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Sandwich composites are widely employed in many industrial areas such as aerospace,
transportation, construction and shipbuilding due to their higher stiffness and strength per weight
ratio than conventional laminate composites. Typical sandwich composites are manufactured by
joining two thin but stiff outer skins to a light but thick internal core. As a structure developed
from laminates, sandwich composite presents the same delamination problem which results in
premature failure [1]. The main cause is that there are different mechanical properties across the
interface between the core and the skin [2, 3]. The present solution is to insert reinforcement
through the thickness of the sandwich structures. The sandwich composites with reinforcement in
the Z-axis successfully ameliorate the ultimate stress and modulus regarding the principal
mechanical tests such as bending and shear [4]. Several techniques have been developed such as
Interlock 3D weaving [5-7], z-pinning [8-11] and stitching/tufting [12-18]. Nevertheless,
Interlock weaving has a slow production rate and a limited capacity of the textile machine [19].
And the inserted z-pins are independent, thus there are no anchors or locks to the top and bottom
skins. Z-pinning is less effective in preventing delamination. Compared to other processes,
tufting is more efficient and less expensive [20]. The tufted dry sandwich preform needs to be
impregnated by resin to obtain the desired composite parts. However, the low mechanical
properties of common foam core usually lead to poor impact damage resistance. Inaddition to the
delamination, the crack of foam core is another common failure mode of the sandwich composite.

Foam is conducive to lightweight but the low mechanical properties limit its application.

Nowadays, increasing environmental concerns have encouraged researchers to adapt recyclable
materials to replace traditional materials for sandwich composites manufacturing. The bio
composite based on natural fibers is widely applied in automotive due to their low cost, low
density, high specific strength, low energy consumption in fabrication, biodegradable
characteristics and recyclability [21]. Among the natural fibers such as hemp, jute, and bamboo,
flax fibers are increasingly being used in green composites because of their better mechanical
properties [22][23].

This study aims to the development and optimization of the tufted sandwich structure by using
nonwoven core materials and the analysis of the mechanical performance. And on this basis
realize this novel sandwich structure by using bio-resources (flax fiber reinforcement and bio-

resins).
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A review of the fiber-reinforced sandwich composite is presented in the first chapter. The
section introduces two aspects of fiber materials (glass fiber, carbon fiber, etc.) and structures
(laminate and sandwich) along with the history of the composite development, and analyzes their
strengths and disadvantages.

The design of a novel sandwich structure and its manufacturing process is presented in detail in
chapter 2. All the sandwich composite panels in the present work are fabricated by the tufting and
liquid resin infusion (LRI) processes. The setting of relevant parameters is introduced and the

variables among them investigated in the following chapters are listed.

In chapter 3, the influence of nonwoven layer and tufting thread on the mechanical behavior of
carbon fiber reinforced sandwich composite part is investigated. And the feasibility of using
nonwoven instead of foam as the core layer of sandwich structure is initially verified according to
the experimental results. Chapter 4 is dedicated to realizing a green sandwich composite in flax
fiber with the structure validated in chapter 3. And the influence of tufting density and flax fiber

nonwoven quantities is discussed.

Finally, the last chapter is the general conclusion and perspective of this thesis.
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1.1 Introduction

Since the invention of glass fiber composites in the 1940s, fiber-reinforced composites have
been increasingly employed. Carbon fiber, boron fiber and aramid fiber composites have been
developed one after another. They are mainly applied in aerospace, transportation, construction
and mechanical engineering to replace metal materials. Compared with metals, the fiber-
reinforced composites exhibit higher strength-to-weight and stiffness-to-weight ratios [1]. With
their increasing applications, more types of fiber-reinforced composites have been developed to

improve the mechanical properties of the composites and to address recycling issues.

In this chapter, the development of composite materials from both structure and raw materials
aspects is introduced, especially the flax fiber-reinforced composite and the sandwich structure.
Compared with the laminate structure, the sandwich structure presents several advantage but also

some limits, which are listed in this section.

Then the current solutions to the delamination problem of the sandwich structure are reviewed
and presented. Among these different techniques, tufting, as the selected process in this thesis, is

mainly introduced.

1.2 Natural fiber-reinforced composite materials (NFRC)

In the last decades, due to environmental concerns and requests, the green composite based on
natural fibers has been developed rapidly. The common fibers, such as kenaf, flax, jute, hemp,
have been normally mixed with polymeric resins to form NFRC [2—4]. Moreover, they can be
incorporated with bio plastics to produce a green composite [5]. The utilization of these
composites as alternative materials to traditional composites attracts increasing attention due to

their typical advantages (see Table 1.1).
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Table 1.1 Benefits and drawbacks of natural fiber composites (NFCs) [6].

Benefits

Drawback

Very good sound, acoustic, and electrical
insulating properties
Reactivity- materials provide sites for water
absorption and are also available for chemical
modification
Biodegradability: as a result of their tendency
to absorb water, natural fibers will biodegrade
under certain circumstances through the actions
of fungi and/or bacteria
Combustibility: products can be disposed of
through burning at the end of their useful
service life, and energy can simultaneously be
generated
Very good mechanical properties, especially
tensile strength. Concerning their weight, the
best fibers attain strength similar to Kevlar.
The abrasive nature of natural fibers is much
lower compared to glass fibers, which leads to
advantages in regards to the technical aspects,
material recycling, or processing of composites
materials
Plant fibers are renewable raw materials and

their availability is unlimited

Moisture absorption, causing fibers to swell

Restricted maximum processing temperature

Lower durability, fiber treatments can improve

this drawback

Dimensional stability as a consequence of the
hygroscopicity of fibers, products, and

materials

Variability in quality, dependent on
unpredictable variables such as weather

Less fire retardance

Lower strength properties, particularly impact
strength

NFRCs are mainly used in the transport industry [7]. Many NFRCs have experimented since

the first environmentally friendly composite occurred in 1941 [8]. Various structural pieces such

as roof, boot lid, bonnet, and doors (shown in Figure 1.1) have been successfully manufactured

from a thermosetting phenolic resin and natural fiber [9]. Several automotive companies, such as
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Daimler Chrysler, Mercedes Benz and Toyota, have employed NFRCs into their products and

increasing its use proportion has been incorporated in the future plan [10][11].

Figure 1.1 Automobile components made of natural fiber composites [12].

The mechanical performance of NFRC depends on the fiber reinforcement. Therefore,
investigation and understanding of natural fiber properties and forms are considered to realize
improvement [13][14]. Table 1.2 tabulates the properties of several fibers. Of all natural fibers
listed in the table, flax fiber has proven to be the best replacement for glass fiber [15-18]. In
general, the mechanical properties of flax fiber are lower than those of glass fiber. Nevertheless,
considering the lower density of flax fiber, then it is comparable to glass fiber in terms of specific
strength and modulus. In addition, compared with other natural fibers, flax is an annual fiber
plant, the consumption of water, fertilizers and pesticides is much lower. And the crop's
requirements for soil and climate are lower. These make the production of flax much higher than
most plant fibers, conducive to large-scale processing and application, but also fully justified

their use as a reinforcement for bio composites [8,16,19,20].
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Table 1.2 Typical properties of commonly studied natural fibers and several synthetic fibers [11].

. Tensile Tensile - .
Fiber type D(/ens Ity strength modulus SpZC'If'C Elonégatlon
(9/cm3) (MPa) (GPa) modulus (%)
Coir 1.2-15 95-230 3-6 4 15-51
Cotton 1.5-1.6 287-800 6-13 6 3-10
Flax 1.53 745-1145 4461 35 2.07
Hemp 1.48 690 70 47 1.6
Jute 1.3 393-773 27 21 1.5-1.8
Kenaf 14-15 223-930 15-53 24 1.5-2.7
Ramie 15 560 25 17 2.5
Sisal 1.3-1.5 363-700 9-38 17 2.0-7.0
Carbon 1.8 4330 231 129 1.8
fiber
E-glass 25-2.6 2000-3500 70-76 29 1.8-4.8

Chandrasekar et al. [21] fabricated hybrid composites with the flax as skin and sugar palm
fiber (SPF) as core by hot press molding. Results analysis revealed that hybridization of flax into
the SPF reinforced composites resulted in excellent mechanical strength and inter-laminar shear
strength. Velmurugan et al. [22] investigated the mechanical characteristics of hemp and flax-
based hybrid composites reinforced with epoxy resin at cryogenic and room temperatures.
Cryogenic temperature had a significant effect on the flexural, tensile and impact behaviors of
composites which vary depending on the amount of cryogenic treatment. N.Karthi et al. [23]
studied the influence of weight fraction on the mechanical properties of flax and jute fibers
reinforced hybrid composites. Five different fiber weight fractions were considered and the
results showed that the maximum tensile strength, flexural strength, inter-laminar shear strength
and impact strength were obtained only for a composite having 30% weight fraction flax fiber
reinforcement. A research was conducted by Barkoula et al. [24] to study the effect of fiber
content and manufacturing technique on the mechanical properties of randomly oriented flax fiber
reinforced composites. They found that the stiffness of the composites increased with the fiber
contents while the strength decreased slightly upon fiber content addition. And, no significant

effect of processing methods on the tensile properties of the composites was observed.

Another study related to the fiber fraction was conducted by Charlet et al. [25], they

investigated the effect of fiber volume fraction on the tensile properties of unidirectional flax
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fiber/epoxy matrix composites. The tensile strength and modulus increased linearly with fiber
volume fraction. There have been a large number of studies on unidirectional flax fiber
composites. For instance, Oksman [26] compared the mechanical properties of traditionally retted
unidirectional flax fiber composites to the pure resin. The results showed that flax/epoxy
composite had a stiffness of about 40 GPa and tensile strength of 280 MPa compared to the
stiffness in pure epoxy of 3.2 GPa and the tensile strength of 80 MPa. Goutianos et al. [27]
reported that UD knitted flax fabric/epoxy composites cannot directly compete in terms of
strength with glass fiber composites. However, they were able to compete with glass fiber in
terms of stiffness/weight ratio. A modified theoretical model was developed by Madson and
Lilholt [28] to predict unidirectional flax fiber composite tensile properties by integrating the
parameters of composite porosity content and anisotropy of fiber properties. Frederic et al. [29]
proposed a model to predict the mechanical properties of flax fiber reinforced polymer
composites. Different damage laws were identified calibrated and many stacking sequences were
validated. This model can also be used to reproduce the crack locations and buckling zones and

under tension and three points bending loadings.

1.3 Sandwich structures

There are two common types of composite structures: laminated composites and sandwich
composites. The former consists of several textile laminas in different orientations (shown in
Figure 1.2). Sandwich composites are developed based on the laminates, the purpose of which is
to further reduce the weight of the material. The core material of the sandwich composite is
responsible for connecting the upper and lower face sheets, improving the bending bearing
capacity of the structure, transferring shear stress between two face sheets, and not bearing the
main structural load. Therefore, materials with lower density are often used for the core to ensure

that the structure is sufficiently lightweight.
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Laminate composite Sandwich composite

(@) (b)

Figure 1.2 Schematics of (a) laminate composite and (b) sandwich composite [30].

Common core materials include corrugated core, honeycombs, foam cores, and lattice cores

(see Figure 1.3).

Homogeneous core materials:

Wood cores Foam cores

Structured core materials:

Honeycomb cores Corrugated cores Textile cores

Figure 1.3 Different core types of sandwich composite [31].

Different from the core constructions which make use of voids to decrease mass (such as the

honeycomb core and integrated woven core), the foam core is adopted because of its low density.
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Because of the large thickness of the foam core, face sheets can develop very high bending
stresses. The mechanical properties of the foam are relatively weaker compared to the face sheet
of sandwich composite. When the damage of the face sheet/core interface appears, the initial
cracks easily extend to the core material, which in turn triggers the deformation and damage of
the foam. Thus the fracture damage behavior and characteristics of the foam need to be
considered. The foam is divided into open-cell foam and closed-cell foam (see Figure 1.4), both
of which have different mechanical properties; energy absorption, sound insulation and heat
insulation. It is possible to select the appropriate foam according to different material processing
demands [32].

(@) (b)

Figure 1.4 Cellular sandwich plates: (a) open-cell foam core and (b) closed-cell foam core [32].

Yun et al. [33] investigated the effects of elevated temperature on mode 1l interfacial fracture
of foam core sandwich composites. Results showed that the strain energy release rate decreased
under the same crack length as the temperature increased. Moreover, an analytical model was
proposed and verified to accurately predict the interfacial strain energy release rate. Kulkarniet al.
[34] investigated the fatigue crack growth of foam core sandwich beams loaded in flexure. A
model based on local damage in the low-density foam core was developed and validated. The
first damage was a core—skin debond which propagated into the core as a shear crack resulting in
total specimen collapse. The initial failure of in-plane compression can take the form of global
Euler buckling, shear buckling of the core, wrinkling, face sheet or fracture Core fracture [35].
Xingyuan et al. [36] developed a sandwich structure with foam core slits filled with resin. Results

showed that the sandwich composite with resin-filled slits presented better fracture resistance
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than those with intact foam. Belingardi et al. [37] fabricated a sandwich structure made of glass
fiber epoxy face sheets with a polymeric foam core, as the front shield of a high-speed train. Then
static and dynamic impact tests were then performed and the results showed that the structural
response of the sandwich depends primarily on the strength properties of the foam core material.
Aniber et al. [38] investigated and assessed the effect of foam density on flexural behavior of
foam-core sandwich panels with three different foam densities (60 kg/m3, 80 kg/m3 and 100
kg/m3). The results showed that the sandwich structure with higher foam density withstood a
higher bending load and higher shear strength. A parametric study on impact damage resistance
of sandwich panels with carbon fiber-vinyl ester faces and PVC foam core was conducted by
Peter et al. [39]. They developed a plastic micro buckling approach to predict the residual
strength of carbon fiber sandwich structures. Two different groups of sandwich panels (1. thin
faces and an intermediate density core; 2. thick faces and high-density core) were tested by both
spherical impactor and pyramid impactor. The experimental values were close to the predictions

and validated the prediction method.

Honeycomb cores are usually hexagonal cellular solids and are manufactured by expansion and
corrugation techniques [40-42]. The core materials can be selected among metallic and non-
metallic materials such as aluminum alloy, stainless steel, Nomex, Kraft paper and glass fiber
[43-54]. Much works have investigated the mechanical behavior of honeycomb core and many
numerical models were developed to characterize and optimize the structure. Gpoichand et al. [55]
fabricated sandwiches with copper core and stainless steel facing. Three-point bending test was
conducted to compare the theoretical load and the deflection values with experimental and
simulation results. It was found that the gradient of deflection curve was higher for lower core
height. Yicheng et al. [56] evaluated the effects of honeycomb core height and cell size on the
flexural properties of the lab-made sandwich panels with bio fiber reinforced polymer composite
skins and a commercial resin-impregnated aramid paper honeycomb core. They concluded that
these lab-made sandwich panels had higher specific bending rigidity and flexural load bearing
capability compared to the commercial products. Choon et al. [57] used the fundamental
mechanical properties of the Nomex paper for the finite element modeling and analysis of Nomex
honeycomb structures. They compared with numerical analyses for static tension and
compression and concluded that the young’s modulus of the honeycomb was dependent on the

size of the specimen. Giglio et al. [45] conducted several numerical simulations of the
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mechanical behavior of a Nomex honeycomb core in a flatwise compressive test, and then
validated them by reproducing all features, properties and failure modes of the components.
Abbadi et al. [40] adopted a general kinematic model for the simulation of honeycomb sandwich
panel submitted to the four-point bending test. Meifeng [58] found that the satisfying weight of
the honeycomb core was 50-66.7% of the whole sandwich panel weight by theoretical analysis.
The honeycomb sandwich panels were designed based on this theory and the results were verified
by further experiments. Xingyu et al. [59] developed analytical models based on the failure
modes (including shear macro-buckling, intracellular dimpling, face wrinkling, face fracture and
debonding) to investigate the in-plane compressive characteristics of all-composite honeycomb

sandwich columns. The experimental results agree well with the models.

The structure of corrugated cores is characterized by the formation of open channels in one
direction. Several studies on the mechanical properties of corrugated cores have been conducted
[60-62]. For example, C6té et al. [63] analyzed the out-of-plane compressive, transverse shear
and longitudinal shear responses of the corrugated cores and the results showed that this core was
conducive to the longitudinal shear strength but was weaker on compressionand transverse shear
performance than the square-honeycomb core. Rejab and Cantwell [64] investigated the failure
mode of axial compression in corrugated-core sandwich panels based on an aluminum alloy, a
glass fiber reinforced plastic and a carbon fiber reinforced plastic. Buckling of the cell walls was
found to be initial failure mode. Recently, several novel designs of corrugated core were
developed such as the hierarchical corrugated cores, two-way corrugated cores and integrated

woven corrugated cores [65-68].

Recent researches have shown the high mechanical properties/weight ratio of lattice structures
[69]. The lattice core can be designed in different geometric patterns depending on the load to be
carried (as shown in Figure 1.5). Fan et al. [70] manufactured a carbon fiber reinforced kagome
lattice sandwich panel and investigated its mechanical behaviors by out-of-plane compression, in-
plane compression and three-point bending. It showed that buckling and debonding were the
major failure modes of sandwich panels. Deshpande et al. [71] investigated the properties of the
octet-truss lattice material. The effective mechanical properties were obtained both
experimentally and theoretically and a good agreement was found between them. It showed that

the strength and stiffness of the octet-truss material compared favorably with the metallic foams.
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Douglas et al. [72] developed a pyramidal lattice structures with hollow metallic trusses and
explored the out-of-plane compression properties. The results indicated that the compressive
strength of a hollow lattice was approximately twice that of a similar lattice made with the solid

trusses.

10 mm

(@) (b) (©
Figure 1.5 Core structures of (a) octet-truss lattice [71], (b) pyramidal lattice truss [72] and (c)
Kagome lattice grid [70].

1.4 Optimization of sandwich structure with polymer foam core

The polymer foam core materials normally have low transverse shear resistance but can
provide high flexural stiffness and strength-to-weight ratio because of their larger thickness.
However, the weak interface between the face sheet and the core results in delamination, which is
also one of the main failure modes. Two major solutions have been proposed to improve the
properties of the interface. One is to use foam to fill the voids based on the structure of the
existing connection or reinforcement between the top and bottom skins (such as the lattice or
truss core) [73][74]. Another is the inserting of through-the-thickness reinforcement to link the

skins and foam, including the z-pinning, stitching and tufting.

