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"Whenever the essential nature of things is analyzed by the intellect, it must
seem absurd or paradozical. This has always been recognized by the mystics,
but has become a problem in science only very recently.”

F. Capra 1975
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Abstract

This work details an experimental investigation on understanding the ef-
fects of hybrid epoxy resins, filled with micro-fibrillated cellulose (MFC) and
carboxylated nitrile butadiene rubber (XNBR), on the principal mechanical
properties of carbon plain weave textile reinforced composites. Twelve com-
binations of MFC and XNBR weight contents in the epoxy resin (from 0 to
0.5wt% MFC and from 0 to 3wt% XNBR) were considered for quasi-static
tensile, short beam and impact tests. Moreover, five of the twelve mate-
rials were selected to study the tensile-tensile fatigue behavior considering
different loading levels. The investigation revealed that the inter-laminar
shear strength (ILSS) increased more than 32% for 0.1 wt% MFC and 3 wt%
XNBR, while the tensile strength increased 10% for 0.3 wt% MFC and 3 wt%
XNBR. Furthermore, the experimental results show that the best impact and
fatigue performance, for the considered weight contents of fillers, is of the
composite enhanced with the maximum content of MFC. The SEM obser-
vations of the fracture surfaces indicate the extensive "plastic" deformation
of the matrix and the improved fiber-matrix adhesion with increase of the

MFC and XNBR contents.
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Estratto in Italiano

Lo studio descrive i risultati di un lavoro sperimentale atto a comprendere
I'effetto di matrici epossidiche ibride, caricate con cellulosa micro fibrillata
(MFC) e gomma nitrilica carbossilata (XNBR), sulle principale caratteri-
stiche meccaniche di compositi rinforzati con tessuto in fibra di carbonio.
Dodici combinazioni di MFC e XNBR nella resina epossidica (da 0 a 0.5 wt%
MFC e da 0 a 3wt% XNBR) sono state considerate per test statici di trazio-
ne, resistenza interlaminare e di impatto. Inoltre, cinque combinazioni delle
dodici sono state selezionate per studiare il comportamento a fatica consi-
derando diversi livelli di carico. I risultati hanno evidenziato un incremento
nella resistenza a taglio interlaminare (ILSS) di oltre il 32% per il contenuto
di 0.1wt% MFC e 3wt% XNBR, mentre il carico di rottura a trazione ha
registrato un incremento del 10% per lo 0.3 wt% di MFC e 3wt% di XNBR.
Infine i risultati sperimentali hanno mostrato che il materiale con le migliori
caratteristiche a impatto e fatica, per i contenuti analizzati, &€ quello realiz-
zato con la resina contenente il massimo contenuto di MFC. Le osservazioni
con il SEM hanno evidenziato una deformazione "plastica" della matrice e
un incremento della resistenza dell’interfaccia fibra-matrice all’aumentare del

contenuto di MFC e XNBR nella resina epossidica.
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Chapter 1

Introduction

1.1 Overview

The Present work was performed at Doshisha University in Kyoto, Japan
in the Department of Mechanical Engineering and Systems (Advanced Ma-
terial and Structural Engineering Laboratory, AMSEL) and at Politecnico
di Milano. It was a two-year project partially founded by JSPS KAKENHI
(grant Number 26289012).

The project gives a contribution to understand the effects of hybrid epoxy
resins, filled with twelve different combinations of micro-fibrillated cellulose
(MFC) and carboxylated nirile butadiene rubber (XNBR), on the mechani-
cal properties of carbon plain weave textile composites. The adopted hybrid
epoxy system intends to couple the effects of both fillers. Namely, the im-
provement of interfacial adhesion observed with MFC and the resin ductility

attributed to the rubber nanoparticles.




CHAPTER 1. Introduction

1.1.1 Work Organization

The main research goals of the present master thesis are:

1. Resin hybridization and composite manufacturing, preparation of lam-

inate sheets and production of cupons for testing;

2. Experimental investigation of the mechanical properties of the materi-

als focusing on:

(a) Quasi-static tensile properties;
(b) Inter-laminar strength;
(c) Impact resilience;

(d) Tensile-tensile fatigue behavior of the best performing combina~

tion of MFC and XNBR.

