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Abstract. In this paper, a comparative study of the flexural properties of 3D stitched composites and
composite laminate was carried out. E-glass fibers were reinforced with kevlar yarns with tex 336,
inserted parallelly to the length of the samples in a stitch with density of 0.037 mm2. After the stitching
process onto the fiberglass plates, the Vacuum Assisted Resin Transfer Molding (VARTM) process was
used to infuse the dry preforms with epoxy resin. The samples were tested using a three-point flexural
method, then tests were made to determine the specific mass, and a fiber volume fraction was performed
to prove the compatibility between composites laminate and 3D stitched composites. Although both
materials revealed a brittle behavior when bended, the composite laminate was found to exhibit greater
bending strength and modulus compared to 3D stitched composites. It is believed that the reduction in
the flexural properties of 3D stitched composites may be caused, partly, by the damage inserted during
the sewing process in the fiberglass, such as the breaking and misalignment of the in-plane fibers and
resin rich regions.

1. INTRODUCTION

Fiber reinforced polymer (FRP) are composites composed of two or more materials with distinct
properties that, when combined, offer enhanced properties compared to the individual constituents.
Currently, the application of these materials have exponentially increased in many industry areas, such
as: aerospace, aeronautic, naval, civil, chemical processing equipments, sporting, land transport, leisure
sectors and automotive [1, 2]. However, composites laminate has some limitations in their interlaminate
mechanical properties, for instance, high susceptibility to delamination in several scenarios, such as
impact at low speeds and ballistic impact [3].

In order to overcome the composite laminate weakness, scientists and engineers have studied
ways to increase the interlaminar fracture toughness, damage resistance and tolerance of composites
laminate subject to impact loads, ranging from the use of tough resin (thermoplastic resins) to high strain
fibers. The solution to the problem was the development of composite materials reinforced with multi-
directional fiber reinforced, giving rise to the concept of preforms or three-dimensional fibers [4].

Three-dimensional fibers consist of in-plane warp and weft yarns layers interlaced in the
through-thickness direction by z-binders yarns. Preforms can be described by the type of fiber, number
of filaments in each yarn, tex-yarn (g/km), spacing between reinforcement yarns, fiber volume fraction
(vf) and preform architecture [5, 6].

Composites reinforced with preforms have several aeronautical and aerospace applications, such
as turbine engine thrust reverses, rotors, rotor blades, insulation, structural reinforcement, heat
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exchangers, rocket motors, nozzles and leading edges to wings [7]. Currently, these materials have
applications in the automotive and civil.

With the increasing of the application of three-dimensional composite materials, numerous
technics capable of reinforcing in-plane fibers in the through-thickness direction have been developed,
such as 3D weaving, 3D braiding, 3D knitting, Z-pinning, tufting and stitching (method used in this
research). The first three techniques modify the architecture of the fabric, creating a preform close to
the final shape (near net shape) of the part. The last three methods reinforce in the through-thickness
direction in a post-stacking process [8].

Stitching reinforcement technique consists of inserting yarns of high resistance (carbon, kevlar,
vectran) in fiber fabrics in the through-thickness direction. 3D stitched composites have more attractive
interlaminate properties and a higher damage and resistance tolerance under impact. On the other hand,
the sewing procedure perturbs the internal configuration of the laminate, causing breakage and
misalignment of the fibers in the fabric and regions rich in resin, which act as stress concentration sites.
These additional failure modes result in a reduction of intralaminar properties, such as flexural properties
[9-11].

The mechanical properties, damage progression and failure mechanisms of three-dimensional
composite materials manufactured using the stitching method depend on stitch parameters (stitch density
and stitch yarns diameter), on the reinforcement material and on the stitch type. The three types of stitch
most common are lock, modified lock and chain, being the modified lock stitch the most used one [12,
13]. Yang et al. [14] developed a type of stitch that differs from the conventional style, capable of
decreasing the susceptibility to delamination through self-healing of delamination cracks in the through-
thickness direction. Such recovery is generated by the reinforcement yarns and has been proven to
increase the interlaminar fracture toughness of composites (Figure 1).

Stitching  Inter-connecting ~ Through-thickness
fibres fibres stitches

Figure 1 - Sewing performed by Yang et al (Adapted from [14]).

The stitch density (SD) is calculated using Equation (1) and depends on the pitch (p), which
corresponds to the distance between the stitch points, and the spacing (s), associated with the lateral
distance between the stitch.

SD=1/(px5s) ()

Researches have been carried out to determine the flexural behavior of 3D stitched composites.
Mouritz [15] has presented a comparison between the behavior of composites laminate and 3D stitched
composites under four-point flexural test. The preform was fabricated with E-glass fibers reinforced
with kevlar yarns using an industrial sewing machine, then vinyl ester resin was used to consolidate the
composites by the Resin Transfer Molding (RTM) technique. The preforms had different values of stitch
density and seam orientation and a modified lock type of stitch was used in all composites plates. The
flexural strength of composites laminate was 13-16 % higher compared to all 3D stitched composites.
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The flexural elasticity modulus of composites laminate was also superior, in a range of 7.1-41.1 %. The
study concludes that this reduction in strength and modulus is caused by damage introduced in-plane
fibers during the sewing process, such as breakage and misalignment of the fibers.