1.4.1 Foamfilled sandwich structure

All sandwich composites with voids or channels in the core can be added by foam to enhance
the mechanical properties. Taghipoor et al. [73] studied the energy absorption and collapse
behaviors of a polyurethane foam-filled sandwich beam. It was obtained that the polyurethane
foam could increase the energy absorption of the sandwich beam by up to 80%. Sensen and
Hualin [74] filled pultruded sandwich panels with expanded polystyrene foamed concrete to
improve mechanical performances. The results showed that the shear modulus increased by 144

times and the flexural rigidity increased by 33 times. The flexural failure mode changed from
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core shear failure to skin fracture. Judawisastra et al. [75] developed a 3D weaving sandwich
composite with a foam core which was injected into the hollow core, and the fatigue performance
was mainly investigated. The mixed failure mode was observed instead of the pure core shear
failure in the 3-point bending test. A finite-element model was conducted by Vuure et al. [76] to
simulate the mechanical performance of a 3D woven sandwich with foam core (the structure is
shown in Figure 1.6a). And it presented an accurate prediction of flexural shear and flat
compressive behavior. Liu et al. [77] designed and manufactured a novel glass fiber reinforced
composite lattice sandwich panel (see Figure 1.6b). The core consisted of orthogonal corrugated
composites truss and foam cubes.

[ Face panel
Lattice
core
\
LY 3 B3 ]
S

impregnated skins

core (piles and foam)

Foam

Transverse fiber
Longitudinal fiber

(@) (b)
Figure 1.6 Schematic illustrations of (a) 3D woven sandwich composite with foam core [76] and

(b) sandwich panel with lattice foam core [77].

Furthermore, Fu et al. [78] have studied the mechanical behavior of hollow honeycomb core
and foam-filled honeycomb core (see Figure 1.7), where they obtained the foam had a positive

effect on load capacity but almost no influence on the bending stiffness.
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Figure 1.7 Paper honeycomb cores: (a) hollow core; (b) foam-filled core [78].
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1.4.2 Z-pinned sandwich structure

Z-pinning is a technique to insert reinforcements along the Z-direction of fiber reinforced
sandwich composites. As a through-the-thickness reinforcement technology, the pins most
commonly used can be divided into two types: metal rods and unidirectional fiber/polymer rods.
The latter can be manufactured using any type of fibrous tow with high mechanical properties
(e.g. carbon/aramid) [79-82]. Typically, these fibers are impregnated with liquid polymer and
then cured and inserted into composites. Z-pins can be fabricated into cylinders, rectangular rods

or other suitable shapes conducive to the process and properties [83].

The most common method for inserting z-pins is using ultrasonic. During this process, an
ultrasonic gun compresses the foam which encases the z-pins and forces the pins from foam into
the material. The pins are pre-distributed evenly in the foam at a specific density. The high-
frequency vibrations of the pins can heat and soften the resin and thus, the pins are introduced

into the preform. Finally, remove the excess z-pins that remained into the foam (see Figure 1.8).

. Stage 1: Z-pin foam carrier on uncured
laminate preform ready for UAZ process

Ultrasonic tool
\”J
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Stage 3: Reinforcement of laminate '

complete.
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Stage 2: Foam carrier collapses
allowing z-pins to penetrate the
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Stage 4: Excess z-pin remaining in foam
carrier is sheared away.
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(d) RREEEERRRE |j HHHHH”HI” “H} i

Stage 5: Laminate

(e) PELERLEEER R

Figure 1.8 Schematic of the z-pin insertion process [84].
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Z-pins can be arranged into a sandwich composite in the perpendicular direction to the
thickness or at an inclined angle. The z-pins inclined at 45° can significantly provide high shear
resistance. The former includes the pins inserted in the face sheet of the sandwich, which can
enhance the interfacial properties. While the pins in the latter are flush with the interface between

the foam core and the face sheet (see Figure 1.9).

.ri'"r.
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Figure 1.9 Cross-sectional views of X-cor and K-cor [85].

There have been extensive works indicating that Z-pinning dramatically improves the
resistance to delamination. Andrea et al. [86] investigated the out-of-plane tension, shear and
compression properties of novel X-Cor and K-Cor flat sandwich panels. The novel Z-pinned
cores were found to exhibit higher specific stiffness than conventional sandwich cores. The main
failure modes were pin pull-out (in X-Cor), pin end debond (K-Cor). Tao et al. [87] developed a
micromechanics-based model to predict the plastic collapse strength of pin-reinforced sandwich
beam under 3-point bending. The results demonstrated that the weaker the foam is, the better the
optimizing effect of the pin-reinforced foam core is. Xu Dan et al. [88] proposed a model to
simulate the types and propagation path of the failure and the failure mechanisms of X-cor
sandwich under shear loading. The finite element analysis showed the resin regions failed firstly
and then followed with Z-pin pull-out, Z-pin shear off and Z-pin buckling. The error range
between the model results and experimental results was -10.4%~7.4%. J. Hao et al. [89]

investigated the effects of Z-pin inserting angle, inserting density and inserting direction on
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compression and shear properties. Results showed that the compression properties were improved
by the increase of Z-pin inserting angle and density. On the contrary, the shear properties
decreased. Virakthi et al. [90] compared various models to estimate the out-of-plane compressive
stiffness and strengths of sandwich panels with K-Cor core. The first model captured the
dependence of pin angle, cell spacing and core thickness on compressive stiffness and strength.
The second was a finite element model that did not incorporate pin-facesheet interactions. Model
3 incorporated the effect of pin-facesheet interactions on the specimen compressive modulus,

which turned out to match reasonably well with experimental values.

The flatwise compression and flexural behaviors of foam core sandwich and polymer pin-
reinforced foam core sandwich panels were experimentally explored by Abdi et al. [91]. It was
found that the flatwise compression and flexural properties of sandwich panels were enhanced
significantly by adding the polymer pins. There are plenty of other studies on the flatwise
compression properties of sandwich composites with z-pins perpendicular to thickness [92-98].
This property is sensitive to the volume fraction of z-pin [96]. Virtually all the results presented
that the z-pins can offer an obvious improvement on the compression performance. In addition to
the angle and volume content, the improvement can also be controlled by the material type and
diameter of the z-pins.

Many studies showed that z-pins are also conducive to improving the shear and bending
performance of sandwich composites [99-101]. Long et al. [102] investigated the influence of the
orientation of z-pins on the core shear properties. The z-pins were aligned along or opposite to
the shear loading direction. Experimental results indicated that these two kinds of pins had almost
the same effect on the shear properties. Then they studied the effects of pinning density on the
load—indentation response and the resulting damage modes [103]. It showed that the effect of the
inclination angle of pins was not obvious compared with that of Z-pinning density. And the

structure failed mainly because of the pin buckling (see Figure 1.10).
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Figure 1.10 Comparison of load/normalized displacement curves for (a) different Z-pinning
densities and (b) different Z-pin inclination angle [103].

Vaidya et al. [104] reinforced the sandwich constructions by way of three-dimensional Z-pins
embedded into foam, honeycomb cells filled with foam. The results validated that z-pin
reinforcement of the core suppressed core crushed effectively under the high strain rate impact
loading. Mouritz [105] reviewed the recent researches about z-pinned sandwich composites. The
progress of z-pins influence on the impact damage resistance and in-plane mechanical properties

of sandwich composites materials were summarized.

1.4.3 Stitched sandwich structure

The stitching process introduces the thread with high performance (such as carbon, glass and
Kevlar) through the thickness of a dry preform by a sewing machine. It can provide a significant
improvement in interlaminar fracture toughness, fatigue resistance and impact resistance [106—

108]. Common stitching methods include the modified lock stitch, lock stitch, and chain stitch (as

1] [

=== =5]
Figure 1.11 Schematics of (a) chain stitch (b) lock stitch (c) modified lock stitch [106].
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During the process, a dual-threading system (bobbin & needle threads) makes the seam by
forming loops and knots through laminates (shown in Figure 1.12) [109]. Stitches are periodically
spaced and characterized by the stitch pitch P (distance between two adjacent stitches along the
same stitch seam and the stitch spacing) and spacing S (distance between two adjacent seams of
stitching) [110].

pou ‘ Spacing, s \ Neadie
thread
y
Pitch, p
~
-
Bobbin -
thread 3
Stitch
Preforms
knot

Figure 1.12 Modified-lock stitching process [111].

A large number of works have been done to enhance the foam cores by stitching process.
Daniel et al. [112] performed single cantilevered beam tests to characterize the facesheet-core
debonding within the stitched sandwich composites, and also adopted a discrete cohesive zone
modeling approach to simulate the separation of the facesheet from the core. Good agreement
between prediction and experimental measurements was obtained. Kim et al. [113] investigated
the static and fatigue characteristics of polyurethane foam-cored sandwich structures. The results
showed that the bending strength of the stitched specimen was increased by 50% compared to the
non-stitched sandwich. Multi mechanical tests were conducted to characterize the behavior of
stitched foam core sandwich under bending, compression, core shear and impact conditions
[114][115]. AIll the results showed the same conclusion: stitching of sandwich panels
significantly increases the maximum failure loads. Raju et al. [116] investigated the energy

absorption characteristics of sandwich panels with through-the-thickness stitches under edgewise
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compression. The results indicated that the average sustained crush load increases with reduced

stitch row spacing.

Lascoup et al. [117] studied the influence of the macro-structural parameters of the stitches
(step and angle) on the mechanical behavior of the sandwich structure. By comparing with the
sandwich without stitches, it was found that the gain brought by the stitches was obvious for the
moduli and maximum stresses of core shear, flatwise compression and 4-point bending tests (as
shown in Figure 1.13). However, many stitches also increased the weight of the sandwich and a
compromise between the mechanical performance and the mass must be found. Another similar
work about the investigation of flexural properties of stitched sandwich composites was
conducted by Potluri et al. [118]. Different series of sandwich panels were fabricated by
modifying the stitch density and stitch orientation (orthogonal and bias). It showed that the
bending stiffness and strength increased with bias stitching and slightly reduced with orthogonal
stitching. They also compared the effect of stitch thread on debonding resistance by quasi-static
indentation tests. It was obtained that the orthogonal stitches were better than bias stitches in
preventing the debonding and debonding area decreased with an increase in stitch density. The
researchers further advanced their work on the bending characterization of sandwich structures
with stitches in 2008 [119]. An original model was proposed to predict the elastic in-plane
behavior of such stitched sandwich structures. The results determined the optimal angle and step
combination. After 4 years, a model to represent the performances of these structures under out-

of-plane shearing and compressive stress was developed [120].

Another novel model to calculate the flexural rigidity of stitched foam-core sandwich structure
was proposed by Peiyan et al [121]. Several stitched foam core sandwich beam specimens with
different stitching densities were employed in the three-point bending tests. The results showed
that bending strength increased with the increase of stitching density, but the flexural rigidity

decreased (shown in Table 1.3).
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Figure 1.13 Typical results of (a) bending test, (b) flatwise compression and (c) core shear test

[117].

Table 1.3 Mechanical properties of stitched foam-core sandwich structure [121].

Stitching Failure load Flexural rigidity Shear rigidity
density Ccov Ave. Ccov Cov
Ave. (N) ) Ave. (N)
(mm) (%) (N mn) (%) (%)
- 440.61 1.23 46,102,680 2.92 6889.4 4.45
5x5 1583.24 4.93 47,973,960 2.46 9277.2 5.73
6.5x6.5 1109.62 5.50 51,440,040 2.47 14950.6 2.29
8x8 869.19 2.14 52,411,590 2.26 16575.9 2.46
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The compression behavior of the integrated 3D composite sandwich structure was investigated
by Wu et al. [122]. The results showed that the out-of-plane compressive properties of the
integrated 3D composite sandwich structures were better than those of the traditional foam core
because the composite columns and the foam support each other. Sharma et al. [123] conducted
the edgewise compression (buckling) tests of unstitched and stitched sandwich specimens.

Ultimate load carrying capacity and failure modes were determined.

The studies about impact performances of stitched foam core sandwich composites were
conducted by many researchers. The impact damages of unstitched and stitched foam core
sandwich composites were compared and analyzed by Xia and Wu. Compare to the unstitched
samples, the damage angle of stitched samples increase by 48% [124]. Similar studies were
conducted by Santhanakrishnan et al. [125]. It was found that the introduction of stitches
improved the impact performance. Vaidya et al. [126] investigated the impact damages of
stitched sandwich cores with and without foams. The results showed that buckling of the cores
and the rupture of the face sheets mainly appeared in specimens without foam. The foam
increased the strength of the sandwich structure by preventing buckling of core piles. The low-
velocity impact performances of a stitched foam core sandwich composite were investigated
experimentally and numerically [127]. Potluri et al. [128] prepared stitched sandwich samples
with different stitching densities for impact tests. Results obtained showed that the failure loads

of skin and the stifiness of the sandwich panel increased with an increase in density.

1.4.4 Tufted sandwichstructure

Similar to the stitching, the tufting process can connect the reinforcement layers by inserting
the yarn through the thickness of the dry preform. The difference is that the thread carried by the
tufting needle is tension-free and it only needs to insert from one side of the preform. The tufting
technique is more economical and flexible because the tufting thread forms loops at the bottom of
the preform rather than knots as stitching (see Figure 1.14) [129].
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Figure 1.14 Schematic diagrams of (a) lock stitching thread, (b) tufting thread.

This technology was originally used in the production of carpets but is now being used
extensively in the field of composite materials [130]. As a process developed from stitching, the
principle and operation mechanism of tufting are similar to stitching. And the novelty is that the
tufting is one-side stitching and the thread inserted into the preform is tension-free. The thread
can be retained into preform by the friction between yarn and fabric or between yarn and foam.
Tufting is simple than stitching, but in another hand, the binding of layers is weaker because it
has no locks of thread at the bottom of the preform. The tufting thread through the thickness can

provide significant resistance against delamination. Gnaba et al. [109] presented an excellent
review of tufted reinforcement for composite.

Since tufting was developed late in these z-directional reinforcement technologies, most of the
current research was focused on laminates or dry preforms. Dell Anno et al. published a series of

papers on tufted composites, involving design, manufacturing process and characterization of
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their mechanical properties. They firstly investigated the mechanical performance of carbon fiber
reinforced composite tufted with glass fiber thread by tensile test, compression-after-impact tests
and double-cantilever beam test. The benefits of tensile strength and the delamination crack
growth resistance brought by the glass thread were validated [131]. Then a practical guideline
was provided for the manufacture of tufted composite parts. They analyzed the effects of the
process parameters on the preform fiber architecture and on the mesostructure of the reinforced
component such as the equipment configuration and setup, latest advances in tooling, thread
selection, preform supporting systems and choice of ancillary materials [130]. Subsequent studies
concentrated on the delamination resistance and mechanism of composite [132—-134]. And they
also continued to improve the tufting process [135]. More research on anti-delamination of
tufting was also available in the works of Pappas et al., they first studied the effect of tuft
geometry or tufting pattern on Mode | interlaminar fracture in a glass fiber reinforced composite
[136], and then developed a model based on experimental results [137]. Both model values and
experimental results indicated that tuft’s failure mechanism is strongly affected by the tufting
pattern. Besides, the Mode Il fracture of the tufted composite was also explored and analyzed by
some researchers [138][139]. Other basic mechanical tests such as in-plane tensile [140],
compression [141], and bending [142] and impact test [143][144] have also been conducted and
investigated. The tensile properties of tufting thread were studied in the works of Hui [145] and
Liu [146]. The former focused on the effect of tufting density on the dry tufting threads
degradation and the latter investigated the influence of the tuft length on the tensile performance
of tufting threads through the thickness of composites. The formability of the tufted preforms is
important to the manufacturing process. Some words have been performed to study the out-of-
plane deformability of tufted preforms by stamping test. The effects of tufting thread orientations,
superposing layup orientations [147] and tufting pattern [148][149] were respectively analyzed.

Given the significant improvement in delamination identified in all studies, tufting has also
been used in recent years to reinforce the foam-core sandwich structure. In terms of the
mechanical properties of the tufted sandwich composite, several studies have been carried out to
characterize the mechanical performance. Henao et al. [150] focused on the influence of tufting
thread on compression and bending properties of sandwich structures. The sandwich panels with
carbon fiber reinforcement and E-glass fiber reinforcement were respectively tested. The

experimental results showed that the improvement of edgewise compression strength is modest,
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while the increase of 3-point bending strength is significant (see Figure 1.15). Hartley et al. [151]
[154][155] studied the effect of tufting density and loop length on the crushing behavior of tufted
sandwich composite. An increase of the crushing performance by 25% brought by the tufts was
observed. Nevertheless, the loop size appeared to have a negligible effect on the loading response.
A new test method was proposed and developed to test the contribution of the tuft drift
mechanism observed under crushing loads. It showed that the load increased with increasing
numbers of tufts. Icardi et al. [152] adopted a hierarchic model to study the influence of stitches
and tufts on stress and displacement fields. Numerical results showed that the insertion of thread
through the thickness of the sandwich can considerably reduce the transverse shear stress as well
as the transverse displacements. Blok et al. [153] improved the in-plane crushing response of
sandwich structures by adding aramid tufting thread. It can be obtained that tufting improved the
specific energy absorption from 11.5 kJ/kg to 20.5 kJ/kg and the crushing force efficiency from
0.22 to 0.55.
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Figure 1.15 Load/displacement curves of tufted and non-tufted polyurethane-core sandwich
panels with (a) carbon fiber reinforcement and (b) E-glass fiber reinforcement under 3-point
bending [150].