3. Observation of the macro and microscopic damage evolution mecha-
nism occurring in the composite laminate during static and dynamic

loading exploiting the following techniques:

(a) Scanning electron microscope observation;
(b) Digital image correlation measurements;

(¢) Temperature mapping of the specimens.

The dissertation will be organized in five sections as summarized in Table

int

2



1.1. Overview

Chapter Content

Introduction

Properties of components
Materials and manufacturing Composite preparation
Specimens preparation

Quasi-static tensile tests
Short beam tests

Impact tests

Tensile fatigue tests

Digital image correlation
Thermal camera

Optical microscope

Scanning electron microscope

Experimental devices and Setups

Quasi-static tensile tests
Short beam tests
Impact tests

Tensile fatigue tests

Results and discussion

5| Conclusions and future developments

Table 1.1: Organization of work.




CHAPTER 1. Introduction

1.2 Literature Review

1.2.1 Composite Materials

A composite material is defined as a "two or more materials or phases
used together to give a combination of properties that cannot be attained
otherwise" [1].

It is possible to distinguish many classes of composite materials, but there
is a common aspect which represents the main difference with respect to the
other engineering materials: a composite material is designed at the same
time as the product. Fiber and resin type, proportions of each constituent
and stacking sequence are selected in order to obtain the best properties for
that specific application [2].

Thanks to this extreme flexibility, composite materials, if properly used,
offer many advantages over metals: some examples are high strength and high
stiffness-to-weight ratio, corrosion resistance and low thermal expansion. On
the other hand, conventional composites also have some disadvantages, such
as poor transverse properties, inability to yield and sensitivity to moisture
and high temperatures; all these drawbacks should properly be accounted in
the design phase.

In Table the main mechanical properties of composite quasi-isotropic
laminates are compared to the traditional structural materials. It is clearly
visible that the strength-to-weight ratio and the modulus-to-weight ratio are
much higher than aluminum or steel.

These extraordinary mechanical properties make composite materials at-
tractive to several industrial applications [3|. The driving force of this trend
is the weight reduction, aimed at avoiding excessive emissions, in addition to

excellent chemical and corrosion resistance, high dimensional stability and

4



1.2. Literature Review

Material Fiber Content Modulus Tensile Strength Density
[% Vol| E [GPa| o [MPa] p [g/cm?]
Steel 210 450 + 830 7.8
Aluminum 2024-T4 73 410 2.7
Aluminum 6061-T6 69 260 2.7
E-glass/Epoxy o7 21.5 570 1.97
Kevlar 49/Epoxy 60 40 650 1.4
Graphite /Epoxy 58 83 380 1.54
Boron/Epoxy 60 106 380 2

Table 1.2: Comparison between mechanical properties of traditional
materials and composites. These values are valid for quasi-
isotropic composite laminates.

viscoelastic properties.

One of the most extensive applications of composite materials for struc-
tural purpose is in the aerospace and aircraft industry, where it is absolutely
necessary to improve the efficiency and performance of the aircraft in order
to considerably reduce the development and operating costs. An important
contribution can be achieved by decreasing the aircraft weight through con-

siderable usage of composite materials in primary aircraft structures.

An evident example of aircraft structures where composite materials play
a fundamental role is given by Boeing 787, which makes greater use of com-
posite materials in its airframe and primary structure than any previous
Boeing commercial airplane. The result is an airframe comprising of nearly
half carbon fiber reinforced plastic and other composites. This approach of-
fers weight saving of an average 20% compared to conventional aluminum
design (Fig. [4]. Composites are used on the fuselage, wings, tail, doors

and interiors.

