber plies were
fabricated using the hand lay-up method, and the printed interlayer was embedded precisely at the specimen mid-
plane, between plies 14 and 15. Finally, the experimental data obtained from the tests were analyzed using the
compliance calibration method (CCM). Furthermore, to identify the active damage mechanisms during crack
propagation, the fracture surfaces of the ENF specimens were examined using optical microscopy.

2. Materials and design

As previously noted, this study employed emerging and developing interlayers based on additive
manufacturing technology to improve the interlaminar crack-growth resistance of glass/epoxy composites. The
primary focus of this study was a comparative analysis with the previous study [26] and an evaluation of the effect
of cellular geometry topology, in which the square structure used in the reference study was replaced with a new
hexagonal geometric architecture to determine the influence of this structural modification. It should be noted that,
to ensure the validity of the comparison and exclusively investigate the effect of cellular architecture, all
confounding variables affecting the interlaminar properties were maintained completely identical and constant.

Accordingly, similar to the reference study, an organic PVA filament manufactured by eSUN was used for the
three-dimensional (3D) printing of the interlayer. The 3D model of the interlayer with a hexagonal cellular
geometry was initially designed in the ANSYS software and subsequently converted into G-code containing the
toolpath and geometrical instructions using Cura software. The schematic design and cellular dimensions of the
structure are presented in Figure 1.

Mechanics of Advanced and Smart Materials Journal 5(3) (2025) 463 — 481



465 Mazaher Salamat-Talab, Hossein Kazemi, Zahra Bahrami

Figure 1 Schematic representation of the interlayer placement in the glass/epoxy laminated composite and the corresponding unit
cell geometries

Furthermore, similar to the reference study, the thickness of the designed interlayer was set to 0.4 mm. The
remaining parameters of the 3D printing process and the technical specifications of the printer were adjusted in
complete accordance with, and identically to, the variables reported in the previous study (Table 1).

Table 1 3D printer parameters used during fabrication of the 3D-printed interlayers

Printing parameter Specified value Printing parameter Specified value
Nozzle temperature (°C) 200 Printing speed (M) 20
Bed temperature (°C) 60 Colling fan speed (%) 100
Nozzle diameter (mm) 0.4 Infill density (%) 100
Layer height (mm) 0.2

Following the preparation of the PVA-3D-printed interlayer with a hexagonal cellular structure, the
glass/epoxy laminated composite specimens were fabricated using the hand lay-up method under conditions
completely identical to those employed in the reference study [26]. Moreover, as illustrated schematically in Figure
1, the interlayer was positioned at the mid-plane of each specimen, namely between plies 14 and 15, and a 0.02-
mm-thick Teflon film was used to introduce the pre-crack. Upon completion of the hand lay-up process, the
specimens were cured in accordance with the curing specifications provided in Table 2 and under conditions
completely identical to those of the reference study.

It should be noted that to evaluate and ensure the repeatability of the results, three specimens were prepared
for each investigated group, namely the specimens with and without an interlayer. Afterward, following
completion of the curing process, the end-notched flexure specimens were finished using fine-grit sandpaper in
accordance with ASTM D7905 The specimens were prepared with a dimensional accuracy of 0.02 mm and with
a length, width, and thickness of 160, 25, and 6 mm, respectively.

Table 2 Curing and processing parameters of the investigated laminated composites

parameter Specified value parameter Specified value
Initial curing temperature (°C) Room temperature Initial curing time (h) 24
First-stage post-curing temperature (°C) 80 First-stage post-curing time (h) 2
Second-stage post-curing temperature (°C) 100 Second-stage post-curing time (h) 2
Curing pressure (Pa) 10000

To perform the mode II ILFT tests, a 25-ton SANTAM universal testing machine (STM-250) equipped with a
precision BONGSHIN DBBP load cell [28] with a capacity of 2000 kgf (19.61 kN) was used. The resolution of
the load cell used was approximately 0.2 N. Also, the roller diameter, support span, and loading rate were set at
10 mm, 100 mm, and 0.25 mm/min, respectively, in accordance with the baseline study. It should be noted that
during specimen preparation, a 60-mm-long Teflon film was used to define the initial crack region. This length
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was selected such that, while providing an initial crack length of 30 mm, different crack lengths could subsequently
be obtained to determine the parameters required for the mode II interlaminar fracture toughness test (see Figure
2).