1.5 Resin infusion process

Liguid Composite Molding (LCM) has been significantly developed such as the Resin Transfer
Molding (RTM), Vacuum Assisted RTM (VARTM), Resin Film Infusion (RFI), and Liquid
Resin Infusion (LRI). These technologies have been widely employed in advanced fields of
automotive, aeronautics, shipbuilding and wind power generators [156]. The LCM process is a
two-step process in general. First, the resin is injected and fills the stack of the preform, then

transforms the resin from liquid state to the solid state.
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Resin transfer molding (RTM) is a closed-mold process developed in the 1990s [157]. The
mold is usually fabricated by rigid metal and the preform is placed into it. The resin is then
injected into the dry fibrous preform and cured. This process allows the obtained composite parts
to have complex shapes and smooth surfaces. And the volume fractions of resin and fiber are well
controlled. Whereas the matched metal molds increase the cost. VARTM is developed based on
the RTM. Different from RTM, resin flow is introduced into a fiber layup by a vacuum, which is
more cost-effective and facilitates the manufacture of large size parts. However, the vacuum bag

only allows the molded part to have one smooth side.
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Figure 1.16 Schematics of process (a) RTM [158], (b) VARTM [159], (c) RFI [160] and (d) LRI.

The principle of the RFI process is presented in Figure 1.13c [160-162]. The preform is placed
onto a layer of solid resin. And a metal plate is placed on the stacking layers to ensure a flat upper
surface of the final part. Various non-stick plastic films are used to isolate the composite from the
equipment and in particular to place it together on a vacuum. Then, with the application of the
temperature cycle by autoclave, the viscosity of the resin decreases. This drop in viscosity and the

action of the pressure cycle (vacuum pump) allow the resin to infuse through the thickness of the
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preform. A thermo-hardening phase will be carried out by the temperature and pressure cycle

after filling with the resin.

Unlike RFI, the LRI uses liquid resin rather than a solid resin film. During the process, a dry
preform is placed inside a vacuum bag and then the liquid resin enters into the preform by
vacuum (see Figure 1.13d). This process has low cost and high production efficiency because of
its straightforward technique [163]. Setting parameters of LRI is related to the preform size and
request fiber volume fraction. And the mechanical characterization of composite parts fabricated
by LRI has been investigated [164—166].

1.6 Conclusion

Sandwich structure composites with two composite skins and a low-density core are widely
used in aerospace, automobile, building and consumer industries due to their excellent
mechanical properties, such as superior bending stiffness, low weight, outstanding thermal
insulation and acoustic damping. The primary drawbacks of the traditional polymer foam core,
however, are the delamination and its weak mechanical properties. In decades, several
innovations have been advanced to overcome the shortcoming of delamination. The major
method involves the insertion of through-the-thickness reinforcement in a sandwich structure

such as z-pin, stitching and tufting.

This study focuses mainly on the tufted sandwich composite because of the low cost, high
efficiency and fewer limits than others. Developed from stitching, tufting also calls for an
introduction of yarn into the sandwich preform. The difference, however, is that tufting is similar
to one-sided stitching in that the tufting thread is not locked by a second thread after passing
through the preform. Therefore it needs to be fixed by friction between the thread and the
preform or between the thread and the support foam, and the selection of thread and needle is
more stringent.

Nevertheless, the low mechanical properties of foam core have rarely solutions presently. In
this study, a new sandwich structure design is proposed and realized by adding a nonwoven core,
which aims to improve the mechanical performance of foam core and limit the increase of weight

meanwhile. The density and mechanical properties of nonwovens are intermediate between those

C centralelille
30/125



of fabrics and foams, making it advantageous to find a compromise between improved

mechanical properties and weight reduction.

This sandwich structure was firstly applied in the carbon fiber reinforced sandwich and the
manufacturing process is introduced in the following chapters. And the mechanical behavior
under different loadings is investigated and discussed in chapter 3. To validate the feasibility and
further optimize the structure, the effects of nonwoven, tufting thread and foam are respectively
analyzed.

With increasingly stringent environmental requirements, flax fiber-reinforced sandwich
composites are more and more used in transport and construction fields due to the high
mechanical properties of the natural fibers. To develop a green sandwich composite with the
novel sandwich structure, the flax fiber reinforcement and bio-based epoxy resin are selected.
Afterward, the analysis of its mechanical behavior under core shear load and 3-point bending

load was focused.
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CHAPTER 2. MANUFACTURING
PROCESS OF A TUFTED
SANDWICH COMPOSITE WITH
NONWOVEN CORE
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2.1 Introduction

The conventional sandwich structure has only fiber reinforcement in X/Y directions, which
leads to the delamination between the layers. In recent years, the tufting process has been
increasingly adopted to insert the reinforcement in the Z-axial direction because of its high
efficiency and low cost [1-3]. During the tufting process, a layered preform was placed on
support foam which can guarantee the needle to puncture thoroughly the thickness. Then the
thread forms loops and is left by the friction between fiber and foam when the needle retracts.
Some different tufting equipment were invented and designed to realize the process [4][5]. The
tufting machine in this work (as shown in Figure 2.1) consists of 4 function modules: the tufting
system, the feeding system, the presser foot and the frame. The tufting system includes a needle
connected to a pneumatic cylinder which allows the penetration of the preform at a given height
and angle. The feeding device supplies the tufting thread stably with a certain length and pre-
tension. The presser foot is also linked with a pneumatic jack to fix the preform when the needle
penetrates. Thus the layers can be tightened and provide friction to remain the tufting thread. The
pressure of the tufting needle and presser foot can be modified according to the different types of
the preform and tufting yarn. The optimum needle inserting and retreating speed for our
experiments is 60 mm/s and the maximum needle stroke is 50 mm. Other initial setup and more
details of this automated tufting machine such as the codes of the application have been presented
in previous publications [1]. Except the constant parameters, the relevant variable parameters are

introduced in the following contents.

. —
| Tuftlng ] Presser foot ‘\‘
needle I= ;

Tufting system

Figure 2.1 Tufting machine and its function modules.
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After the tufting process, the dry sandwich preform was impregnated with resin to manufacture
the final composite panel. The tufted sandwich composite part was lightweight and had the
through-the-thickness reinforcement to prevent delamination. However, some foam is not
environmentally friendly and have poor mechanical properties, which may cause pollution and
limit their applications. This section details development and improvements in the tufting process,
which were made in the course of this work, along with identified critical parameters for high-
quality tufting. A summary of required auxiliary materials and equipment for the tufting process

is given.

2.2 Design of the tufted sandwich structure with nonwoven core

The novelty of tufted sandwich composite specimens in this work is the use of nonwoven
fabric to replace part or all of the foam (as shown in Figure 2.2). The objective is to improve the
low mechanical properties of pure foam. Moreover, the nonwoven mat can provide a larger
thickness than normal woven tissue because of its low density. The non-woven layer is
impregnated with resin and finally formed a fiber-reinforced composite layer, which is located in
the middle of the sandwich structure. This composite layer can increase the structural stiffness
and prevent the crack from expanding along the thickness direction when cracks occur in the
foam, avoiding structural failure due to core fracture through the entire thickness. This expected
effect will be discussed in Chapters 3 and 4. Two series of the sandwich composite were designed
and manufactured: the carbon fiber reinforced sandwich composite and the flax fiber-reinforced
sandwich composite. The latter is eco-friendly and less expensive. Tufting threads are made of

the same fibers as the fabric reinforcement.

The structure in Figure 2.2 consists of three principal parts: the carbon fabric skin, the carbon
non-woven core and the carbon fiber tufting yarns in Z-axial direction. The resin was also
enriched around the tufting threads to form thread/resin composite columns. This carbon-
reinforced sandwich composite preliminarily determines the feasibility of replacing the foam core

with nonwoven fabric.
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Figure 2.2 Carbon fiber tufted sandwich composite with a non-woven core.

2.3 Parameters of tufting process

Tufting process can effectively enhance the shear and delamination resistance. The profit is
related to the status and properties of the tufting thread which can be controlled by various
parameters, such as the areal tufting density, the tufting loop length, the diameter of the tufting
thread and the needle size. These parameters directly affect the structure, thickness and porosity
of dry preform which affect the following infusion process. Accordingly, when the conditions
permit, in addition to the influence of various parameters on the mechanical properties of

composites, the interaction between the process parameters should also be considered.

2.3.1 Selectionoftufting thread and preform layups

2.3.1.1 Tufting thread
The influence of tufting thread on the mechanical performance of sandwich panels is

investigated in the following chapter by comparing the sandwich tufted with and without thread.

The improved mechanical performance of a tufted sandwich depends in large part on the
properties of the tufting thread itself. Moreover, the tufting thread has to be selected to meet the
requirements of the tufting process (e.g. with high tensile strength, suitable diameter, etc.).
Commonly tufted yarns include carbon fiber, glass fiber and other high strength and high
modulus chemical fiber yarns, but as environmental requirements become more stringent, some
natural fibers with good tensile properties (e.g. flax fiber) are also considered as suitable

alternatives (see Figure 2.3).
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Carbon fiber thread

Figure 2.3 Different tufting threads used in this work.

The brittle nature of the carbon fiber makes the carbon thread susceptible to local splitting
under severe bending especially if used in closely packed layups (see Figure 2.4). This damage
leads to complete failure of the tufting thread and has detrimental effects on the mechanical
performance of the tufting thread. After several testing, the carbon fiber yarn with linear density
2x67 Tex performs the highest in the tufting process, it is protected and presents almost no
complete breakage due to its special reverse twist and a slight PU coating. The yarn without the
coating often breaks during the process because of the large friction. Therefore, this yarn is
adopted as the tufting yarn in the preparation of carbon fiber reinforced sandwich composite. In
the selection of the thread, a compromise must be found between suitability for the tufting
process and mechanical properties. For the same reason, the selection of flax tufting thread is
shown in Table 2.1. However, though the tufting process is guaranteed to run smoothly, it is still

challenging to avoid the loss of mechanical properties of the yarn with the existing machines [6].

Tufting direction Tufting

dle
I nee

Severe bending
of tufting
thread

Figure 2.4 Sever bending thread during tufting process.
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Table 2.1 Properties of tufting threads.

Tufting thread Linear density Tensile strength (MPa)  Tensile modulus (GPa)

(Tex)
Carbon fiber 2%x67 1585.07 41.23
Flax fiber 500 204.33 423

2.3.1.2 Sandwich preform layups

Both carbon twill fabrics (warp and weft yarn count 3.5x3.5/cnm?, 400 Tex) and plain flax plain
fabrics (warp and weft yarn count 20x20/cr?, Ne:17S) appear to be perfectly suitable for tufting
of preforms between 3 and 10 mm thickness with little resistance to the needle penetration. Their
pick counts and yarn density can provide enough voids between the yarns of both two fabrics to
ensure the smooth puncture of needle and also to avoid the rupture of tufting thread caused by
large friction. This is related to the porosity of the fabric. The greater the warp and weft density,
the thicker the yarn, the tighter its structure and the higher its mechanical properties, but it is not
conducive to tufting needle for puncture. The damage of texture brought by needle penetration is
less and thus the loss of mechanical properties is smaller. On the contrary, the textile with smaller
warp and weft densities and thinner yarn can remain the basic shape and structure during the
process which maximizes the retention of the mechanical properties. Considering this
contradiction, the tufting process should be ensured as a priority and therefore the woven fabrics
in Table 2.2 are chosen. In the beginning, the nonwoven is designed to replace the foam and
therefore it should have a low density. However, after the experiments in Chapter 3, it is found
that a smaller density implies that the looser its structure and the higher the porosity, the more the
preforms are compressed in the thickness direction during both tufting and LRI processes,
resulting in its inability to provide sufficient thickness. Consequently, nonwoven fabric with a
higher density is selected for the preparation of the flax fiber-reinforced sandwich structure (as
shown in Table 2.2).

Table 2.2 Basic parameters of textile layups.

Layup (dry textiles) Fiber Area density (g/m’)  Young’s modulus (MPa)
Weaving fabric (Twill 2x2) Carbon 285 25.7x10°
Nonwoven 210 20.5x10°
Weaving fabric (Plain) Flax 189 98.42
Nonwoven 354 23.45
Foam (in Chapter 3) Polystyrene 138 16.00
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In the next chapter, a hollow sandwich structure with only tufting thread/resin columns in the
core is fabricated. The preform core layups of this structure are foam layers that are dissolved by

acetone after LRI (see Figure 2.5).

Figure 2.5 Removal of foam for hollow sandwich structure manufacture.

To avoid errors caused by external conditions (e.g. storage temperature, type of testing
machine, etc.), the mechanical properties of all the above materials were measured at room

temperature by our laboratory's MTS machine.

2.3.2 Tufting density

Tufting density is defined as the total number of tufting points per unit area of the preform. It
depends on the tufting pattern and the space between tufting points. The former has been studied
by several researchers and it shows that the tufting pattern has an impact on the formability [7]
and the permeability values [8] of the tufted preform. Since the specimens used for testing in this
study are all rectangular specimens, the tufting pattern is selected as a multi-row linear
arrangement (as shown in Figure 2.6a). The tufting pattern can be drawn in advance by
Solidworks and then converted to Python code and input the control program of the tufting
machine. The program determines the position of tufting points according to Cartesian
coordinates, thus the preform is fixed in a specific position: its length and width are oriented

parallel to the x and y axes.
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Figure 2.6 Schematics of the (a) multi-row pattern and (b) circle spiral pattern [9].

In general, the spacing of any two adjacent tufting points in both length and width direction is
set to be constant to ensure that the tufting thread is uniformly distributed in the preform, its unit
cell is basic (see Figure 2.7a). However, occasionally the spacing is not the same due to preform
dimension or other requirements; its unit-cell structure needs to contain at least one repeatable
structure (see Figure 2.7b). Some works showed that a high tufting density can effectively
improve the mechanical properties of a tufted sample [10-14]. Whereas, on the other hand, the
tufting thread damages the original texture of the fabric reinforcement layer. The higher the
tufting density, the more holes punctured on the layers by the tufting needle and the greater the
resulting loss of mechanical properties of the fabric layers. Tufting thread has both advantages
and disadvantages. Besides, the increase in tufting thread leads to an increase in the mass of the
sample because the resin fills the holes left after the preform is tufted. Consequently, a
compromise between the mechanical properties of layers and the weight of the sample must be
found. The tufting density is also limited by the tufting needle diameter. The minimum tufting
spacing for a needle diameter of 2 mm is tested to be 3 mm. Despite all measures introduced to
increase the accuracy of tuft insertion, it was found that the rotation of the tufting needle caused
an offset of tufts, especially for small tuft spacing. Therefore, it is better not to set the tufting
density as the minimum value. All the tufting spacing chosen in this work is greater than 3 mm.

The effect of tufting density is discussed in chapter 4.
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Figure 2.7 Structures of preforms with (a) constant spacing between tufting points and (b)

different tufting spacing.

2.3.3 Tufting needle size

An important element of successful tuft insertion is the tufting needle. Commonly used tufting
needles are divided into two categories, one is a full needle with a small hole near the tip for the
tufting thread to pass through, and the other is a hollow needle with the tufting thread passing
through the hollow cavity (see Figure 2.8). The latter is suitable for some brittle tufting threads
with small diameters such as carbon fiber yarn to avoid breaking. As the needle isolates the

tufting threads and layups during the penetration, the contact between them is reduced, thus
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diminishing excessive friction. Hence, the hollow needle was selected for the flax fiber thread.

This minimizes the degradation and mechanical damage of the tufting thread.

(@) (b)
Figure 2.8 (a) Solid tufting needle and (b) hollow tufting needle.

The needle diameter limits the maximum linear density of the tufting thread. In general, the
diameter of the thread should be smaller than the inner diameter of the hollow needle. In addition
to this, the matching of tufting needles and tufting threads is also related to the roughness of the
thread. Other parameters being equal, a rougher thread requires a larger inner-diameter hollow
needle to avoid much abrasion.

The selection of the tufting needle size is also related to the thickness of the sandwich preform,
texture and material of the textile layups. The preforms are too thick, the structure is too dense,
and the porosity is low, all of which can cause the tufting needles with a small diameter to bend

or be broken.

Some holes are formed through the thickness of the preform by needle puncture, and these
holes will be filled with liquid resin during the resin infusion process, eventually forming solid
resin columns (see Figure 2.9) with a similar shape to the holes. Resin columns of different
shapes and sizes exhibit different mechanical properties under the same load. This is related to
the size of the tufting needles, as well as the properties of reinforcement materials in the dry
preforms. A tufting needle with a large diameter will cause greater damage to the layup structure

because of forming the holes, and also make the tufting thread lean or bend in the holes. The
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needle diameter too small will lead to greater friction between thread and needle, increasing the
degradation and breaking risk of thread, which is not conducive to tufting stability (e.g. the
needle with an inner diameter less than 1 mm is too small for 500 Tex flax yarn). Hence, it is
essential to select the suitable tufting needle according to the fineness and material of the tufting
thread. Taking all the above factors into consideration, the diameter of the selected needle is 2
mm for the tufting process of this study.

A tufted sandwich composite

-

b '..9 : - >.'-' IS '.-“":. A
< : <
Tufting thlead s

e t‘%*’
Nonwoven
v ¥ e
¥ Foam

'@:’.

Resin column

Figure 2.9 Resin column formed during LRI.

2.3.4 Preform fixation and support foam

Due to the lack of locking in the thickness direction, slippage may occur between the layers
during the tufting process. Therefore, before starting tufting, 1 or 2 tufting circles (depending on
the size of preform) are made around all four sides of the preform so that each layer can be

locked in that location (as shown in Figure 2.10).
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The presser foot compresses during needle penetration and extraction, increasing the pressure
of the foot base onto the preform. This allows two functions: on one hand, the presser foot
compresses the preform close to its net-shape thickness (the thickness after vacuuming during
LRI). This is essential because the low compaction of the sandwich preform during the tufting
process can result in winding tufting thread when compressed during LRI (as shown in Figure
2.9). On the other hand, the presser foot prevents the unexpected extraction of previous tuft loops

during insertion of the next tufting loop by fixing the thread on the top surface of the preform.

Tufting thread to fix position
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Figure 2.10 Schematic of the tufting thread for position fixing.

After several tufting rows, the fabric compaction by presser foot and then a lock of thickness
by tufting thread were found to cause uneven thicknesses of the preform, especially nonwoven
has a significant bulkiness which results in a large space for compression (see Figure 2.11).
Hence, the surface between the tufted area and non-tufted area is no longer plat and this
pronounced slope causes the final tufted thread to be unevenly aligned on the surface. In other
words, the tufting space is partially changed. To inhibit the change of thickness, a heavy metal

block is placed on the surface of the non-tufted area to play the role of the presser.