The extensive use of composite, especially in the highly tension-loaded

environment of the fuselage, greatly reduces the maintenance due to fatigue,

5
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[l Carbon laminate bl 3

[B Carbon sandwich 10%

[l Fiberglass Titanium /|

B Aluminum 15% “";‘:‘“
[[] Aluminunvsteel/titanium pylons Nu;:n

Figure 1.1: Materials used in Boeing 787. Reproduced from .

when compared to aluminum structures. This type of analysis has resulted
in an increased use of titanium as well. Where loading indicates that metal
is the preferred material system, but environmental considerations indicate
aluminum is a poor choice, titanium is an excellent low-maintenance design
solution. In addition to lowering the overall airplane weight, moving to a
composite structure provides the opportunity to reduce both the scheduled
and non-routine maintenance burden on the airlines, since composite struc-

tures require less maintenance than conventional structures.

As a consequence of the above statements, it is possible to understand
why, over the past decades, industries have put a lot of effort to enhance the

mechanical performance of composite materials.

6



1.2. Literature Review

1.2.2 Matrix Toughening

Research efforts were dedicated to the development of toughened fiber-
matrix composites, with basically two distinct approaches [5|. The first ap-
proach is based on 3D fiber reinforcement using advanced textile techniques
[6], e.g. stitching, z-pinning, weaving, braiding, knitting, etc.. It could not
be an effective way to fabricate toughened composites, the reduction of the
in-plane effective fiber volume fraction and local damage imparted in man-
ufacturing (e.g. stitching) could lead to a decrease of in-plane stiffness and
strength |7]. But efficient modern technologies of low-cost manufacturing of
3D single-layer performs can improve the damage tolerance and the mechan-

ical performance of composites ([8] and [9]).

The second approach is to develop modified epoxy resins with improved
toughness. Modified thermosetting matrix resins for reinforced composites
have evolved greatly over the past three decades in overcoming the brittle
nature of thermosetting polymers by dispersion of a second phase that nor-
mally consist of nano- or micro-sized fillers. Different fillers are known to
increase the mechanical property of the epoxy matrix such as carbon nan-
otubes, nano-fibers, nano-particles and rubber (see e.g. [10], [11], [12], [13]
and [14]). Fillers are expected to provide extrinsic toughening mechanism
[15] and, as a consequence, to positively affect the mechanical response of
fiber reinforced composite materials. In the large range of micro and nano
fillers adopted in thermoset matrices hybridization, two were selected in this

thesis: Micro-Fibrillated Cellulose and Rubber Nanoporticle.




CHAPTER 1. Introduction

1.2.3 Micro-Fibrillated Cellulose

The identification of nano-sized cellulose microfibrils, named micro-fibrillated
cellulose (MFC) [16], increased the family of hybrid nano-enhanced compos-
ite materials [17]. Cellulose is the most abundant natural homo-polymer
and one of the most promising renewable and environmentally friendly re-
sources . MFC were first produced in 1983 by Herrick and Turbak
|16] using wood pulp and a high pressure homogenizer which promoted the
disintegration of cellulosic fibers into sub-structural fibrils and microfibrils
having lengths in the micro-scale, width ranging from 10 to a few hundred

nanometers and a web-like structure (Fig. |1.2]).

Cell wall

—] . - Elementary fibrils
(e ey T [microfibrils) Microfibrillated cellulose

Amorphous regions Crystalline parts Cellulosic fiber

Figure 1.2: From cellulose sources to cellulose molecules: details of the
fiber structure with emphasis on the cellulose microfibrils
(in color). [20].

MFC can be produced from various sources, such as wood and non-
wood fibers, bacterial, and animal-derived cellulose. MFC are typically

produced by four mechanical methods: homogenization, micro-fluidization,

8



1.2. Literature Review

micro-grinding, and cryo-crushing. Homogenization is most commonly uti-
lized in food and paint processing, particularly to produce homogenized milk
and to disperse dyes and pigments in paints. When processing with a homog-
enizer, cellulose fibers are passed through either one or two stages, where the
fibers are subjected to rapid pressure drops, high shear, and impact forces
against a valve and an impact ring. The pressure drop is typically around
55MPa and the fibers are cycled through the homogenizer approximately
10 =+ 20 times. Overall, it can be stated that homogenization is an energy-
intensive process. Beside the large energy consumption, a main disadvantage
of the homogenization is that long fibers often clog the system [20]. How-
ever, the homogenizer can be easily scaled to industrial production and can
be operated as continuous process.