Also, as previously stated, the mode II ILFT (G,;.) was analyzed in accordance with ASTM D7905 [27] and
calculated using the compliance calibration method according to Equation 1.

3mP2%a?

=— (M
Iic 2B

In this equation, P, a, and B denote the critical load corresponding to the crack length at each stage of crack
growth, the crack length, and the width of the ENF specimen, respectively. Furthermore, the parameter m is
determined from the slope of the line fitted to the five-point compliance curve plotted against @’ at crack lengths
of 20, 25, 30, 35, and 40 mm. The details of this procedure and the tests conducted at the aforementioned crack
lengths are presented in Figure 2.
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Figure 2 Tests corresponding to the determination of the parameter m at various crack lengths: (a) 20 mm, (b) 25 mm, (c¢) 35 mm, (d)
40 mm, and (e) 30 mm (fracture test).

3. Result and discussion

The mode II ILFT tests yielded the load-displacement data for the two groups investigated in this study, as
presented in Figure 3a. Comparison of the results indicates that incorporating the 3D-printed interlayer markedly
increased the maximum load-bearing capacity (P™) of the specimens by approximately 25% (Figures 3a). Another
noteworthy aspect of this research is the comparison between the results of the present study and the findings of
the reference study. Accordingly, the results of this comparison indicate that employing the hexagonal cellular
structure, compared with the square structure used in the reference study, increased the P by approximately 34%.

Subsequently, the crack growth resistance curve (R-Curve) results demonstrate that incorporating the interlayer
investigated in the present study not only produced a more gradual variation in crack growth resistance than that
observed for the specimen without an interlayer (control specimen), but also increased initiation and propagation
value of ILFT (i.e., GI¥ and GI.°"") by 164% and 88%, respectively, compared with the reference specimens
(Figure 3b). This finding indicates that the interlayer provided favorable interlaminar adhesion and resistance to
crack growth initiation, a phenomenon that may be attributed to the formation of resin-rich regions within the
hexagonal cells [24, 25, 28].

Another important aspect is the adoption of a comparative approach with respect to the reference study. In this

regard, the results of this comparison demonstrate that the hexagonal interlayers exerted a more favorable and
pronounced influence on both ILFT parameters than the 3D-printed square interlayers. Specifically, G4 and
G};EOP' increased by 160% and 17%, respectively, relative to the specimens incorporating 3D-printed interlayers

with a square cellular geometry in the reference study (Figure 3b).
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Figure 3 Comparative analysis of (a) peak load and (b) interlaminar fracture toughness at initiation and propagation state of crack
growth: A comparison between reference specimens and those reinforced with 3D-printed interlayers featuring square [26] and
hexagonal (present study) unit cells

It is noteworthy that, according to the results presented in Table 3, evaluation of the fracture process zone
length (Lrpz), which is recognized as another parameter governing resistance to delamination, revealed a 146%
increase in this parameter for the specimen containing the interlayer compared with the specimen without an
interlayer.

Table 3 Comparison of the FPZ length for reference specimens and those reinforced with 3D-printed interlayers featuring square
126] and hexagonal (present study) unit cells

Lrpz, (mm) Lrpz, (mm)
Reference specimen (present study) 5.68 S(ﬁziggsgZlvggrig;gngzgeﬁt:g?;r 13.96
Reference specimen [26] 555 Specimens with 3D-printed interlayer 20

(square geometry, [26])

Also, to obtain a more detailed understanding of the effectiveness of the 3D-printed interlayer with a hexagonal
cellular geometry, the fracture surfaces and the manner of crack growth and propagation between the composite
plies in specimens with and without an interlayer were examined using optical microscopy. The corresponding
fracture surfaces are presented in Figure 4. As observed in Figure 4a, crack propagation along the interface of the
control (without an interlayer) specimens produced a smooth fracture surface devoid of any distinct resistance
mechanism. In other words, fracture in these specimens occurred through adhesive failure and separation at the
interface between the fiber ply and the interlaminar resin.