( centralelille
53/125



Dispalcement
direction

Non-tufted area

Preform :
~ : Compressed and
! tufted area

SazssssssssssssEsasy

Figure 2.11 Compaction of preform during tufting process.

The foam support under the sandwich preform has to withstand the applied pressure of the
presser foot and penetrating needle, and has to allow the needle to pass beyond the bottom
surface of the preform. In literature, several support materials have been considered such as metal
support [15] and stiff wooden support [16] with local grooves along the tuft path, support
consisting of closely spaced standing plastic tubes (similar to a brush) [17] and closed-cell foam
or rubber layers [18][19].

In this work, polymer foam is adopted as the support material due to its low cost and the fact
that it can enhance significantly the uniformity of the inserted tuft loops [16]. Repeated use of
several tufting cycles reduces the amount of necessary auxiliary materials for the tufting process
(as seen in Figure 2.12). The foam needs to be selected according to the pressure force, needle
type and the tufting thread, which are all designed to allow the tufting needle to pass totally
through the preform and leave tufting loops in the foam. Therefore, comprehensive consideration
of foam stiffness, low resistance to the penetrating needle and enhancement of the frictional

contact to the tufting thread is required.

A large number
of Holes formed

Figure 2.12 Reused foam support.
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When the tufting needle penetrates, the yarn in the bottom skin fabric is drawn out (see Figure
2.13a). This damage weakened the mechanical properties of the weaving skin. Hence a plastic
film was needed between the preform and support foam to prevent the fabric texture from being
damaged. The sandwich preforms need to be removed manually after the tufting operation. Since
the process has no conventional interlocking between thread loops, the pull-out of tufts should be
avoided. The plastic film also facilitates distortion-free separation of preform and foam after the
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Figure 2.13 (a) Damaged texture and (b) protected texture of bottom skin woven fabric.

2.3.5 Other parameters

Other common parameters are the tufting length and tufting angle. For a preform completely
penetrated through the thickness by the tufting thread, the tufting length can be divided into two
parts: the length of thread into the preform and the loop length (see Figure 2.14). Given the
current tufting machine and needle design, the maximum needle stroke is limited to 50 mm. The
penetration depth can be varied by adjusting the height of the needle rod concerning the presser
foot. Liu et al. studied the influence of tuft length on the characterizations of tufted composites
and indicated a minimum tufting length exists to ensure that the multilayered composite panel
can be well reinforced [20]. Due to the bending of the yarn and to avoid confusion between
tufting thread length and tufting length, the tufting length is also referred to as tufting depth,
which is related to the penetration depth of the tufting needle and not to the tufting thread.
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Figure 2.14 Schematic of tufting length.

Usually, the loops cause an increase in the thickness of the bottom skin of the sandwich due to
a larger length than the thread on the top skin surface (see Figure 2.15). A large number of thread
loops that are too concentrated can wrinkle the skin and cause errors when the skin tensile
modulus needs to be brought into the calculation. Also, the voids formed by the wrinkles are
filled in by resin during LRI, increasing the weight of the final part. According to the research of
Jamie et al. [13], the length of the tuft has a negligible effect on the mechanical performance with
no clear trend between loop size and the energy absorbed. Because of this, all loops are cut off
after tufting to obtain a flatter bottom skin surface. The tufting threads are loosened at the bottom
skin surface when the loops are removed, it is important to avoid tufting threads being pulled out
from the top skin surface.

Loops are cut off

/ Bottom skin of sandwich

Tutfing thread loop

-
- ~—
e ——————

Figure 2.15 Removal of tufting loops before LRI.
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Tufting angle is defined as the angle between the tufting needle and the normal of the preform
top surface (shown in Figure 2.16). Variation of tufting angle will have different effects on the
shear, bending, and compression properties of the material [21]. These two parameters are set
constants in the study (Tufting depth 25 mm and tufting angle 0°).

Normal of top surface of preform

&,

Preform

™ Tufting thread

Figure 2.16 Schematic of tufting angle.

2.4 Liquid resin infusion process

The mechanical properties of the sandwich composite are strongly linked to the resin infusion
process adopted. As a technique conducive to manufacturing large or complex parts by flowing
liquid resin through the thickness of a fibrous reinforcement, the LRI process is particularly
suitable for small businesses and laboratories because of its low investment and basic procedure.
The resin used for carbon fiber reinforced sandwich composite is SR8200 epoxy resin and the
resin hardener is SD7203 (mixing ratio by weight is 100: 37) which comes out of SICOMIN. The
advantage of this product is that it contains the reactivity suitable for press contact lamination, or
small parts under vacuum, the curing rate is fast for laminates in an ambient temperature of 20 to
30 ° C. Bio based epoxy resin SR InfuGreen 810 and the hardener SD 8825.2 (mixing ratio 100:
22) from the same enterprise are selected for the flax fiber reinforced sandwich preform. The

mixing ratio by weight is 100: 22. The most valuable reason for ussing this resin is that it is
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produced with about 38 % of carbon from plant origin and has a lower environmental impact than

standard Epoxy systems.

The schematic of the LRI process is illustrated in the previous chapter (see Figure 1.13d). The
stacking preform is put on a plate metal mold and a layer of release film is inserted between them.
Then lay up another release film and a flow distribution mesh on the preform. Two tubes were
connected respectively to the pump and resin pots as the entrance of resin and the vent hole.
Finally, enclose all these materials in a vacuum bag. Seal up the entrance of resin and turn on the
pump to vacuum the bag, next open the resin tube (see Figure 2.17). Once the whole preform is
well wetted, the two tubes are closed and the preform is left in suitable curing conditions. The
curing conditions of the two resins are different. Preforms impregnated by the epoxy resin were
placed at temperature for at least 24h. And the bio resin needed to be heated to 80°C and left for 8
hours in a circulating oven.

Figure 2.17 Liquid resin infusion process.

The procedure has been validated adaptable for manufacturing composite parts with small and
medium size. Nevertheless, the problems appear during infusion according to the original LRI
process. Controlling the fiber volume fraction becomes more difficult as the absorption of resin
cannot be calculated in advance. Actually, if the amount of resin required is calculated in advance
based on the expected target fiber volume fraction, it is found that this amount of resin is too little
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to complete the infusion. Excessive resin is absorbed by the inserted nonwoven mat due to its
higher porosity. For one thing, since the resin penetrates from the top of the preform downward,
when the impregnation is incomplete, there are parts of the bottom that remain dry, which is not
accepted. For another, the resin can be introduced into the core layer from the four sides of the
preform, resulting in a large amount of resin absorption by the nonwoven and an increase in the

weight of the final composite part.

Not well-distributed resin is not conducive to both lightweight design and resin infusion quality.
To decrease the flow of resin into the nonwoven, a layer of foam is retained on each side of the
top and bottom of the nonwoven when designing the core architecture (as shown in Figure 2.2).
The resin can also be introduced into the nonwoven layer from the four sides of the preform,
resulting in a large amount of resin absorption. The solution is closing the four sides of the
preform by tape or other potential material which can isolate the resin. Thus the resin flow can
only enter the nonwoven mat through the channels formed by tufting. Excessive absorption of
resin is limited. To solve the incomplete resin impregnation at the bottom of the preform, another
flow distribution layer and a release film are inserted under the bottom skin of the preform to
accelerate the resin flow (see Figure 2.18). In this way, the liquid resin flows at the top and
bottom at the same time, which ensures the bonding between skin and core. By all the above
operations, the resin uptake in the intermediate position nonwoven is reduced while ensuring

complete resin impregnation.

Flow distribution
mesh

Close all four
} sides with tape

Release film

Release filme——

Flow distribution

Tufting thread mesh

Figure 2.18 Stacking order for LRI process.
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The carbon fiber reinforced sandwich specimens tufted with and without yarns are prepared
and compared to investigate the influence of tufting thread on mechanical behavior. Many holes
through-the-thickness formed by needle penetration facility the inflow of liquid resin. The resin
fills these holes and forms the thread/resin composite columns. Even without the presence of
tufting threads, the filled resin forms a pure resin column connecting the skins after curing (see
Figure 2.19). These through-the-thickness channels are essential for resin infusion, which will be

explained in the next chapter.

Pure resin column Thread/resin composite column

Figure 2.19 Different through-the-thickness reinforcement of sandwich specimens tufted with and

without yarn.

The volume of absorbed resin is associated with the fabric structure of preform and the
hygroscopicity of fibers themselves, which might lead to an inaccurate prediction. Since flax
fiber is hydrophilic, it will absorb more resin during infusion, which needs to be considered when
estimating its resin consumption [22]. Moreover, the moisture rate of flax fiber is sensitive to
environmental changes, so the preform needs to stand in constant temperature and humidity
conditions for at least 24h. Therefore, it is reasonable to prepare a slight excess of resin to avoid
incomplete impregnation of the preform. LRI has also shown other defects such as controlling the
thickness of the final piece and the poor resin impregnation caused by high void content [23-28].
The sandwich preform is compressed twice before resin infusion: the first is performed by the
presser foot of the tufting machine and the second time by evacuation. The thickness of the tufted

preform can be predicted by setting the same pressure for both, thus determining the quantity of
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each layup. However, this can only roughly control the sample thickness and cannot be predicted
accurately. Bubbles in the liquid resin can be reduced by resting them in a vacuum pot in advance.

This improves the quality of the final composite part and reduces the void defects within fit.

2.5 Ancillary adhesives

The core shear test requires that both sides of the sandwich specimen be bonded to two metal
plates. The adhesive is subjected to the same shear force as the specimen and to avoid sample
detachment, the adhesive needs to have high shear strength. The two-component epoxy adhesive
EC-9323 B/A, supplied by 3M, is adopted due to its extremely high shear and peel strength over
a wide temperature range once cured. It has excellent adhesion to a wide variety of substrates

such as metals, glass, ceramics and plastics.

White resin component B and red hardener component A are mixed ina weight ratio of 100:27
by weight, applied and cured for 2 hours at 65°C to achieve the full shear strength of 28 MPa, as
stated by the manufacturer. To achieve a uniform thickness of the adhesive layer, the two metal
plates are fixed by inserting the screws in the opposite holes. The test specimens could be
debonded easily from the metal plate with a metal blade after testing by heating the samples to
150°C for 20 minutes.

2.6 Conclusion

In this chapter, the process of manufacturing a tufted sandwich composite panel is presented in
detail. Among the several techniques for adding through-the-thickness reinforcement, tufting was
selected because of its low cost. The tufted sandwich preform was impregnated by the LRI
process. In addition to preformsize and fiber hygroscopicity, the amount of resin absorbed during
infusion depends also on the tufting needle diameter and tufting density. Too high of two
parameters can lead to increased voids inside and at the bottom of the preform, causing additional
resin absorption. These effects eventually feed back into the thickness and fiber volume fraction

of the final composite part, which influences its mechanical behavior.

The final sandwich composite part had three types of fiber reinforcement: the skin fabric, the
nonwoven core and the through-the-thickness thread. All of them formed a composite by being
impregnated with resin: composite skin, composite core and composite columns in Z direction.

The composite skin was thinand rigid and was mainly loaded in tension or compression. And the
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composite core was mainly loaded in compression and shear. The composite columns were
mainly subjected to shear and tensile loads. Hence both the nonwoven layer and the tufting thread
can improve the delamination under shear loading. It is essential to investigate the gains brought
from the nonwoven and tufting thread and also to optimize the sandwich structure, which is

presented in the following chapters.
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CHAPTER 3. TOWARDS LAMINATE
QUALITY AND MECHANICAL
PERFORMANCE OF TUTED
SANDWICH COMPOSITES WITH
CARBON FIBER NONWOVEN
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3.1 Introduction

Sandwich structure is widely employed in the design and manufacturing of composite
materials due to their high bending stiffness per weight ratio. However, due to the weakness of
the core material, the sandwich composite presents low mechanical properties in the through-the-

thickness (TT) direction, such as poor impact damage resistance and strength [1].

As presented in Chapter 2, delamination is the major problem sandwich construction and
tufting process is adopted to insert TT reinforcement for sandwich manufacturing. This chapter is
dedicated to the influence of different core structures on the mechanical properties of tufted
sandwich composites, especially the effect of nonwoven layers and tufting thread. Various
studies have been carried out on the damage and failure behavior of composite sandwich panels.
One of the most recognized researches of 3D sandwich structures is developed by Reis and
Rizkalla, who summarized the findings of an experimental program to determine various
parameters believed to affect the material characteristics [2]. Che et al. compared the
compression performance of an octahedral stitched sandwich composite with the sandwich
having cellular core materials [3]. The mechanical properties of foam core with perforation and
stitching are investigated by Yalkin et al. [4], and they found that newly proposed stitched core
specimens with relatively insignificant weight increase have superior mechanical performances
than plain core specimens. Xi Tao et al. [5] quantified the effect of structural through-thickness
reinforcement in foam core sandwich composite panels. Sharma et al. [6] investigated the
characteristics of the specimens with through-thickness stitches and the influence of strain rate on
buckling. The influence of the panel thickness, TT fiber configuration and density, and other
parameters on the tension, compression, and flexion and shear behavior are studied by Long et al.
[7]. Nishi et al. [8] investigate the Charpy impact property of sandwiches with polycarbonate core.
Srivastava analyzed the impact behaviors of sandwiches with foam core and E-glass fiber face
sheets by Charpy impact test, 1zod impact test, and weight drop test [9]. The foam core with

stitching or z-pin is characterized and corresponding models are created [4,10-12].

The present study aims to determine the feasibility of inserting the polystyrene foam core with
nonwoven material in the tufting and LRI (liquid resin infusion) process. Although foam cores
with stitches or z-pin reinforcement have been investigated in the other works [3,4,7,10,11,13],

they do not involve the core composed with different layers, which meant additional processing
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and characterization. Thus, an experimental investigation is conducted under different loadings to
study the influence on mechanical performances of sandwich panels caused by these tufting

threads and the non-woven core.
3.2 Materials and methods

3.2.1 Manufacturing of tufted sandwich composite samples

Figure 3.1 shows the principal sandwich structure used in the present study. It consists of three
main parts: the carbon fabric skins, the foam and non-woven core layer and the through-the-
thickness tufting yarns. The two foam layers between the skins and the non-woven aim to prevent
the non-woven from absorbing excessive resin, which can reduce the mass of the final composite

part.

Carbon fibre non-
woven layer

Carbon fibric skins

Foam lavers

Figure 3.1 Sandwich composite specimens containing non-woven core.

During the tufting process, a hollow needle carried the thread totally through the thickness of
the sandwich preforms. When the needle retracts, the thread is retained within the sandwich
preform by simple friction between fibers and core layers, forming a loop under the bottom skin
(see Fig. 2). This process is simpler than the conventional stitching process, as it does not require
the use of a second thread and does not lock the threads [14][15]. The resin infusion process (LRI
process) is proposed after the tufting stage. The liquid resin progressed through the dry tufted

fibrous preforms. It allows final parts of very good quality to be obtained with reduced tools.
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However, due to the lack of channels through the thickness, the intact foam prevents the liquid
resin from entering the nonwoven from the top and bottom sides, and the resin can only enter the
area close to the four sides of the preform. As a result, the final sandwich composite part remains
dry in some areas (shown in Figure 3.2). The nonwoven layer and foam are not bonded to each

other and cannot be compared as a qualified composite sample.

Area without rein bond

Figure 3.2 Non-tufted sandwich structure with nonwoven core layer.

To study the influence of different core and tufting yarns on composite mechanical properties,
four groups of sandwich panels with different core structures are produced and shown in Table
3.1. The fiber volume fraction vfiper Of the tested sandwich composites is calculated as the
following equation:

Vf iber
Vfib er + Vresin

Utiper = (3.1)
where Viiper and Vyesin are the volume of fiber and of the resin, respectively.

Table 3.1 Main properties of tufted sandwich composite samples.

Sample ID Core layer T vlc:):strerllfe Thickness
reinforcement fraction (mm)

SW-1 Foam 24% 7.07+0.29
Carbon

SW-2 Hollow fibers/resin 24% 6.85+0.16
column

- 0, +

SW-3 Foam/Nor- . 22% 6.58+0.17

SW-4 woven Pure resin 18% 5.46+0.15
column
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The resin columns are formed in all sandwich structures due to the holes punched by the
tufting needle. Thus, the core structure can be divided into two parts: the superposed core layers
and the through-thickness (TT) columns. Different from the SW-1, 2, 3 samples tufted with
carbon yarn, the SW-4 preform is tufted without yarn. Therefore, the pure resin columns are
presented in the SW-4 composite compared to the carbon fibers/resin columns in SW-1, 2, 3
composites, but the diameter of the columns is considered the same in all of the samples.
Regarding the core in sandwich samples, three layers of foam are used in SW-1, 2 structures, but
the foam is dissolved by acetone in the final SW-2 sample. Two skins are connected by the
carbon fibers/resin columns in the SW-2 structure as shown in Fig. 3. In SW-3, 4 structures, a

single layer non-woven mat is employed (see Figure 3.3).

SW-2

column
SW-3
Non-woven
SW-4 Pure resin
column

Figure 3.3 Micro-observation of the cross-section of the different samples.
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3.2.2 Testmethods

Since the added nonwoven layer and tufting thread are expected to enhance the mechanical
properties in the thickness direction and also prevent the delamination, core shear test, flatwise

compression test, 3-point bending test and Charpy test are conducted.

3.2.2.1 Core shear test

Core shear behavior is one of the important deformation modes for sandwich composites. So
the sandwich samples are bonded to the loading metal plates to produce a pure shear stress state
as shown in Figure 3.4. The surface dimension of the tested sample is 65x20 mm* and the
crosshead speed is 2 mm/min. The shear strain y and the shear stress z of the sandwich sample

can be calculated through the following equations [16]:

_F

T=1 (3.2)
, = (3.3)
Cc

where F is the shear load, | and b are the length and width of the sample, ¢ is the thickness of

the core part and d is the displacement of the metal plate.

Metal plates

Figure 3.4 Core shear test set-up.

