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Delamination, Laminated composite materials are susceptible to damage, such as delamination, due to poor out-
Mode Il interlaminar fracture of-plane properties and inadequate adhesion at the layer interface. Using the interlayering method
toughness, is an effective way to enhance resistance against delamination in these materials. However,
Glass/epoxy composites, interlayer synthesis methods have been limited and sometimes very expensive. Therefore, this
Interlayering method, study investigates the impact of novel 3D-printed polyvinyl alcohol (PVVA) interlayers on the mode
3D printer. Il interlaminar fracture toughness in glass/epoxy laminated composites. Notably, the interlayers

feature a geometrical structure consisting of square cell shapes, allowing the filament to have an
equal volume percentage to the resin in the interlayer. To achieve this, end-notch flexure
specimens (ENF) were prepared, and the mode Il interlaminar fracture toughness was calculated
using the compliance-based beam method (CBBM). The specimens' crack growth resistance curve
(R-curve) analysis revealed that using the desired 3D-printed interlayer increases the mode Il
interlaminar fracture toughness by 73%. Furthermore, the behavior of crack growth resistance in
laminated composites reinforced with 3D-printed interlayer shows an increasing trend. The mode
Il fracture surface analysis of reinforced specimens demonstrates the influence of square cell
shapes in creating shear hackles, increasing surface friction at the interface of laminated composite
layers, crack pinning mechanism, and changing the direction of crack growth, ultimately leading
to increased resistance to crack growth.

Extended Abstract
1. Introduction

oday, composite materials play a significant role in various industries such as aerospace, shipbuilding,
T packaging, and tank construction due to their favorable mechanical, thermal, and structural properties.

Composite materials consist of two phases, i.e. matrix, and reinforcement, which can be divided into
different groups based on the type of reinforcement used. One of the most widely used types of composite materials
is laminated composites, which are reinforced with macro-scale reinforcing fibers. However, these materials
exhibit favorable properties such as high strength-to-weight ratio, corrosion resistance, and wear resistance.
However, in some cases, they have weaknesses. These issues include discontinuity of stress in laminated composite
materials, poor adhesion of fibers to the matrix, inadequate out-of-plane properties, and high susceptibility to
bending loads. These cases can reduce the load-bearing limit in laminated composites with minimal visible signs,
leading to delamination damage and sudden fracture. Given the sensitivity of work in the mentioned industries and
the absence of visible signs of delamination damage, this can result in irreparable damages [1-6].
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Since the 20™ century, researchers have been working to address the deficiencies in laminated composite
materials by modifying their chemical and physical structure to enhance their lifespan and load-bearing capacity.
These modifications include functionalizing reinforcing fiber surfaces, using woven fibers, incorporating
reinforcing nanoparticles into the matrix material, and implementing the z-pinning process [7-14]. Additionally,
another solution that has garnered attention from researchers is the use of coupling agents between laminated
composite layers, known as the interlayering method, to prevent delamination and enhance interlaminar fracture
toughness. Liu et al. [19], studied the impact of a hybrid interlayer, made of polyether sulfone (PES) and carbon
nanotubes (CNTSs), on mode Il interlaminar fracture toughness. Their findings revealed that the interlayer
containing 1 wt.% of CNTSs exhibited the best performance, showing a 317% increase in mode Il interlaminar
fracture toughness. In simple terms, using this interlayer not only enhances the adhesion of fibers with the matrix
(due to the presence of the PES polymer phase) but also improves surface friction between the interlayer and
adjacent layers, owing to the existence of CNTSs in the interlayer structure. Kazemi et al. [20], demonstrated that
electrospinning polyvinyl alcohol nanofibers onto glass fibers resulted in a 177% increase in mode Il initiation
interlaminar fracture toughness and a 36% increase in mode Il propagation interlaminar fracture toughness.