Chung et al. [16] experimentally evaluated the flexural behavior of 3D stitched composites.
Graphite and kevlar fibers were used to fabricate the preforms, reinforced with kevlar yarns. The pitch
used was 3.2 mm in all 3D stitched composites. After stitch process, the Resin Transfer Molding
technique was used to infuse de dry preforms with epoxy resin. The 3D stitched composites and
composites laminate were submitted to the four-point bending test. The study concluded that 3D kevlar-
epoxy composites showed flexural strength 21% higher than 2D kevlar-epoxy composites. 3D graphite-
epoxy composites displays a fracture energy 66 % higher than 2D graphite-epoxy under flexural test,
which indicates that cracks in three-dimensional composites progress at a much slower pace than in
composites laminate; in contrast, composite laminate revealed catastrophic failure.

The discrepancy between the literature data on the performance of three-dimensional stitched
composites materials under flexural test justifies the necessity for this research. For the validation of the
study, both composites types had similar thickness and fiber volume fraction, the same type of resin,
and were manufactured using the same technique, making the comparison legitimate.

2. EXPERIMENTAL DETAILS
2.1. Sample preparation

The preform plates have been fabricated with WR-326 (Texiglass®) fiberglass fabric in the
plain weave architecture and reinforced in the through-thickness direction by kevlar yarns with tex 336
(texiglass®). The use of kevlar as a reinforcement material is justified due to its high mechanical
strength, low specific mass, and high compatibility with resin system.

Although the reinforcement technique used as a reference was stitching, industrial sewing
machines were not used, being the stitch performed manually. When using machines, the magnitude of
the stitch tension could not be accurately controlled. Excessive stitch tension can damage the fibers
during the reinforcement process, causing perturbs, waviness and breakage of in-plane fibers. It is
believed that, when using manual stitch, the introduction of this type of damage is reduced, as the sewing
process is more subtle, in addition to being a method capable of reinforcing small pieces of composite
material, without the need for machinery and using low costs and easy access inputs.

Kevlar yarns were inserted parallelly to the length of the specimens in pitch and spacing equal
to 6 mm and 4.5 mm, respectively, giving the 0.037 mm stitch density. Intermediate stitch density
values were used for making the sewing process possible and executable and did not cause high
disturbances to the fiberglass.

The initial step of the sewing process consists of the sequential stacking of the fiberglass; 14
layers of fiber were stacked so that the sample thickness could be reached. Subsequently, the fibers are
fixed to a polystyrene plate containing a template. The template has the function of determining the
spacing and pitch, so it is possible to maintain a sewing pattern on the entire plate. The final step is to
unmold the polystyrene plate (Figure 2). The seam process developed gives the preform a seam pattern
like the one performed by Yang et al. [14].

The composites were infused with epoxy resin (Ephoxal®) by the Vacuum Assisted Resin
Transfer Molding (VARTM) technique. The use of this technique is justified for being a promising one
in the area of composites processing in addition to allowing the use of low cost tooling while still
producing high quality composites parts, being the infusion process used to manufacture naval top-side
structures [17]. The strength and stiffness of the composite depends on the amount of existing fiber.
Low values of fiber volume fraction are associated with a composite with low mechanical performance;
in contrast, fiber volume fraction values between 60-70% are related to structural composites with high
mechanical resistance [18], [19].
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Figure 2 — Stitching process.

2.2. Flexural testing

The flexural test has been carried out by using a universal testing machine model EMIC DL
1000 and it followed the guidelines proposed by ASTM D7264 / D7264M-15 - Standard test method for
flexural properties of polymer matrix composites materials. The specimens were subjected to the same
laboratory conditions of temperature, pressure, and moisture before and during the tests, ensuring the
high quality of the samples. Seven samples of each type of composite were manufactured.

The bending properties vary according to which surface of the composite is in compression
regime during the test. In composites manufactured using the VARTM technique, there is a difference
in surface roughness between the surface that is in contact with the mold and the one that is in contact
with the vacuum bag. In order to eliminate this parameter, all samples were tested with the rough surface
in contact with the crosshead.

The dimensions of the specimen are determined through 32:1 span-to-thickness ratio. The span
used was 116 mm long and the test was performed at a crosshead movement speed of 2 mm/min.
Through this test it was possible to determine the maximum flexural stress, flexural modulus of
elasticity, and strain.

2.3. Validation of the samples compatibility

The high compatibility of the samples depends on similar values among thickness (t), specific
mass, and fiber volume fraction. A severe difference in the values of these characteristics of the
composites would cause misinterpretation of the comparative analysis of the flexural properties.