( centralelille
69/125



3.2.2.2 Flatwise compression test

To determine the compressive strength in Z-direction, where the core would be placed, in
structural construction, the test is designed according to the standard ASTM C365-16 [17]. The
general principle of the compression tests is shown in Figure 3.5. The specimens are
parallelepipeds at a square base with a dimension of 25x25 mm?. The construction tested must be
placed in the center of the head of the indenter exactly. Each test is repeated five times at a
constant speed 2 mm/min to ensure high repeatability of the testing and results. The flatwise

compressive strength o, and strain are given by:

F

O'Z = ﬁ (34)
d

T= E (35)

where F is the measured value of the load, d is the displacement of the loading plate, h and b
are the thickness and width of the sample, respectively.

Figure 3.5 Compressive test device.
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3.2.2.3 Three-point bending test

Three-point bending test is conducted at a constant crosshead displacement of 1 mm/min
according to ASTM D7249 standard [18] (see Figure 3.6). The surface dimension of the tested
specimen is 100 (1) x 20 (b) mm?. A load-displacement plot is recorded for each test. The flexural

stress o and core shear strength ¢ can be determined by equations 3.6 and 3.7:

FS

7= 2tth+o)b (3.6)
F

T = m (3-7)

where F is the value of force, h is the sandwich thickness, c is the core thickness, t is the facing
thickness and S is the span length. The shear stress is calculated as a reference value since the

sample geometry and span length are restricted to represent the facing bending properties.

RS R ST L BB S

oo, 'S -
Load \ Supporting/‘l ¢

pins

Figure 3.6 Bending test set-up.

3.2.2.4 Charpy impact test

For sandwich composites, normally only the tests in the flatwise direction are carried out. The
Charpy impact strength of the composites is tested according to EN 1SO 179-1 [19]. This test is
designed to measure the resistance to failure of a material to a suddenly applied impact. The
value measured is the impact energy or the energy absorbed before fracture. The apparatus

consists of a pendulum of known mass and length that is dropped from a known height to impact
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a notched specimen of material. The energy transferred to the material can be inferred by
comparing the difference in the height of the hammer before and after the fracture (energy
absorbed by the fracture event, see Figure 3.7), which is denoted by W. The length (I) and width
(b) of specimens are 80 mm and 10 mm, respectively. The resilience K can be computed by:

P (3.8)

Figure 3.7 Charpy impact test schematization.

3.3 Results and discussion

3.3.1 Coresheartest

Figure 3.8 illustrates the shear stress-strain curves of the four tested sandwich samples with

different cores. All ofthe curves increase linearly in the first part between 0 and 0.05 shear strain,
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thenthe SW-1, 2, 3 present a nonlinear behavior up to the failure, while the curve of SW-4 drops
suddenly after the structural failure. The difference between SW-4 and the other three sets is the
insertion of tufting threads. The columns of SW-4 in Z-direction are made of pure resin while the
others are made of carbon fiber/resin (see Table 3.1). This nonlinear portion is attributed to the

gradual break of tufting yarns after the solid resin crack.

3.50 -
300 - +— SW-1
o SW-2
| i ian
_ 230 ‘}‘}% r o SW-4
2200 - }‘}
5150 - A %}.
% ‘& ?i’i{%%‘ }'
1.00 - } R
i Lt
! Sededeiedeieretededel
0.50 - ; .§o§'§'§'§.§.§.§.i.§.§.§'§.
‘i 2
0.00 j‘ ‘

0 005 01 01‘5 02 02‘5 0» 0.35 04 045 05 0‘5‘5 06
Shear strain

Figure 3.8 Shear stress vs. shear strain curves of the sandwich composite parts.

The shear modulus G« can be calculated from the slope of the linear part (0-0.05 of the shear
strain) on each curve and the maximum shear stress of the linear part can be observed. These
values with their coefficients of variation (CV) are noted in Table 3.2. The shear stress of SW-1
is higher than that of SW-2, which shows the shear loading is not only carried by the TT columns,
the foam plays an important role to strengthen the core shear resistance. Comparing the SW-3
and SW-4 structures, the SW-3 sample shows higher maximum shear stress in the linear part due
to the presence of the tufting yarn (see Figure 3.3). This enhancement depends on whether the

mechanical properties of the tufting yarn are higher than that of the resin. The tufted yarn is not
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completely straightened in the resin column but exhibits a different degree of bending [20].
Considering the elastic strain is very small, only the resin column is bearing the load, and the
yarn is gradually being tensioned at the linear part. After the resin columns are completely broken,
the tufting yarn of SW-3 could still bear the load, which resulted in larger maximum shear stress.
This phenomenon of winding yarn (see Figure 3.11) can explain why SW-3 and SW-4 have

similar shear modulus.

Table 3.2 Mechanical properties of sandwich composites in the core shear tests.

. Maximum core shear stress Shear modulus G
Salrgple Failure o tore structure damage (MPa) (MPa)
strain Average CcVv Average CVv
SW-1 0.36 1.56 8.87% 10.21 9.81%
SW-2 0.45 0.61 6.13% 6.09 8.38%
SW-3 0.29 2.75 8.60% 16.13 6.13%
SW-4 0.05 0.68 7.78% 15.84 5.79%

Figure 3.9 presents the failure modes after the core shear test of the tufted sandwich
composites. As the resin column completely penetrates the thickness, no matter what kind of
sandwich core structure, all the resin pillars inevitably break before or when the structure fails.
As the core of the SW-2 structure is only the TT columns, the main failure mode presents the
inclination and fracture of the TT columns. The resin columns are subjected to shear stress but
the yarns are stretched. Regarding SW-1 sample, the shear load\ of the SW-1 is carried by both
the TT columns and the foam; consequently, its failure mode mixed the fracture of TT columns
and the rupture of the foam. The same phenomenon can be observed in SW-3 and SW-4
structures as the presence of foam in the core. By contrast, the presence of a non-woven layer in
SW-3 and SW-4 structures minimized the inclination of the TT yarns under core shear effects.
Therefore, the smaller shear strain can be observed in SW-3 and SW-4 structures compared to the
SW-1and SW-2 ones.
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SW-1 Foam crack

SW-2 Column rupture
SW-3
SW-4 z l

Figure 3.9 Observation of the failure mode in core shear tests.

The shear modulus of the nonwoven layer (346.40 MPa) is much greater than that of foam
(4.44 MPa). Consequently, the SW-3 and SW-4 samples have quasi same shear modulus, but the
deformation of the foam is much greater than that of the nonwoven layer as shown schematically
in Figure 3.10a. Thus the cracks appeared only on the foam. Moreover, the nonwoven layer in the
middle has high strength and rigidity; it prevented the cracks in the foam from expanding to the
other side. In this case, the fracture of the foam in SW-3 and 4 composites only occur on a single

side.

Since the skin sheets are rigid layers and have small thickness and deformation in comparison
with the core, the contribution to the core shear properties from skins can be neglected. Thus the

shear modulus G can be obtained from Equation 3.9:

sz = GcolUcol + Gl(l - Ucol) (39)
nmr?
UCol = T (310)

where G¢o1 and G, represent the shear modulus of TT columns and core layers respectively, veol
is the volume fraction of TT columns in the core, n is the number of TT columns, and r is the
radius of the column. The diameter of the TT column in the present work is 1mm. It is different
from the rule of mixture, which is applied to estimate the shear modulus of a composite on the
assumption that the fibers and the matrix experience equal shear stresses and that the structure is

a laminate. Here, the calculation of the shear modulus of the sandwich structure is based on the
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assumption that the shear strains of the TT columns in the core and the core layers are equal, and

the shear load is carried both by columns and layers.

Figure 3.10 presents schematically the deformation during the core shear test of a sandwich
structure. The shear strain (y) and shear modulus (G;) of core layers can be obtained from Egs.
3.11and 3.12.

2d, +d, 2d,c, d,c (3.11)
Vi = ! T = f_f+_n_n=yfvf+)’nvn
c g € ¢
T G:G
G, =-—+= /1 (3.12)

Y - Gry, + GUf
where the v is the volume fraction, G is the shear modulus. The subscripts I, n and f represent
the core layers, nonwoven layer and foam layers respectively. And z; is the shear stress of core

layers.

A\

Cross-section of

T
TT column

d
.
%
21777
70 22
Foam layer ~ Non-woven layer

i,

z Yy

(b)

Figure 3.10 The illustration of shear deformation (a) and shear load (b) in SW-3 sample.
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The shear modulus of different core constructions is shown as

Gswl = Gcolvcol + Gf(1 - Ucol) (313)
Gswz = Gcolvcol (314)
GG
Gy =G +—L 1 (1- ,
sw3 Colvcol van + Gnvf ( Ucol) (3 15)
GG
Gowa = GV #(1 - Ucol) (3.16)

+
" Gru, + Gy

where Gy is the shear modulus of pure resin.

Based on the Egs. 3.13-16, the analytical prediction of the core shear modulus of the different
sandwich samples is shown in Table 3.3. The difference in percentage between the experimental
and analytical results is figured out. It can be remarked that the analytical prediction has a good
agreement with experimental results for SW-3 and 4 structures. However, the analytical
prediction for SW-1 and 2 composite parts does not match well the experimental investigation.
The analytical prediction of SW-1 and 2 structures overestimates the true shear performance of
the TT columns. It can be observed that the tufting threads are not straight in the final composite
piece as shown in Figure 3.11. The winding threads can be observed in SW-1 and 2 composites
as the tufting threads throughout the thickness of the preform are more compressed during the
resin infusion process compared to SW-3 and 4 ones. During the shear tests, the winding threads
can bring out a sliding before the extension of the threads, this phenomenon can experience more
easily in SW-1 and 2 parts due to the non-dense core structure, which can be confirmed by the

extracted threads on the rupture surface shown in Figure 3.12.

Table 3.3 Comparison of the experimental and analytical results of the core shearing modulus.

Core shear modulus (MPa)

Sample Experimental results

ID (shgwn in Table 3.2) Analytical prediction Difference
SW-1 10.21 12.85 25.86%
SW-2 6.09 8.50 39.57%
SW-3 16.13 15.09 6.89%
SW-4 15.84 14.96 5.56%
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Winding threads

1 mm

Figure 3.11 Micro-observation of tufting threads in SW-1 sample.

After resin infusion, the non-woven mat and the tufting threads are mixed and integrated into
the composite part. It can partly prevent the sliding of the TT threads in the composite. Therefore,
the analytical results can well predict the shear response of the SW-3 and 4 structures, in
particular the SW-4 sample. There is no sliding in the SW-4 because the preform had no tufting
thread in the resin columns. Moreover, the shear modulus of the entire core part (Gy) is
positively correlated with the volume fraction of the nonwoven (v,) according to equation (3.16).

Adding non-woven material in the core part provides higher stiffness and strength against shear
loadings.

Extracted threads

T t} h‘; "IN ey~

'&.’ mﬁn‘. - 4 .

Figure 3.12 Observation of the extracted threads on rupture surface of SW-1 sample.

3.3.2 Flatwise compression test

The effects of core materials and tufting yarns on the resistance to flatwise compression

loading are shown in Figure 3.13. The compressive stress-strain curves of the sandwich samples
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with four different cores are presented. The curves show an initial elastic stage in which the slope
represents the compressive modulus. After the failure of the sandwich structure, due to the
continuous compression of each core material, the compressive stress will first decrease and then
increase or the stress growth rate (slope of the curve) will decrease. Therefore, its maximum
stress value before failure corresponds to the inflection point of each curve rather than the highest
point. The maximum stress values before failure of the samples are arranged in descending order:
6.40 MPa in SW-3, 4.42 MPa in SW-1, 3.45 MPa in SW-4, and 3.24 MPa in SW-2 (see Table
3.4).
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Figure 3.13 Flatwise compression stress-strain curves.

The compressive load is mainly carried by the core materials, thus the analysis of the skins
does not have any importance. After the first peak stress, the resin columns buckled or fractured
and stress began to decrease. However, the core layers will resist the compression and increase
the stress as the compression proceeded because of the densification [1][21]. Thus only the
structure failure phase (the first peak stress) is analyzed. The behavior of a sandwich tufted with
yarns (SW-1, SW-2 and SW-3) is different from that of a sandwich without tufting threads (SW-
4). The curves of the SW-1, SW-2 and SW-3 show a small drop following the ultimate
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compression stress due to the breaking of the composite columns. On the contrary, the stress
value of the SW-4 has no downward trend after the failure point and keeps increasing, only the
slope becomes smaller. Although the SW-3 generally experienced a larger load drop than SW-4
following the failure point, the SW-3 presented higher compressive load-bearing capacity in the
entire strain range. The profits from the yarns in Z-direction are clear compared to the sandwich
panels with no tufting threads, which can be explained by comparing equations (3.21) and (3.22).

The difference is determined by the modulus and the volume fraction in the TT columns of

tufting yarn.
Table 3.4 Compressive properties of sandwich composites.
Sample 1D Compressive  Specific compressive (Coeffci:c\i/ent of Compressive
strength (MPa) strength (KN-nvkg) Variation) modulus (MPa)
SW-1 4.42 9.52 2.78% 64.32
SW-2 3.24 7.60 5.48% 45.17
SW-3 6.40 9.27 3.40% 67.23
SW-4 3.45 5.55 6.09% 44.82

The effects of foam core on the ultimate stress up to failure and the compressive modulus can
be obtained by comparing SW-1 and SW-2. The stress value and the slope of SW-1 are higher,
which indicates that compressive strength and modulus increase by the presence of foam core.
The columns in Z-direction and the core layers (foam or foam/non-woven) carry the compressive
load together. Nevertheless, by using the equations (3.19-21) and (3.23), it can be seen that the

gains of stress from non-woven are higher than that from pure foam.

Though the observation of the failure mode from outside is not carried out during the
compression process due to the foam or non-woven covered deformation of the columns in the
core, the fracture of columns is confirmed after the test. These ruptures occurred almost at the
junctions between the skin and the columns. And the foam is critically flattened and it could not
recover to its original thickness but the non-woven core remained the same as the beginning. The

bulking and the crack of foam and the break of columns are the principal failure mode. The
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longitudinal splitting of the columns under compressive load then its deformation caused the

foam to crack and collapse, which lead to a large loss of the rigidity of the entire core.

In the case of SW-2, only the fiber/resin columns undergo compressive loading. Thus the
failure mode is the buckling of columns. And the failure load Fsy, is reached when the columns

reached their critical buckling load.

- T?E, 1
sw2 T (KC)Z

where Eq is the elastic modulus of columns, | is the area moment of inertia, ¢ is the core

(3.17)

thickness, K is the column effective length factor which depends on the conditions of end support
of the column. As both ends of the column are considered fixed, the value of K is 1 in this work.
Consequently, the equation of the column’s compressive strength that fails by buckling can be

presented as:

s TTEe (3.18)
col 4C2
Here, ris the radius of TT columns. The compressive stress o, can be predicted by:
I
1 _ col “Ycol
oV = T+ E;evp (3.19)
2,.2
gowz = T Eeol (3.20)
z 4c?
T21%E 01 Ugol
o = gt (1= ) 6.2
T2r?E, v
ot = Fe(1 = Ugy) (3.22)

where the superscripts swl, sw2, sw3 and sw4 represent the four different groups, ¢ is the
compressive strain, E is the Young’s modulus, the subscripts r and f represent the resin and the
foam, respectively. The Young’s modulus of the core with non-woven layers E. is obtained by
using [22]:
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_ (2¢; +¢,)EfE,

¢ 2¢E, + ¢, Ef (3.23)
where the c is the thickness, the subscript n represents the non-woven (see Figure 3.14).
Nt $ Skin
| Foam
h Non-woven
Foam
\” Skin

Figure 3.14 Schematic of the analytical calculation of SW-3 and SW-4 samples.

Compressive properties prediction is not performed because the fabric skin and nonwoven
layer are anisotropic materials whose moduli of elasticity in the Z-axis direction are presently

difficult to measure.

3.3.3 Three-point bending test

The typical bending load vs. deflection curves are shown in Figure 3.15. All of the curves have
a linear variation between 0 and 0.5 mm deflection which is followed by a non-linear variation.
Compared to the curves of SW-1 and SW-2, the curves of SW-3 and SW-4 samples do not have
an obvious yield stage before the damage. The main properties of the 3-point bending tests are
noted in Table 3.5. It can be observed that the bending modulus of SW-1 and SW-2 are very
close. This is because the modulus of foam is very small compared to that of the skin fabric,
consequently, the bending stiffness of the foam can be neglected as shown in Eq. 3.24. However,
after the elastic deformation stage, the foam is squeezed due to the inconsistent deformation of
the upper and lower skins (see Figure 3.16a), so the foam bore more loading. The SW-3 and SW-
4 present better 3-point bending results than the SW-1 and SW-2 structures, as the non-woven
layer can enhance the mechanical properties of the final sandwich part. Comparing the failure
load and maximum flexural strength between the SW-3 and SW-4 structures, it can be remarked
the positive influence (an augmentation of 19.7%) of the tufting yarns on the mechanical
performances on the interface of the multi- layered composites.
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Figure 3.15 Bending load vs. deflection curves of the tested sandwich composites.

Table 3.5 Main properties of the tested sandwich composites in 3-point bending tests.

Sample  Failure load (N)

ID

Maximum flexural
strength (MPa)

Bending modulus (0-0.5
mm deflection) (GPa)

Average Ccv Average Cv Average CVvV
SW-1 1498.6 6.46% 215.85 6.46% 5.92 7.74%
SW-2 1342.7 8.47% 193.40 8.47% 5.60 8.80%
SW-3 1896.8 6.97% 273.20 6.97% 7.29 4.35%
SW-4 15849  6.54% 228.28 6.54% 7.58 7.31%

Figure 3.16 shows the structure and core failure modes of the sandwich samples during 3-point

bending tests. To observe the failure mode of the core layer and TT columns, the foam is

removed fromall the samples after bending tests. The cross-section failures for sandwich samples

are presented in Figure 3.16b.
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Figure 3.16 (a) Structure failure during 3-point bending test and (b) Observation of the cross-
section failures.
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Non-woven layer cracks are observed in SW-3 and SW-4 samples. However, the delamination
between skin and foam layer is not observed. The ultimate core shear stresses of SW-3 and SW-4
are approximately 146% and 142% of SW-1 (as shown in Figure 3.17), which resulted in the
cracks of TT columns. It can be seen from Figure 3.16b that the TT columns have deviated from
the Z-direction when it fails. The rupture of the lower skin sheet can be only found in SW-3 and
SW-4. Its core part has the highest shear strength (the non-woven as core layer), which will make
the bending deflections of upper and lower skins tend to be consistent, resulting in increased

deformation of the lower skin.