In contrast, the fracture surface presented in Figure 4b clearly demonstrates that incorporating the hexagonal
interlayer resulted in the development of effective resistance mechanisms capable of controlling crack growth.
More specifically, examination of the fracture surface indicates that this structure generally produced a mixed
failure pattern comprising interfacial failure at the fiber-ply/resin interface and cohesive failure within the resin
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and filament. This behavior was accompanied by the activation of crack growth resistance mechanisms, including
the deformation, stretching, and breakage of the reinforcing PVA filaments (red circles in the Figure 4b).
Furthermore, the presence of resin-rich and resin-free regions, indicated by blue and green rectangles, respectively,
clearly confirms the formation of this fracture pattern and the deflection of the crack path along the delamination
interface (Figure 4b).
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Figure 4 Optical microscop)(f i)mages of the fracture surfaces for: (a) reference specimens, and (b) specimens reinforced with 3D-
printed interlayers

Finally, it should be noted that, in general, the investigation of fracture behavior indicates that the improvement
in resistance to crack propagation at the interface between the PVA filament and epoxy resin may be influenced
by factors such as physical adhesion, local interlocking, and the potential formation of hydrogen bonds [32., 33].
However, the experimental results obtained in the present study indicate that mechanical interlocking and filament
bridging within the interlayer play a dominant role compared with the other mechanisms and make the primary
contribution to the enhanced resistance to crack propagation.

4. Conclusion

In the present study, the effect of the topology and cellular architecture of 3D-printed interlayers fabricated
from PVA filament on the mode II ILFT of glass/epoxy laminated composites was investigated. To this end,
following a comparative approach with respect to the previous study, a 0.4 mm-thick PVA interlayer with
hexagonal cells was incorporated into the mid-plane of the 28-ply glass/epoxy composite. It should also be noted
that, to ensure a valid comparison, all design, material, and fabrication parameters were kept constant, and only
the cell topology was changed from square to hexagonal. The mode II ILFT of the specimens was determined
using the CCM, and finally, the fracture surfaces of the specimens were examined using optical microscopy to
identify the active failure mechanisms during crack propagation. The main findings of the present study are as
follows:

e The experimental results of the control specimens in the present study and those of the reference study
showed good agreement, indicating appropriate control of experimental noise and other influential
variables.

e The 3D-printed interlayer with a hexagonal cellular structure increased the maximum load-bearing
capacity by 25% compared with the control specimen. Furthermore, replacing the square geometry with
the hexagonal geometry increased this parameter by approximately 34% in the present study, indicating
the more favorable performance of the hexagonal structure in load distribution and load bearing.

e  With the use of the hexagonal interlayer, the values of GI%, GF7°F", and Lppz increased by 164%, 88%,
and 146%, respectively, compared with the specimen without an interlayer. This improvement in
interlaminar performance is attributed to favorable interlaminar adhesion, the formation of resin-rich

regions within the hexagonal cells, and the activation of crack-controlling and crack-locking mechanisms.
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e Compared with the square interlayer in the previous study, the G/7¥ and Gh7.°P" values of the specimen
with the hexagonal interlayer increased by 160% and 17%, respectively, which may be associated with
more favorable stress distribution and more effective crack-path deviation in the hexagonal geometry.

e  The fracture surface of the control specimen predominantly indicated separation at the fiber/resin interface,
whereas the specimen with the hexagonal interlayer exhibited a mixed fracture pattern involving both
interfacial and intralaminar fracture within the resin and filament.

It should be noted that, despite the favorable results obtained from the use of 3D-printed interlayers under the
present fabrication conditions, investigating the effects of printing process parameters, including nozzle
temperature and printing speed, on interlaminar fracture behavior may be considered in future studies and could
contribute to the development of practical applications of this approach.
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2 Compliance calibration method, CCM
3 ANSYS workbench

4 Ultimaker Cura software
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