The final thickness of the composites depends on the compaction of the preform, which occurs
during the infusion process. To ensure that the samples had similar thicknesses, the infusion materials
used were the same in all experiments as well as the infusion parameters.

In order to validate the comparative study between 3D stitched composites and composites
laminate, it was necessary to carry out tests to determine specific mass and fiber volume fraction, which
was done accordingly to the guidelines proposed by ASTM D792-13 - Standard test method for density
and standards specific gravity (relative density) of plastics by displacement and ASTM D3171-15 -
Standard test method for constituent content of composite materials - Procedure G. Technical
specifications such as fiber volume fraction (Vs), and specific mass (p) are provided in Table 1.

Table 1 — Samples specifications.

Composites Vr (%) p (kg/m?) t(m)
Laminate 74.79 2030 0.00348
3D stitched 72.66 1960 0.00369
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3. RESULTS AND DISCUSSION
3.1. Validation of the samples compatibility

Composite laminate displayed a specific mass 3.5% higher than 3D stitched composites. This
small difference in the specific mass value indicates homogeneity in the infusion process and
compatibility between 3D stitched composites and composites laminate, which allows a comparative
analysis of their mechanical properties.

Composites laminate exhibited a 2.85% higher fiber volume fraction than 3D stitched
composites. The slight difference in the values of fiber volume fraction reiterates the homogeneity of
the infusion process and the compatibility between the composites. The fiber volume fraction obtained
in this study was higher than the one found in previous researches [15, 20] , although those researches
have used RTM as an infusion method, which is a procedure with a higher cost, due to the machinery
involved in the process. Fiber volume fraction between 70-75% represents ideal values for structural
composites with high mechanical resistance [4]. The composites manufactured in this research displayed
similar fiber volume fraction to high performance composites, which confirms the quality of the
VARTM technique.

3.2. Flexural testing

Table 4 presents the flexural properties of composites laminate and 3D stitched composites and
the standard deviation. Composites laminate exhibited values of flexural stress and flexural modulus of
elasticity 23% and 20% higher than 3D stitched composites, respectively. The results achieved in this
research are similar to those already obtained in previous works [15, 21], the flexural properties of 3D
stitched composites were reduced considerably when stitched in the through-thickness direction with
kevlar yarns. The decrease in the values of the flexural properties of the 3D stitched composites materials
may be associated with the damage caused by the sewing process in the in-plane fiberglass. Breakage
and misalignment of fiberglass are types of damage that occur during sewing. These damages inserted
in-plane fiberglass leads to the formation of small areas with low content of fiber, which are filled with
resin during the infusion process. These regions are called resin rich regions.

The breakage of the fiberglass occurs due to the abrasion caused between the reinforcement
needle or stitch yarns, and the in-plane fibers, whereas the fiber misalignment occurs because the needle
disturbs the fiber network around the stitches. The amount of distortion depends on the grammage of
the in-plane fibers, the stitch density, and the stitch yarns diameter. The regions rich in resin around de
stitch become stress concentrators, considerably reducing the flexural properties of composite materials.

Equal deformation values have been found, indicating that the deformation of the composite
materials is not influenced by the stitch.

Table 2 — Flexural properties of the composites laminate and 3D stitched composites.

Composites Flexural strength Flexural modulus of Strain (%)
P (Mpa) elasticity (Gpa)

Laminate 433 (£25) 20 (x0,7) 2.7

3D stitched 334 (£19) 16 (x0,9) 2.7

Figure 3 shows the typical behavior of 3D stitched composites and composites laminate. Both
materials showed similar performance under flexural testing. The total deformation of less than 3%
present in the materials suggests a brittle behavior that is associated with the low plastic deformation
capacity of the thermoset polymer matrix.
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Figure 3 — Stress x Strain curve.

4. CONCLUSIONS

In this study, flexural properties of stitched 3D composites made of fiberglass and reinforced
with kevlar yarns were investigated. It can be concluded that composites molded using the VARTM
technique in this research showed satisfactory values of fiber volume fraction and that the infusion
processes performed were strictly controlled, so that the manufactured composites presented high
compatibility.

The flexural properties of composites made of fiberglass and impregnated with epoxy resin are
reduced when there is the presence kevlar yarns with tex 336 inserted in the through-thickness direction
by the manual stitching process.

Breakage and misalignment of in-plane fibers and resin rich regions are the failure mechanisms
associated with reduction of flexural strength and flexural modulus of elasticity of three-dimensional
composites.

In a future study, images obtained by Scanning Electron Microscopy (SEM) can ensure that the
three-dimensional composites failed due to the mechanisms explained in this research, which were also
exhibited and discussed by other researchers in previous works.

It is necessary to note that the stitching technique aims at increasing the interlaminate properties
of composites laminate, such as impact resistance. Intralaminar properties, such as tensile and flexion,
are sought to be at least maintained.
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