8 -
5.55 535
SW-1 SW-2 SW-3 SW-4

Figure 3.17 Core shear ultimate strength of sandwich samples in bending test.

N w S ul o ~
I I I I I I

Ultimate core shear stress (MPa)

-
I

o

To investigate the effect of each part in a sandwich beam, the equation of the flexural rigidity

El is used. The flexural rigidity of the core layers in SW-1 (El).1 is given as Eq. 21

bt3 bt(h—t)? 9bc,?
(ED)oy = Eg—— + E;————+E; 4" (3.24)
where E is the bending modulus, | is the area moment of inertia, E; is the elastic modulus of the
skins, Es is the elastic modulus of the foam core, t and c; are the thickness of skin and the single

layer of foam, respectively as illustrated in Figure 3.14.

Applying the parallel axis theorem, the outcome for SW-3 and SW-4 samples is:
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bt3 bt(h —t)? bc,3
(EDy_34 = E,— + E, — E; f

2
4 Ef bcf(cf + cn)
6 2 (3.25)

where E, is the elastic modulus of non-wowven, c,is the thickness of the non-woven layer.

Supposing that the cross-section of the column is square, the flexural rigidity of resin-thread
column (El)cor is shown as :

bt3 5 bt(h —t)? ac?

col = Es ? + s T + Ecol E (326)

(ED)
where Eco is the elastic modulus of the resin-thread column, and a is the side length of the
square, a =2+/m.

By using the sum of the rigidities of core layers (El); and the columns(El)co, the flexural

rigidity and modulus of the sandwich can be obtained from [11] and shown in Eq. 3.24.

El = (ED oo + (ED,(1—v,,) (3.27)

A comparison between the experimental and analytical results is given in Table 3.6. All the
differences between these two series are included in the coefficient of variation; the analytical
value gives a good prediction of bending performances. According to the analytical equations, the
bending rigidity depends effectively on Young's modulus and the second area moment (I) of the

skin sheet.

Table 3.6 Comparison of the experimental and analytical results of the bending.

Bending rigidity (kN-mm?)
Analytical

Sample ID Experimental

CVv Difference
results results
SW-1 3487.50 9.31% 3802.96 9.04%
SW-2 3000.78 8.80% 3248.60 8.26%
SW-3 3462.50 7.35% 3678.79 6.25%
SW-4 2055.16 7.31% 2006.80 2.35%

Compared with the skins, Young's modulus of foam is much smaller (see Table 3.7), and the

non-woven layer has a much smaller second area moment. These two small values result in a
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limited value influence on the bending rigidity. Since SW-4 does not have tufted yarns, the two
skins are flatter and thinner, resulting in smaller errors in the thickness and the second moment of

area (I) of the skins, and therefore smaller differences between experimental and analytical
predictions. The smaller thickness of SW-4 (resulting in a smaller second moment of area I)

could also explain its lower bending stiffness compared to others.

Table 3.7 Material mechanical and physical properties used in the analytical investigation.

Materials Young’s Thickness (mm)
modulus (MPa) SW-1  SW-2 SW-3 SW-4
Skin sheet 14374.43 0.64 0.58 0.75 0.58
Foam 16.00 2.14 - 1.82 1.59
Non-woven/resin layer 4291.20 - - 1.45 1.12
TT columns 1070.00 6.43 5.70 5.09 4.30

3.3.4 Charpy impact test

The results of Charpy absorbed energy (Kj/m2) of each group are presented in Figure 3.18. The
SW-3 has the highest impact strength (23.85 Kj/m2) among these 4 groups of samples. Foam has

low fracture toughness (absorbed energy per square meter); it promoted the extension of crack
from the top skin to the bottom skin by connecting these two skins. This resulted in a rupture of
both two skins (as shown in Figure 3.19) and lower absorbed impact energy. Compared with the
hollow structure (SW-2), the presence of the foam core (SW-1) increases the brittleness of the
core. The absorbed energy of SW-3 is approximately 66% higher than that of SW-1 (14.38
Kj/m2). Pure epoxy resin and carbon fiber are normally considered brittle materials [23]. But
toughness is related to both strength and brittleness. The tensile strength and elongation at break
of the resin-infusion non-woven composite are measured as 63.79MPa and 1.49%, respectively.
Compared with the parameters of foam (1.02MPa and 6.7%), it can be obtained that the non-
woven composite layer has a higher toughness. This can contribute to improving the toughness of
the whole sandwich structure. Moreover, the higher absorbed energy of the fiber/resin columns

compared with the pure resin columns (SW-4) can be explained by the same mechanism.
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Figure 3.18 Impact energy absorbed during Charpy test.
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The photographs of fractured samples of each set are presented in Figure 3.19. A brittle
fracture tendency can be seen in the sandwich with core layers (SW-1, SW-3 and SW-4) by
visual analysis, which shows more serious damage to the core structure. The delamination
between core and skin can be observed in all sandwich groups except SW-1. And the cracks of
foam and non-woven layers are determined. Fracture of columns occurred mainly at the
connection points between the columns and composite layers (the fabric skin and the non-woven

core ply), which is the weak zone of the column mechanical property.
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Figure 3.19 Fractured specimens after Charpy impact test.

3.3.5 Specific properties

Though the presence of non-woven and tufting thread can efficiently improve the mechanical
performances of the sandwich composites, they also cause an increase in mass, which is not
conducive to the lightweight characteristic. It means that the comparison of specific strength and
specific modulus is more significant. The specific property can be defined by the following

equation:

S - - Measured property (MPa) x 1073 (3.28)
pecific property = 4 o sity of specimen(hg/m®) |

Table 3.8 shows the specific stress under shear, compression, bending loadings and the specific
fracture toughness of tested sandwich composites. Comparing SW-1 and SW-2 shows that the
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specific value of ultimate shear stress, compressive stress and flexural stress of SW-1 are higher.
Compared to the mass reduction brought by the removal of the foam (in SW-2 structure), the
mechanical performance reduction is more obvious. However, this is reversed in terms of specific
impact properties, with SW-2 having a higher specific fracture toughness than SW-1, due to the
poor impact properties of the foam itself. In this case, the weight of the foam should not be
neglected. The specific core shear stress and fracture toughness of SW-3 have increased by about
19% and 12% than SW-1. But the specific bending stress is reduced by 15%. The specific
ultimate compressive stresses of these two are very close. Adding a nonwoven core is beneficial
to improve the specific shear and impact performance, but not to the specific bending
performance, and has no significant effect on the compression stress. All specific properties of
SW-3 are obviously higher than SW-4, which indicates that the tufted yarn can effectively
improve the mechanical properties of the sandwich panel and at the same time ensure that the

sample weight does not increase much.

Table 3.8 Specific mechanical properties of sandwich composites.

Specific mechanical properties

Sample Core shear C . Bendi Fracture
ID stress ompliﬁlssnl\]//ek stress erlll\llngrgwitress toughness
(KN-mvkg) (kN-mfkg) (kN-m/kg) (kJ-mg)
SW-1 3.36 9.52 465.16 30.99
SW-2 1.42 7.60 454.07 40.16
SW-3 3.99 9.27 396.07 34.58
SW-4 1.09 5.55 367.57 20.21

For specific shear and compressive modulus (see Table 3.9), SW-1 presents higher values than
SW-2. And they have a similar specific value of bending modulus (difference about 4%). The
hollow sandwich structure SW-2 does not have advantages. Compared with SW-3, the specific
compressive modulus and bending modulus are larger but the core shear modulus is smaller.
Nonwoven layer is too heavy after absorption of resin. Both specific shear modulus and
compressive modulus of SW-3 are higher than SW-4, while the bending modulus is contrast. The
main limitation over the specific mechanical properties is the significant increase in weight

brought by the nonwoven and tufting yarn. The increase in mass is caused by the absorption of
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excessive resin. The nonwoven is due to the high porosity and hygroscopicity itself [24][25], and

the tufting thread is due to the formation of channels through the thickness.

Table 3.9 Specific modulus of sandwich composites under different loadings.

Specific modulus (kN-nmvkg)

Sample 1D Core shear Flatwise compression Three-point bending
SW-1 22.00 138.61 1.27-10%
SW-2 14.30 95.70 1.32-10"
SW-3 23.38 97.46 1.06-10*
SW-4 25.50 72.17 1.22-10"

Therefore, if the follow-up research can effectively reduce the resin increase caused by non-
woven fabrics, it can effectively improve the specific strength and specific modulus of sandwich
composites, and increase the potential to replace foam core sandwiches in a wider industrial

range.

3.4 Conclusion

As demonstrated in the chapter, the sandwich structures with a non-woven core layer and the
tufting threads are successfully designed and manufactured. The mechanical performances under
core shear, flatwise compression, flexural and Charpy impact loadings are investigated to
understand the effect caused by the foam, tufting yarn, and the non-woven mat as the core layer
in a sandwich structure. Tufting yarn in Z-direction and the non-woven core layer can effectively
improve the mechanical properties of the sandwich panel. However, the effect of tufted and
nonwoven on specific mechanical properties has both advantages and disadvantages. The
increase of sample weight by adding non-woven is more significant compared to improved
absorbed energy, which results in a lower specific mechanical property. The tufting threads have
a positive effect on all specific mechanical properties except specific bending modulus. Therefore,
subsequent studies can vary the number of tufting points and determine the optimal tufting

density to obtain the best improvement of mechanical properties.
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CHAPTER 4. CHARACTERIZATION
OF THE MECHANICAL BEHAVIOR
OF TUFTED FLAX FIBER
REINFORCED SANDWICH
COMPOSITES
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4.1 Introduction

There has been an increasing interest in using natural fibers to replace glass fibers for
composite reinforcement in recent years [1]. Among a number of natural fibers, flax fiber has
been considered as a replacement because of its outstanding mechanical properties and low cost
[2-4]. In Chapter 3, replacing the foam with a nonwoven mat has been verified to enhance the
mechanical properties of the tufted sandwich composite. The presence of both nonwoven layer

and tufting thread can effectively improve the shear, bending and impact behaviors.

Therefore, this sandwich structure is adopted to manufacture a green sandwich panel and the
effect of tufting density is investigated in this chapter. Several experimental and numerical
studies have been conducted concerning the flax fiber-reinforced sandwich. In most of them, the
sandwich structures had a homogeneous core [5-9]. The authors adopted other methods to
enhance the interfacial bond strength rather than avoiding delamination damage by adding z-

directional reinforcement.

As mentioned in the literature of Chapter 3, a number of investigations have been done to
analyze the mechanical performance of sandwich composite with through-the-thickness
reinforcement, such as z-pin [10][11], stitching [12-14] and tufting [15-20]. However, these
studies mostly focused on the optimization of the tufting process and less on the improvement of
the core layer structure. In this chapter, both core layer improvement and tufting reinforcement
are investigated to verify the specific mechanical property of this sandwich structure and analyze

the influence of tufting density.
4.2 Materials and methods

4.2.1 Sandwich panel manufacture

As the two aims of this study are respectively to fabricate a green tufted sandwich composite
and to improve the specific mechanical performance, a bio-based epoxy resin is adopted as a
matrix in addition to the flax fiber textile reinforcement. This sandwich structure is developed
from the structure in Chapter 3 and considers the tufting density as an independent variable. The
stacking order from top to bottom is flax weaving fabric, foam, nonwoven mat; foam and one

more layer of flax weaving fabric (see Figure 4.1).
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Flax fabric face sheets

Tufting thread

Foam layers

Figure 4.1 Schematic of a flax fiber reinforced sandwich panel.

For all different groups, the skins are one layer of weaving fabric, and the core includes at least
one layer of nonwoven. After stacking, the flax thread is tufted into the dry fabrics through a
hollow needle of 2 mm diameter. This yarn is twisted with a single spindle hand reeling machine

and its linear density is 500 Tex. Parameters of the core, skin, and tufting thread are presented in

Table 4.1.

Table 4.1 Parameters of sandwich raw materials.

Composition of structure Density Young’s modulus
Weaving fabric skin 189 g/m* 98.42 MPa
Nonwoven core 354 g/m? 23.45 MPa
Tufting thread Linear density: 500 Tex 4233.68 MPa
Foam 138 g/n?’ 10.46MPa

Five groups of sandwich panels are prepared in different tufting densities (spacing of 6 mm, 8
mm, 10 mm, 12 mm and no tufting thread). The final flax-fiber reinforced sandwich panels are
manufactured by LRI process. Given the hygroscopic nature of flax fibers, all dry fibrous
preforms needed to be allowed to stand for at least 24 hours at constant temperature and humidity

before resin impregnation. The loops are cut off to prevent excessive yarn build-up at the bottom,
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resulting in increased panel thickness and resin over-absorption. A bio two-component epoxy
system (InfuGreen resin 810/hardener SD 8825.2), produced by Sicomin, is used as the matrix.
As explained in Chapter 3, if both foam and nonwoven are used but without tufting, the resin
infusion process cannot be carried out smoothly. This is because the foam on both two sides of
the nonwoven will isolate the resin, resulting in no adhesion between the nonwoven and the foam.
Therefore, the non-tufted sandwich preform with the same layers as the tufted sandwich structure
is not adopted as a contrast. The foam is all replaced by nonwoven with the approximate
dimensions to realize the resin infusion for the non-tufted sandwich sample. The thickness of the
non-tufted sandwich panel can be controlled by modifying the number of nonwoven layers. Once
the liquid matrix is well cured, the sandwich composite panels are cut in different dimensions

with a saw machine.

As described in Chapter 2, the tufting density is the number of tufting points per unit area, it
can be obtained by the tufting spacing (as shown in Table 4.2). SW in the table represents the
sandwich composite. For facilitating the identification, a characteristic label is used for each
group. For instance, TO indicates that the sandwich is not tufted; T6, T8, T10 and T12 show that
the tufting spaces are 6 mm, 8 mm, 10 mm and 12 mm, respectively. The volume fraction is
calculated by the inverse method: measure the exact weights of fiber reinforcement and of resin,

then their volumes are obtained by the weight and knowing fiber and matrix density.

Table 4.2 Relation between tufting density and tufting spacing.

Tufting density for different tests

Sample  Tufting . . Fiber
ID spacing Core Thre_e-pomt Charpy Thickness volume
shear test bending test Impact test fraction

SW-TO0 No tufted 7.03+0.12 mm 30%

SW-T6 6 mm 32 54 16 7.50+£0.53 mm 30%

SW-T8 8 mm 24 20 12 7.34+£0.60 mm 31%

SW-T10 10 mm 21 16 10 7.42+0.68 mm 35%

SW-T12 12mm 10 12 8 7.27+0.65 mm 35%

*SW: Sandwich composite
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4.2.2 Testmethods

The sandwich panels are tested under core shear, three-point bending and Charpy impact
loadings (as shown in Figure 4.2). Core shear tests are conducted in accordance with ASTM C
273 [21]. A series of coupons, 65 mm x 25 mm, are prepared with the different five tufting
configurations and tested. The load is applied at a constant crosshead displacement of 2 mm/min.
The applied force is used to calculate the stress imparted to the sandwich structure, while the

shear strain is simply the displacement divided by the thickness of the sandwich core.

Static three-point bending tests of all the sandwich beams are performed in accordance with the
ASTM D 7264 standard [22]. Five coupons are tested to determine their flexural properties. Due
to the similar thicknesses of the sandwich panels, all the sample dimensions and test setups are
uniform to achieve the same span-to-depth ratio. According to the standard, a support span-to-
depthratio 0f16:1 is used and the load is applied at the center point of the length of the span. The
length of the samples is 160 mm and their width is 15 mm. All of the tests are performed at a

constant crosshead displacement of 1 mm/min.

Core shear test

Impact
direction

Charpy impact test

Figure 4.2 Experimental set-ups for different loadings.
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In order to evaluate the impact fracture toughness, the Charpy impact values of the sandwich
panels are measured according to EN ISO 179-1 [23]. The sandwich samples are cut with

dimensions 100 mm x 10 mm.

Since the test standards adopted are the same as those in Chapter 3, the calculation methods of
these test results are also inaccordance with the equations of the previous chapter (Equations 3.1-

3.6) are not listed separately here.
4.3 Results and discussion

4.3.1 Coresheartest

Shear stress-shear strain curves of tufted sandwich composites can be seen in Figure 4.3. The
shear modulus, maximum shear stress and the coefficient of variation (CV) are listed in Table 4.3.
It can be obtained that the ultimate shear stress and shear modulus of the sandwich structure
increases with the increase of tufting density. In addition, the cracking sound is already heard
during the linear stage, indicating that the resin columns in the specimen are cracked at this point.
As the loading continued, cracking sound increased, shear stress continued to rise and finally the
failure occurred. But the structure still bore the loading because of the presence of flax thread.
The figure also shows that the linear phases of the curves for SW-T6, SW-T8 and SW-T10 are
overlapping and thus their shear moduli are close.

45 4

--=-- SW-T6
4 sweTs ...f-g
35 ---e--- SW-T10
-—-#-- SW-T12 '.f

Shear stress (MPa)

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Shear strain

Figure 4.3 Typical stress-strain curves of core shear behavior of tufted sandwich panels.
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Shear stress-strain curves of SW-TO and SW-T6 can be seen in Figure 4.4. First, it can be seen
that both shear stress and shear modulus of the sandwich panel with the pure nonwoven core is
much higher. And the curve shows a typical brittle fracture characteristic as it suddenly drops
after reaching the highest point. This is attributed to the fact that SW-TO had no fiber
reinforcement in the thickness direction and the interface between the nonwoven core layers had
similar properties to the resin which exhibits a high brittleness.

Shear stress (MPa)

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 045
Shear strain

Figure 4.4 Typical core shear stress-strain curves of SW-TO and SW-TG6.

Although considering the weight of the sample, the sandwich with foam layer showed a much
lower specific property than the sandwich panel without foam. The foam with a low shear
modulus (measured as 3.3Mpa) severely weakens the shear resistance of the sandwich structure.

For those tufted sandwich panels, both specific ultimate shear stress and specific shear modulus
are positively correlated with tuft density.

Table 4.3 Mechanical properties of sandwich composites in the shear test.