Previous studies and research literature have noted that interlayer synthesis methods are often limited to
specific cases. Therefore, this research aims to investigate the impact of a novel 3D-printed interlayer of polyvinyl
alcohol filament on the mode 11 interlaminar fracture toughness in glass/epoxy laminated composites. It should be
noted that the 3D-printed interlayer consists of square cell shapes, resulting in an equal surface area fraction of the
matrix phase and the reinforcing phase in the interlayer. To investigate the mode Il interlaminar fracture toughness,
end-notch flexure specimens (ENF) were prepared with the hand lay-up method, and the desired interlayer was
placed between the 14™ and 15 layers. The experiment results were analyzed using the compliance-based beam
method (CBBM). Furthermore, to gain an understanding of the active mechanisms during the failure of the ENF
specimens, the mode 11 fracture surface of the specimens was analyzed using an optical microscope.

2. Materials and design

This study utilized a novel interlayer produced using additive manufacturing to enhance the interlaminar
mechanical properties in glass/epoxy laminated composites. A polyvinyl alcohol (PVA) filament was used to 3D-
print the interlayer, which was designed using Ultimaker Cura software and ANSYS Workbench 2021 Design
Modeller software. It should be noted that the thickness of 3D-printed interlayer is 400 micrometers. The
dimensional accuracy of the 3D-printed interlayer in the X, y, and z directions was 15, 15, and 5 micrometers,
respectively. Other parameters for the 3D printing process can be found in Table 1.

Glass fiber

Figure 1. A schematic of the cell shapes in the 3D-printed interlayer and its geometric parameters

Table 1 3D-Printer parameters during printing of polyvinyl alcohol interlayer

Nozzle temperature, (°C) 200
Bed temperature, (°C) 60
Nozzle diameter, (mm) 0.4

Printing speed, (mm/s) 20

Colling fan speed,mm/s () 100
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The ENF specimens were fabricated with 28 layers of glass fibers and a resin-hardener weight ratio of 5:1. It
should be noted that the desired 3D-printed interlayer was placed between the 14™ and 15" layers in the ENF
specimens. Also, a 20 micrometer thick Teflon tape was used for pre-crack. After the layering process, using the
hand lay-up method, the prepared specimens were cured at ambient temperature and 10 kPa pressure for 24 hours.
Following the epoxy resin manufacturer's instructions, the post-cure process was completed by heating the ENF
specimens at 80 and 100 degrees Celsius for 2 hours.

To investigate the mode Il interlaminar fracture toughness in glass/epoxy laminated composites, a mode 11
interlaminar fracture toughness test was conducted based on the ASTM D7905 standard and the CBB method
using a SANTAM machine (STM-250) with a load cell capable of 2000 kgf. The experiment's span length (L) was
100 mm, and a displacement loading rate was set at 0.25 mm/min (Figure 2).

PVA 3D-Printed interlayer

Crack tip : i

H

Prg Crack

Figure 3. The schematic of mode Il interlaminar fracture toughness test

The mode Il interlaminar fracture toughness, according to the CBB method, was calculated using Equation 1.
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Which P, B, and h represent the load, specimen width, and specimen half thickness, respectively. Additionally,
the values of a,, and Ef, which indicate the equivalent crack length and modulus of elasticity, were determined
using Equations 2 and 3.
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Which, L and a0 represent the span length and the pre-crack length (30 mm), respectively. Finally, Equations
4 and 5 were used to calculate the C,. and C,. parameters, which represent the equivalent initial compliance and
the equivalent compliance related to the load-displacement diagram, respectively.
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Which C,, and G5 represent the initial compliance related to the load-displacement diagram, and the out-of-
plane shear modulus.

It's important to note that in this method, the values of G,; and E; have a minimal effect on the critical strain
energy release rate of the specimens. Therefore, similar values based on similar research literature can be used for
this parameter without conducting a specific test.