Ultimate core shear stress Shear modulus
Sample Specific Specific
D AT oy e AR oy ke
(kN -m/kg) (KN -m/kg)
SW-TO 9.37 3.29% 11.34 85.89 8.81% 103.99
SW-T6 4.16 1.17% 7.31 17.68 3.38% 31.06
SW-T8 1.81 14.36% 3.59 10.98 6.13% 28.34
SW-T10 1.27 4.96% 2.71 10.46 5.79% 29.02
SW-T12 0.63 14.30% 1.48 9.47 3.56% 22.23
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The failure mechanisms of these different samples under shear loading are illustrated in Figure
4.5. For the tufted cores, the dominant mode of failure is that of the core/skin interface, including
the column tips cracks, the foam cracks and fiber pull-out. During shear testing, the top skin,
bottom skin and central nonwoven absorbed liquid resin and formed composite layers which
presented better mechanical performance than foam. Complete cracks of foam are observed inall
tufted sandwich specimens before the final structure failure. The rotation of columns caused by
shear force made the matrix around column tips crack relatively easy. This also resulted in the
fiber of tufting thread being pulled out from resin. This would suggest that the effect on the shear
resistance of column reinforcements is much stronger than the foams under shear loading.

Increasing the tufting density can efficiently enhance the shear properties of the structure.

SW-T6
Column cracks on
interface between
skin and foam

SW-T8

SW-T10

The red circles
shows the pull-out
fibers.

SW-T12

Figure 4.5 Fracture modes of tufted sandwich panels.

The SW-T6 has the same tufting density and core structure as SW-3 in Chapter 3. The fiber
reinforcement of the former is made of flax fiber, while the latter is made of carbon fiber. The
comparisons of the basic bending properties of these two sandwich panels are listed in Table 4.4.
The higher value of flax fiber-reinforced sandwich panels can be attributed to the higher modulus
of the resin (1.34 GPa) than that of the resin for carbon fiber reinforced sandwich panel (1.07
GPa). The diameter of the flax yarn (500 Tex) is much larger than that of the carbon fiber yarn (2
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x 67 Tex), while the diameters of the tufting needles adopted are equal. Therefore, in the final
fiber/resin columns, there are fewer winding flax yarns and the slippage is less, which reduced

the strain range and increased the slope (shear modulus).

Table 4.4 Core shear properties of flax fiber-reinforced and carbon fiber-reinforced sandwich

panels.
Ultimate core shear stress Shear modulus
Sample Average Specific Average Specific
ID (MPa) Ccv value (MPa) Cv value
(kN -m/kg) (kN -m/kg)
SW-3 2.75 8.60% 3.99 16.13 6.13% 23.38
SW-T6 4.16 1.17% 7.31 17.68 3.38% 31.06

As described in last chapter, the shear modulus of tufted sandwich with both nonwoven and

foam core layers G can be presented as:

GG
G, =G +—LI 2 _(1- :
zx colvcol van + Gnvf ( Ucol) (4 1)

where v is the volume fraction, G is the shear modulus. The subscripts col, n and f represent

the tufting column reinforcement, nonwoven layer and the foam layer respectively.

Obviously, the overall shear modulus of the sandwich panel is proportional to the shear
modulus of tufting thread/resin columns and also of the core layers, and is positively correlated
with the volume fraction of which component has a higher shear modulus. In this work, the shear
modulus of columns is much larger than that of integration of nonwoven and foam layers.
Therefore the higher is the volume fraction of the column; the larger is the shear modulus of the

sandwich panel, which is consistent with the above results. The comparison between experiment
and prediction results is shown in Table 4.5.

Table 4.5 Experiment and prediction results of the core shear modulus.

Sample Shear modulus (MPa)

ID Experimental result CVv Prediction value Difference
SW-T6 17.68 3.38% 19.72 11.51%
SW-T8 10.98 6.13% 16.06 12.56%
SW-T10 10.46 5.79% 14.69 8.04%
SW-T12 9.47 3.56% 9.67 2.12%
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It can be found that the prediction values of all samples are higher than their experimental
results, except for the SW-T12 whose prediction value is inside the error range. The equations
presented better predictions for carbon fiber reinforced sandwich composite in Chapter 3.
Compared with carbon fiber, flax fiber is discontinuous and has a larger variation in yarn number

[24][25]. Thus it resulted in a large error of mechanical properties of sandwich panels.

4.3.2 Three-point bending test

The flexural load-deflection curves of sandwich panels tufted in different densities are shown
in Figure 4.6, respectively. It is found that the augmentation of tufting density had a very
obviously positive effect on the bending properties of the sandwich structure. In order to clearly
compare the differences, the failure load, flexural stress and flexural modulus are listed in Table
4.6. The improvement of the flexural modulus and maximum flexural stress brought by
increasing tufting points is obvious. This is because, under the bending testing condition, the
delamination is the main fracture mode of the structure. In this case, the through-the-thickness
reinforcements which can effectively prevent the delamination had a positive effect on increasing
ultimate flexural stress. Similar to the core shear experimental results, these curves can be also
roughly divided into two stages before the failure. The first stage starts from the initial point to
the complete breaking of the resin. In this stage, the load increases linearly with the increase of
displacement. The second stage starts after the resin crack. During the stage the foam, nonwoven

and bottom skin all fractured.
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Figure 4.6 Typical bending load-deflection curve plots for each tufting density.

Regarding the core type, the sandwich with pure nonwoven core showed a much higher failure
load as the higher mechanical properties of nonwoven/resin composite layers than foam layer
(see Figure 4.7). The weak mechanical properties of the foam severely limited the flexural

performance of the sandwich structure.
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Figure 4.7 Typical bending load-deflection curves of SW-TO and SW-T6.
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From Table 4.6 it can obtain that the specific ultimate stress and bending modulus decreased
with tufting density increasing. The increased weight is more obvious compared to the improved
mechanical properties brought by the tufted threads. Tufting density of spacing 8 mm presented
the highest improvement on specific ultimate stress. While for the bending modulus, SW-T10

showed the highest value.

Table 4.6 Flexural properties of each group of sandwich panel.

Maximum flexural  Specific Bending modulus Specific
stress (MPa) stress (MPa) modulus
Average CVv Average Ccv (kN-m/kg)  Average CVv (kN-m/kg)

Sample  Failure load (N)
ID

SW-TO 44215 4.88%  100.20 4.88% 121.32 4423.47  4.74% 5355.64
SW-T6 74.84 1.15% 14.90 1.15% 26.18 101596  2.13% 1784.91

SW-T8 71.06 3.41% 14.46 3.41% 28.71 946.75 9.12% 1879.98
SW-T10 61.23 9.46% 12.73 9.46% 27.16 909.41 10.33%  1940.57
SW-T12 56.43 2.59% 11.96 2.59% 28.08 785.35 3.89% 1844.24

Figure 4.8 presents the main failure mode of each group of the sandwich sample. The complete
rupture of bottom skin can be observed in almost all the panels. The major failure modes of SW-
TO are fiber fracture and fiber pull-out, which is probably due to its high resin content. Besides,
delamination occurred in all tufted sandwich panels except SW-T6. The resistance of the tufted
reinforcement to delamination is obvious. The fracture of the nonwoven layer becomes less and
less pronounced as the tufting density decreases. Its complete fracture can still be observed in
SW-T6. However, in the other three groups of samples, there is partial fracture or only the resin
matrix fracture. On the one hand, the higher resin content of SW-T6 increased the brittleness of
the structure; on the other hand, the high tufting density makes the shear strength of the core layer
of the samples increase, and the deformation in the Z-axial direction of each layer under flexural
load tended to be uniform, increasing the deformation of the foam layer, the non-woven layer and
the bottom skin layer, which are more prone to fracture. For the SW-T10 and SW-T12, their main
fracture modes are delamination between foam and other layers, rupture of columns and of the
bottom skin. In SW-T8, besides the three modes, the crack of foam is also obvious. As for SW-
T6, the same failure modes as the other samples are bottom skin layer fracture and foam cracking,

with the difference that complete fracture of the nonwoven layer is also observed.
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Figure 4.8 Fracture modes of each group of sandwich panel.

The comparisons of the basic bending properties between SW-T6 and SW-3 are listed in Table
4.7. It can be seen that the values of SW-3 are much higher than SW-T6. Since the bending

performance is most affected by the tensile modulus of the skin and its cross-sectional moment of

inertia, the carbon fiber skin will result in a larger bending modulus of the sandwich panel due to
its larger tensile modulus (1.44-10* MPa) than that of flax fiber skin (1479 MPa).

Table 4.7 Bending properties of tufted sandwich panels in carbon fiber and in flax fiber.

Ultimate bending stress

Bending modulus

Specifi Specific  Predictio  Differen
Sample
ID Average cy © value  Average cv value n value ce
(MPa) (KN-m/ (MPa) (kN-mk  (MPa)
k) 9)
SW-3 273.20 6.97% 396.07 7292.28 435%  1.06-10° 774921  6.25%
SW-T6 14.90 1.15% 26.18 1015.96 2.13% 178491 113924 12.13%
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As the tufted sandwich structure is similar to the carbon fiber reinforced sandwich composite
SW-3, the equations 3.25-27 can be also applied in this section. However, the difference between
the experimental results and the predicted values of SW-T6 is beyond the error range (see Table
4.7).

bt3 bt(h —t)? bc,3 be (e + ¢ ) bc, 3
(ED), = E;—— + E, (2 ) E; 6f + E; f(fz ) —
(3.25)
bt3 bt(h—t)? ac?
(El)col = Es ? + s T + Ecol E (3'26)
El = (El)colvcol + (EI)I(l_ Ucol)
(3.27)

where E; is the elastic modulus of the skins in MPa, E; is the elastic modulus of the foam layer,
E, is the elastic modulus of non-woven, ¢ is the thickness for one layer of foam, c, is the
thickness of non-woven. v is the volume fraction, the subscript col and | represent the columns
and layers, respectively. And h and t are the sandwich panel thickness and skin thickness. El
represents the bending rigidity, E is the bending modulus, I is the area moment of inertia of

sandwich panel.
Only SW-TO has a different structure, its shear rigidity can be predicted by:

bt3 L E bt(h—t)2+E bc,?
6 § 2 " 12

To confirm the applicability of the equations, all samples are compared and the results are

El = E, (4.2)

shown in Table 4.8. All tufted sandwich structures showed large differences, but the prediction
value of the non-tufted sandwich panel (SW-TO) provided a reasonably good correlation with the
experimental result. Since the flax fiber yarn usually shows a great variability [26], the error
range or CV of the sandwich panel without tufting thread (SW-TO) is smaller. The linear density
of the tufted flax fiber yarn used in this section is 500 Tex, which is much thicker than the carbon
fiber yarn (2x67 Tex) in Chapter 3. As a result, fewer tufting threads on the skin lead to the rough

surface and thus larger manual thickness measurement errors, while the bending stiffness is

( centralelille
107/125



sensitive to changes in thickness. Thus it is most probably attributed to the large thickness error
introduced by the tufted thread. Relevant parameters need to be introduced to correct the equation.

The layers can be divided into two parts according to thickness.

Table 4.8 Comparison of the results from experiments and analytical equations.

Bending modulus (kN-nvkg)

Sample ID Experimental cV Analytical Difference
result result
SW-TO0 4423.47 7.74% 4792.96 8.35%
SW-T6 1015.96 7.13% 1139.24 17.23%
SW-T8 946.75 9.12% 1080.39 14.12%
SW-T10 909.41 10.33% 1057.91 16.33%
SW-T12 785.35 6.89% 952.82 18.61%
The equation 3.25 can be modified as:
El = (ED) o Veq + [K(ED* + (1 — k) (EDMM] (1 — v,0) (4.3)

where (EI)"*and (EI)"™ are the bending stiffness of layers with larger thickness and with
smaller thickness, respectively. And k is the volume fraction of the layers with larger thickness.
Note that k is estimated by the assumption that the larger thickness is due to the presence of
tufting thread on the skin surface.

The prediction values calculated from the corrected equations are shown in Table 4.9. All
differences have been effectively reduced and are inside or close to the error range. Due to the
high proportion of foam layer (about 0.5-0.6), (El), is slightly smaller than (El)co. Therefore,
when the volume fraction of the column increases, its bending rigidity also increases accordingly.
The influence of each layer on the flexural properties of the overall structure is determined by its
own tensile modulus and its position in the interlayer. Specifically, it is related to the thickness of
the interlayer structure, its own thickness and the distance from the neutral plane. Therefore, in
the subsequent research, the quantity of nonwoven layers used needs to be first determined
according to the requirements of thickness and weight; then, without affecting the resin infusion,
their lay-up positions can be placed close to the skin on both sides to obtain a larger area moment
of inertia, thus improving the bending stiffness of the sandwich structure.
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Table 4.9 Comparison of the results from experiments and analytical equations.

Bending modulus (kN -nvkg)
Analytical

Sample ID Experimental

CVv Difference
result result
SW-T6 1015.96 7.13% 939.67 8.12%
SW-T8 946.75 9.12% 902.49 4.90%
SW-T10 909.41 10.33% 888.75 2.33%
SW-T12 785.35 6.89% 852.71 7.90%

4.3.3 Charpy impact test results

The results of Charpy impact tests of the flax fiber-reinforced sandwich panels are shown in
Figure 4.9. Results show overall, the non-tufted sandwich specimen had higher values of energy
absorbed than the tufted sandwich panels. The added foam and tufting reinforcement didn't
present a positive effect on the impact behavior. Since it has been verified in the previous part
that the stitching thread is beneficial to the impact performance, it can be known that the
reduction of the energy absorption by foam is greater compared to the increase of energy caused
by the tufting thread. The figure reveals a slight increase in absorbed energy with the tufting

density of sandwich panels.
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Figure 4.9 Impact behaviors of different sandwich panels.
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Howewver, in Figure 4.10 the specific value shows the reverse trend. The specific energy
absorbed first increases with the decrease in the tufting density, then SW-T10 and SW-T12 have
the same value. If the tufting density continues to decrease we can assume that the value also
decreases because the specific energy of the untufted sandwich (SW-TO) is the smallest. The best

tufting space should be between 0 and 10 mm.
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Figure 4.10 Specific impact properties of each sandwich panels.

Another important aspect to be discussed is the characteristic macroscopic rupture of the
specimens after the test. Figure 4.11 illustrates typical views of broken specimens of sandwich
panels with different tufting densities. It is shown that only the specimen with the pure nonwoven
core is separated into two parts after the impact. The more the resin absorbed by the sandwich
preform during the LRI process, the more brittle the sandwich panel. Both the less fiber and the

presence of foam in tufted sandwich panels could decrease the liquid resin absorption.
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Figure 4.11 Typical ruptured sandwich panels by Charpy impact tests.

The failure mode analysis of the Charpy impact allows a better comprehension of the
mechanism responsible for the higher fracture toughness. Figure 4.12 shows the fracture surface
of each series of specimens. With lower magnification, the fiber fracture, debonding,
delamination, and core damage are observed. Inthe sample of SW-TO, the fiber fracture and fiber
pull-out are the failure modes. Besides these, foam crushing and crack also occurred in the tufted
sandwich panels. However, the presence of foam resulted in delamination between the foam and
skin. This is most evident in the photo of SW-T12 and became less pronounced as the tufting
density increased. Until SW-T6, the delamination is almost not visible. It indicates that the tufting

reinforcement can effectively prevent delamination. According to the conclusion of Chapter 3,

centralelille
C. 111/125



tufting reinforcement can effectively improve the impact behavior. With the increase of tufting
density, the sample impact resistance is enhanced due to the increase of tufting reinforcements on
the one hand; on the other hand, the weight increased, thus decreasing the specific energy
absorption of impact. The result differences of tufted sandwich panels caused by different tufting
densities are not obvious in this experiment. These results are very close if the error range is
taken into account. Therefore, increasing the tufting density obviously increased the weight and

thus decreased the specific impact performance.

SW-T10 ol SW-T12 Zmm

Figure 4.12 Fracture modes: (a) fiber of nonwoven, (b) foam, (c) fiber of bottom skin, (d)

delamination and (e) fiber of top skin.

Due to the high brittleness of the resin after curing, the nonwoven core breaks completely into
two pieces in all considered cases. Different from the sandwich panel without foam, only matrix
cracks occurred in the skin of the impacted side for the tufted sandwich panels with foam layers,
and fiber fracture is limited. Hence the energy dissipated by fiber fracture is reduced. In the tufted

sandwich panels, the deformation of the skin on the impact side is more obvious than the others.
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The fiber volume fractions of the tufted samples are higher; the crack is prevented by the fibers
and then the specimen bent around the impact point. The rupture occurred only along with the

interface fiber/matrix due to the flexibility of the fibers that are not broken.

Compared to the impact properties of SW-3 in Chapter 3 (23.85 kJ/m? and 34.58 J-m/kg),
neither the absorbed energy (6.53 kJ/m?) nor its specific value (11.47 J-m/kg) of SW-T6 is
dominant. The prediction of the fracture toughness of fiber-reinforced sandwich composite is
quite complicated. It is associated with the work of fiber fracture, matrix fracture, foam fracture
and fiber/matrix interfacial debonding, including the post-debonding friction and fiber pull-out. It
also depends on the properties of the constituents as well as the fiber length and the fiber
orientation. Moreover, the impact energy of the fiber-reinforced composites increases with the

augmentation of the fiber length in the final composites [27], which is conducive to carbon fiber.

4.4 Conclusion

This work aimed to manufacture a green sandwich composite by flax fiber reinforcement and
bio epoxy resin. Moreover, in this chapter, the effect of tufting density of sandwich with
nonwoven core has been studied. The mechanical performances such as bending modulus and
maximum force under bending loading, shear modulus and shear stress under shear loading, and
absorbed energy under impact loading are examined in comparison with non-tufted sandwich

composite with pure nonwoven core.

Comparing the shear stress-strain results, a clear improvement of ultimate shear stress with
increased tufting density is observed. Although considering the weight augmentation, the specific
stress value of the sandwich panel with the highest tufting density is still the largest. Nevertheless,
their shear property is much lower than that of the non-tufted sandwich with the only nonwoven
core. Columns through the thickness of the sandwich composites restrict the deformation and
movement of the core. This implies that the foam has a negative effect on the core shear behavior

of sandwich composite.