3. Result and discussion

In order to study the effect of the 3D-printed PVA interlayer on the mode Il interlaminar fracture, the crack
growth resistance curve (R-curve) related to the ENF specimens, according to Equation 1, is presented in Figure
3a. As shown in Figure 3a, the resistance to crack growth for the reference samples (without the interlayer) reached
a stable state (propagation state) after a 7 mm crack growth. On the other hand, the crack growth resistance
behaviour for the ENF specimens reinforced 3D-printed interlayer exhibited an upward trend, indicating the
beneficial effect of the interlayer in preventing crack growth in glass/epoxy laminated composite. Additionally,
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Figure 3b shows that using the 3D-printed PVA interlayer did not significantly affect the mode Il initiation
interlaminar fracture toughness and even caused a 5% decrease in this parameter. Therefore, it can be concluded
that the 3D-printed PVA interlayer did not play a significant role in the initial adhesion between the glass/epoxy
laminated composite layers. However, during crack propagation, there was a notable increase in the mode Il
propagation interlaminar fracture toughness for the reinforced specimens. Consequently, it can be inferred that the
use of the PVA 3D-printed interlayer activated counter mechanisms against the propagation of peer-cracks in the
glass/epoxy laminated composite, resulted in a 73% increase in the mode Il propagation interlaminar fracture

toughness compared to the reference samples.
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Figure 4 a) comparison of crack growth resistance curve, and b) comparison of mode Il initiation and propagation interlaminar
fracture toughness; of ENF samples with and without interlayer
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Figure 5 Fractography of mode 11 fracture surface of; a) reference sample, and b) sample reinforced with 3D printed interlayer
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To understand the active mechanisms during crack propagation, an optical microscope was used for
fractography of the ENF specimens (Figure 4). Figure 4a shows that crack propagation resulted in a smooth
fracture surface in the reference glass/epoxy laminated composite specimens (without interlayer). This means that
the crack grew at the interface between the resin and the fibers without changing direction, ultimately leading to
adhesive failure. In contrast, the fracture surface analysis of specimens reinforced with a 3D-printed PVA
interlayer shows a different crack growth mechanism than the reference specimens (Figure 4b). In fact, using the
interlayer causes a change in the direction of crack growth and creates mixed fracture behaviour, i.e. adhesive and
cohesive failure. Additionally, as shown in Figure 4b, the crack pinning mechanism in these specimens is another
effective mechanism in preventing crack propagation and enhancing mode Il interlaminar fracture toughness for
reinforced laminated composites. Also, the existence of square cell shapes in the structure of the 3D-printed
interlayer, with a thickness of 400 micrometers, requires cracks to change direction or fracture the square cell
shapes. Also, rich resin areas among the square cell shapes because shear hackles and increase surface friction at
the interface between the 3D-printed interlayer and the adjacent layers. This contributes to increased critical strain
energy release rate and mode Il interlaminar fracture toughness for the reinforced specimens.

4, Conclusion

This study investigated the impact of a novel 3D-printed interlayer of polyvinyl alcohol polymer filament on
the mode Il interlaminar fracture toughness of glass/epoxy lamented composites. Using a 3D printer to fabricate
interlayers is a novel approach that could pave the way for strengthening interlayer properties. ENF specimens
with 28 layers of glass fibers and a 3D-printed interlayer were prepared and examined according to the ASTM
D7905 standard and the CBB method. The most significant experimental results and Fractography analysis related
to the studied specimens are:

e The behavior of crack resistance for samples reinforced with a 3D-printed interlayer demonstrated an
upward and incremental trend.

e The interlayer did not significantly enhance the initiation of the fracture toughness.

e Incorporating the interlayer led to a 73% improvement in Mode Il interlaminar fracture toughness
compared to samples without the interlayer.

e The interlayer employed resulted in a shift in fracture behavior from adhesive failure at the fiber-resin
interface to a mixed-type failure, i.e. adhesive and cohesive failure.

e The square cellular shapes present in the structure of the 3D-printed interlayer induce shear hackles,
increase surface friction at the layer interface, crack front pinning, and alter the crack propagation path.
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