The flexural performance of the composites with tufted cores increases with the increase in the
count of tufting threads. The sandwich composite with pure nonwoven core presented much

higher bending stress and modulus than the tufted sandwich panel with foam layers. It also
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satisfies the comparison of specific bending properties. However, the specific shear modulus

decreased with increasing tufting density.

Same as the bending test, the impact property is enhanced with increased tufting points, while
the change in specific impact property is the opposite. It shows that the improvement from

increasing the tufting density is not sufficient to offset the weight increase caused by it.

The foam layer limits the mechanical properties of the sandwich panel in all the test conditions.
Consequently, further reduction of the volume fraction of the foam is of potential interest for
subsequent studies. And meanwhile, controlling and optimizing the parameters of the tufting and
LRI process are important to obtain the expected structural parameters. These parameters need to

be investigated to improve theoretical equations.

Due to the similar core structure, the prediction equations of SW-3 in Chapter 3 for shear
modulus and bending rigidity are also applicable to the tufted sandwich structure in this chapter.
Nevertheless, it should be noted that the large variation of the area moment of inertia (1) caused
by the excessive error in the thickness of the skin requires the introduction of relevant correction
factors to correct the bending stiffness equation. The equation of shear modulus does not involve

the thickness of the skin, so the prediction is closer to the experimental results.
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CHAPTER 5. GENERAL
CONCLUSION
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5.1 Conclusions

Sandwich composites have been applied for many decades in many industrial fields. As a
structure developed from the conventional laminates, the sandwich composite presents the same
defect of delamination due to the lack of through-the-thickness reinforcement. And common
polymer foam core with low mechanical properties results in a poor through-the-thickness
property and poor impact toughness of sandwich panel. Measures are taken for these two defects.
As described in Chapters 1 and 2, reinforcement in the z-axis direction is inserted by tufting on
the one hand; on the other, non-woven is used instead of foam to enhance the mechanical
properties of the structure. The current works mainly focus on the improvement and optimization
of the through-the-thickness reinforcement structure and distribution. However, there are fewer

studies on the improvement of the core layer in the X-Y plane.

This thesis addresses the manufacturing and mechanical characterization of tufted sandwich
panels with nonwoven layers. This novel structure design is firstly realized for carbon fiber
reinforced sandwich composite and is validated beneficial to enhance the mechanical
performance. Four groups of sandwich panels with different core architectures are tested under
shear, compression, bending and impact loadings. The effect of both tufting thread and nonwoven
layer on the mechanical behavior of sandwich specimen are respectively analyzed and discussed.
By analyzing and comparing all the results, it can be concluded that the profits brought by the
presence of the tufting threads and the nonwoven layer are considerable in all types of
mechanical tests. However, the nonwoven core facilities the resin absorption, which results in an
increase in sandwich panel weight. Therefore the specific values of mechanical properties are
calculated and compared. It shows that the influence of the tufting thread is still positive on the
specific ultimate stress and impact toughness, while the nonwoven presents both advantages and

disadvantages.

Since the resin columns connect the top and bottom skins and run through the entire thickness,
the final failure mode of the sandwich structure must necessarily involve fracture or buckling of
the columns. The fractures mainly occur at the connection point between through-the-thickness

resin columns and composite skin or core layers.
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Two series of equations are applied to predict the core-shear modulus and bending rigidity,
and the majority of the prediction values are found close to the experimental results except for the
shear test. The presence of the twisted wire in the resin column leads to the thread not being

straightened at the initial stage, which increases the strain and causes large dispersion.

Because of the proven advantages of nonwovens and tufted threads, this structure is used
directly in the manufacture of flax fiber reinforced sandwich composite. The effect of tufting
density on shear, bending and impact behaviors is studied. The shear, three-point bending and
Charpy impact performance of the tufted sandwich composites are enhanced as the count of
tufting threads increases. This improvement is not significant for the absorbed impact energy so
that if the weight gain from increasing the tufting density is also considered, the sandwich panel
with the lowest tufting density has the highest specific value of absorbed energy. For both core
shear and three-point bending tests, the tufting density shows significant improvements in
mechanical properties except the specific bending modulus. Nevertheless, their performance is
much lower than that of the non-tufted sandwiches with the only nonwoven core. Based on the
observation of the failure mechanism, it is the foam layer that limits the mechanical properties of

the sandwich panel in all test conditions.

The shear modulus prediction equation used for the carbon fiber reinforced sandwich
composite also exhibits favorable applicability to the flax fiber sandwich panel. The calculation
results of the equation for bending stiffness, however, have large errors. This could be mainly due
to the large dispersion of skin thickness caused by the large linear density of tufting thread. A
correction factor is introduced to represent the variation of the moment of inertia of the section.

The corrected equations offer predictions much closer to the experimental results.

5.2 Perspectives

The mechanical tests with different tufted sandwich panels indicate that accurate control of
basic parameters of sample is important regarding the mechanical behavior and characterization.
All the problems are focused on one contradiction, finding a compromise between mechanical

properties and the weight of the sandwich panel.

The limitations are mainly caused by the low mechanical properties of polymer foam and the

excessive resin absorption of the preform. Further optimization of both tufting and LRI process
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can be explored, such as minimizing the amount of liquid resin while keeping the complete
impregnation. The presence of foam for flax fiber reinforced sandwich composite is due to its
isolation of resin. However, the specific mechanical properties of the sandwich with pure
nonwoven core are still much higher than the sandwich with foam layers, which indicates the
reduction of mechanical property brought by foam is more significant than the decrease of the
sample weight. It is worth trying a thinner material instead of foam to isolate the resin, and to

insert more nonwovens in the space left.

The failure mechanisms under different test conditions are determined by cross-sectional low
magnification micrographs of the sandwich specimens. But it is not able to observe the changes
inside the sample during the test. The cracks or deformation are not confirmed. Other observation
tools or methods would obtain the status inside the specimen such as the ultrasonic inspection.
These methods can also be used to detect the porosity of composite which is neglected in this
study because of its low estimated value. However, the distribution of the porosities may
concentrate in the tufting area, which could affect the mechanical performance of sandwich
composite panel. The next work should consider the effect of this parameter and link it with the

optimization of manufacturing process.

The length and arrangement of tufting thread are different on the top skin and bottom skin,
which results in different thicknesses of two skin sheets. Though this difference is minimized by
removing the tufting loops, a more accurate measurement is conducive. The tensile and shear
properties of each component of the sandwich panel are obtained by testing the material without
structural damage. Thus the larger errors occur. During the test for each component material, the
material should be made as close as possible to its state in the sandwich panel. The measurement
of the resin column diameter should also be optimized. The diameter of the tufting needle cannot
simply be equated with the diameter of the resin column, because when the tufting needle is
retracted, each ply recovers partial deformation. By using a scale in the microscope photos, it was

found that the diameter of the resin column is only about half the diameter of the needle.

Present equations are derived based on the classical sandwich theory and can only allow the
prediction of shear modulus and bending rigidity. The prediction of failure load or ultimate stress

is also needed in future work. The explanation and analysis of the mechanical behavior of
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sandwich panels in terms of energy accumulation and release is also interesting and can be

applied to verify each other with other mechanisms.
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RESUME ETENDU

Le matériau composite renforcé de fibres est principalement appliqué dans laérospatiale, les
transports, la construction et I'ingénierie mécanique pour remplacer les matériaux métalliques en
raison des rapports resistance/poids et rigidité/poids plus élevés. Il existe deux types courants de
structures : le composite stratifié et le sandwich composite. Le premier est constitué de plusieurs
couches textiles dans différentes orientations et a été développé plus tot et a un plus large éventail
d'applications. Les composites en sandwich sont développés selon la structure stratifiée, dont le
but est de réduire encore le poids du matériau. Cette structure est normalement fabriquée en
joignant deux peaux externes minces et rigides a une ame interne légeére et épaisse. La couche
d'dame du composite sandwich est responsable de la connexion des peaux supérieure et inférieure,
améliorant la capacité portante en flexion de la structure et transférant la contrainte de
cisaillement entre deux peaux. Par conséquent, des matériaux de densité inférieure telle que la
mousse polymeére sont souvent utilisés afin de garantir que la structure est suffisamment légeére.
En tant qu'une structure développée a partir de stratifié, le composite sandwich présente le méme
probléme de délaminage causé par les faibles proprietés mécaniques de I'interface entre Iame et
la peau. La solution actuelle consiste a insérer des renforts a travers I'épaisseur des structures
sandwich. Le composite sandwich avec renfort dans l'axe Z a été validé avec succes pour
ameliorer la résistance au cisaillement et a la flexion. Plusieurs techniques ont été proposees et
développées telles que le tissage 3D, le z-pinning et la couture/piquage. Néanmoins, le tissage 3D
a une capacité limitée de la machine. Les broches de Z-pinning sont indépendantes, il n'y a donc
pas d'ancrages sur les peaux supérieure et inférieure. En conséquence, ils présentent moins
efficace pour empécher le délaminage. Comparé a d'autres procédés, le piquage est plus efficace
et moins colteux. Les faibles propriétés mécaniques de Iame en mousse polymére conduisent
généralement a une mauvaise resistance aux dommages par impact. En plus du délaminage, la
rupture de mousse est un autre mode de défaillance courant du composite sandwich. Cependant,
les gains de la mousse pour réduire le poids du composite sont considérables. Le non-tissé est
adopté comme substitut en raison de ses meilleures performances mécanigques que la mousse
polymere et une densité inférieure a celle de tissu. Cette adoption est d'abord validée en utilisant

des matieres premieres en fibre de carbone.
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La conception d'une nouvelle structure sandwich et son procédé de fabrication sont présentés
en détail dans le chapitre 2. Tous les panneaux composites sandwich dans le présent travail sont
fabriqués par les procédés de piquage et d'infusion de résine liquide (LRI). Les paramétres

pertinents sont identifiés et les variables parmi celles-ci sont étudiées dans les chapitres suivants.

Dans le chapitre 3, linfluence de la couche de non-tissé et du fil de piquage sur le
comportement mécanique est étudiée sous des charges de cisaillement, de compression, de
flexion et de résilience Charpy. Et la faisabilité d'utiliser du non-tissé au lieu de la mousse
comme couche centrale de la structure sandwich est initialement vérifiée en fonction des résultats
expérimentaux. Le fil de piquage dans la direction Z et la couche d'@me en non-tissé peuvent
améliorer efficacement les propriétés mécaniques du panneau sandwich. Cependant, I'dme non
tissée facilite l'absorption de la résine, ce qui entraine une augmentation du poids du panneau
sandwich. Par conséquent, les valeurs spécifiques des propriétés mécaniques sont calculées et
comparées. Des études ultérieures dans la section suivante sont sur la variation du nombre de
points de piquage pour obtenir la meilleure amélioration des propriétés mécaniques. Etant donné
que les colonnes de résine relient les peaux supérieure et inférieure et traversent toute l'épaisseur
du composite sandwich, le mode de défaillance doit nécessairement impliquer la rupture des
colonnes. Les fractures se produisent principalement aux points de connexion entre les colonnes
de résine et les couches composites de peau ou d'ame. Le module de cisaillement et la rigidité en
flexion sont prévus par les équations. Les valeurs du premier présentent une grande erreur et la
rigiditée en flexion prédite est proche du résultat. La présence du fil torsadé dans la colonne de
résine conduit a ce que le fil ne soit pas redressé au stade initial, ce qui augmente la déformation

et provoque des erreurs importantes.

Les préoccupations environnementales croissantes ont encouragé les chercheurs a adapter des
matériaux recyclables pour remplacer les matériaux traditionnels pour la fabrication de
composites sandwiches. Le bio composite a base de fibres naturelles connaissent aujourd”hui une
évolution croissante dans tous les secteurs industriels en raison de son faible codt, sa faible
densité, sa résistance spécifique élevée, sa faible consommation d'énergie lors de sa fabrication,
ses caractéristiques biodégradables et sa recyclable. Parmi les fibres naturelles telles que le
chanvre, le jute et le bambou, les fibres de lin présentent un grand intérét en tant que renfort pour

les bio composites en raison de leurs meilleures propriétés mécaniques.
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En raison des avantages prouves des non-tissés et des fils de piquage, cette structure est utilisée
directement dans la fabrication de composite sandwich renforcé en fibres de lin. L'effet de la
densité de piquage sur les comportements de cisaillement, de flexion et d'impact est étudié. Les
performances de cisaillement, de flexion en trois points et d'impact Charpy du composite
sandwich sont améliorées a mesure que le nombre de fils de piquage augmente. Cette
amélioration n'est pas significative pour I'énergie d'impact absorbée. De sorte que si le gain de
poids résultant de l'augmentation de la densité de piquage est également pris en compte, le
composite sandwich avec la densité de piquage la plus faible a la valeur spécifique d'énergie
absorbée la plus élevée. Pour les essais de cisaillement d'@me et de flexion trois points, la densité
de piquage montre des améliorations significatives des propriétés mécaniques, a lI'exception du
module de flexion spécifique. Néanmoins, leurs performances sont bien inférieures a celles des
sandwichs non piqués avec uniquement une ame de non-tissé. Sur la base de lobservation du
mécanisme de défaillance, c'est la couche de mousse qui limite les propriétés mécaniques du
panneau sandwich dans toutes les conditions d'essai. La réduction des propriétés mécaniques du
composite sandwich est plus évidente que la diminution du poids apportée par la mousse. Cela
vaut la peine d'essayer un matériau plus fin au lieu de mousse pour isoler la résine et insérer plus

de non-tissés dans l'espace laissé.

L'éguation de prédiction du module de cisaillement utilisée pour le composite sandwich
renforcé en fibres de carbone présente également une applicabilité favorable au panneau
sandwich en fibres de lin. Cependant, il existe une grande erreur entre la valeur calculée par
I'équation de rigidité en flexion et les résultats expérimentaux. Cela pourrait étre principalement
dda une grande erreur d'épaisseur de peau causée par la grande densité linéaire du fil de piquage.
La rigidité et le module de flexion sont tres sensibles aux variations du moment quadratique. Un
facteur de correction est introduit pour représenter la variation du moment quadratique. Les

équations corrigées offrent des prédictions plus proches des résultats expérimentaux.
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Development, characterization and optimization of sustainable green composites with
advanced sandwich structure

ABSTRACT

Sandwich composites normally consist of two skins with high mechanical properties and a lightweight core that
undergoes mainly the shear loading. They are employed in many industries, such as construction, automotive, sports
and aerospace, due to their advantage in weight saving and stiffness. At the request of being lightweight, poly mer
foam is one of the most common core materials. Developed on the base of traditional laminate, the sandwich
composite presents the same delamination problem caused by the weak mechanical properties of the interface
between the core and the skin. The common method is inserting the reinforcement through the thickness of the
sandwich, which has been successfully validated to improve the shear and bending strength and stiffness. A number
of processes have been proposed and developed such as z-pinning, 3D weaving, stitching and tufting. Compared with
the other techniques, tufting presents a higher efficiency and less cost. Another common failure mechanism is the
rupture of the crack of foam core because of its lower mechanical properties than composite skins. However, the
gains of foam to reduce the weight of composite are considerable. Thus, the nonwoven is adopted as a substitute due
to its better mechanical performance than poly mer foam and lower density than weaving skins. This adoption is first
validated by using carbon fiber raw materials. The influence of nonwoven layer and tufting thread are investigated
under shear, compression and bending loadings. Both nonwoven and tufting threads are capable of effectively
enhancing the mechanical properties of the sandwich composite. In recent years, increasingly stringent
environmental requirements have prompted researchers to develop green sandwich composites. After verifying the
feasibility of adding nonwoven layers, the novel sandwich structure is realized by using flax fiber reinforcements
because the flax fiber exhibits normally higher mechanical properties among the natural fibers. And bio based epoxy
resin is selected to replace epoxy resin and fabricate the green sandwich composite.

Key words: Sandwich composite, Nonwoven, Tufting, Mechanical properties

Développement, caractérisation et optimisation de composites durables avec une
structure sandwich avancée

RESUME

Les sandwiches composites se composent normalement de deuxpeaux auxpropriétés mécaniques élevées et d’une
couche d’ame légére qui subit principalement le cisaillement. En raison de leur avantage sur la réduction de poids et
laugmentation de rigidité, ils sont utilisés dans de nombreuses industries, telles que la construction, l'automobile, le
sport et I'aérospatiale. A la demande d'étre léger, la mousse polymere est l'un des matériaux d'ame les plus courants.
Développé a base de la structure stratifiée traditionnelle, le sandwich présente le méme probléme de délaminage
causé par les faibles propriétés mécaniques de linterface entre I'ame et la peau. La méthode courante consiste a
insérer le renfort & travers I'épaisseur du sandwich, ce qui a été validé avec succes pour améliorer la résistance au
cisaillement et & la flexion. Un certain nombre de procédés ont été proposés et développés tels que le z-pinning, le
tissage 3D, la couture et le piquage. Comparé aux autres techniques, le piquage présente une efficacité plus élevée et
un colt moindre. Un autre mécanisme de défaillance commun est la rupture de I'aAme en mousse en raison de ses
propriétés mécaniques plus faibles que les peaux composites. Cependant, les gains de la mousse pour réduire le poids
du composite sont considérables. Ainsi, le non-tissé est adopté comme substitut en raison de ses meilleures
performances mécaniques que la mousse polymere et une densité inférieure a celle des peaux de tissu. Cette adoption
est d'abord validée en utilisant des matieéres premiéres en fibre de carbone. L'influence de la couche non-tissé et du fil
de piquage est étudiée sous des charges de cisaillement, de compression et de flexion. Le non-tissé et le fil de
piquage sont capables d'améliorer efficacement les propriétés mécaniques du sandwich composite. Ces dernieres
années, les exigences environnementales de plus en plus strictes ont incité les chercheurs a développer des
sandwiches composites écologiques. Aprés avoir vérifié la faisabilité de I'ajout d'une couche de non-tissé, la nouvelle
structure est réalisée en utilisant des renforts en fibre de lin car elle présente des propriétés mécaniques normalement
plus élevées parmi les fibres naturelles. Et la bio résine époxy est sélectionnée pour fabriquer le sandwich composite
écolos.

Mots-clefs : Sandwich composite, Non-tissé, Piquage, Propriétés mécaniques
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