Plant derived cellulose were adopted as either composite reinforcement
[18], or biodegradable natural polymer matrix [17], and even as all cellulose
composites [21]. The effect on the tensile mechanical properties and fracture
toughness of micro-fibrillated cellulose-based epoxy reinforced carbon plain
woven was investigated by Gabr et al. [|22|. Results in 22| reveal a major
role of MFC to improve the inter-laminar fracture toughness in mode I, which
could be attribute to strong adhesion between filled epoxy and carbon fibers.
The mentioned and other results available in literature show the important
improvement of the damage tolerance of composite materials enhanced with

the proper content of MFC for quasi-static loading.

1.2.4 Rubber Nanoparticle

Several studies involved the chemical modification of epoxy resins with
reactive liquid rubber, particularly carboxyl-terminated butadiene acryloni-

trile (CTBN), see e.g. [23]. The micro-structure consists of an elastomeric

9



CHAPTER 1. Introduction

phase dispersed in the epoxy matrix with the elastomeric particle diame-
ter of hundreds of nanometers. It is attributed to the rubber nano-particles
the formation of a plastic shear yielding zone near the crack tip, producing
blunting of the crack, bringing about the reduction of stress concentration
near the crack tip which consequently improves the fracture toughness [24].
Furthermore, the addition of rubber nano-sized particles leads to an improve-
ment of fatigue performance for both pure epoxy resin ([25], [26] and [27])
and carbon fiber reinforced composites [28].

The hydrostatic tension causes rapid cavitation of the rubber and growth
of the resultant voids. This voided zone blunts the crack, causing it to
behave as if it had a larger crack-tip radius. This blunt crack, upon the
application of further tension, causes an even larger plastic zone to form.
Thus, a large volume of material above and below the crack plane is caused to
undergo plastic deformation. The creation of this plastic zone is the principal
toughening mechanism (Fig. [29].

Epoxy matrix modified with micro-fibrillated cellulose and carboxyl-terminated
butadiene acrylonitrile as liquid rubber was adopted to improve the interfa-
cial adhesion in plain woven carbon fiber composites in [30]. The hybrid
epoxy resin increased the inter-laminar fracture toughness in mode I as dis-

cussed in [31].

10



1.2. Literature Review

%_

t

(a)

1
\

() (d)

Figure 1.3: A schematic representation of the deformation processes
ahead of a crack tip. (a) A crack is subjected to a load
in the opening mode; (b) increasing displacement and load
causes the rubber particles in a zone ahead of the crack
tip to cavitate; (c) on further loading, cavities grow larger,
with those at highest stress levels initiating shear bands;
(d) finally, if the strain energy continues to increase, the
critical level is reached and unstable (fast) fracture occurs.

29).
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Chapter 2

Materials and Manufacturing

2.1 Properties of Components

In this section all the components used for the fabrication of the composite

are detailed. The components with their own supplier are shown in Table

2.1

Supplier Grade
Epoxy Resin Mitsubishi Co. Ltd. JER™ 828
Carbon Fiber Mitsubishi Rayon Co. Ltd. Pyrofil™ TR3110M
MFC Daicel Chemical Industries Ltd.  Celish™ KY100G
XNBR JSR Corporation Ltd. XNBR N202S

Table 2.1: List of components suppliers and grades.

2.1.1 Epoxy Resin

The epoxy resins are thermosetting polymers that contain at least two
epoxide groups. The thermosetting process is usually referred as curing.

While curing, the polymer undergoes a cross-linking reaction that is triggered

13



CHAPTER 2. Materials and Manufacturing

by the mixing with the so called curing agent. Epoxy resins are widely spread
in composite industry because of their mechanical and chemical resistance
properties; moreover the processing of epoxy resins is rather simple which
allows easy manufacturing process such as hand lay-up.

In this work a general grade bisphenol A liquid epoxy resin was used
(JER™ 828, Fig. [2.1)) whose main properties are shown in Table 2.2] As
curing agent a modified cycloaliphatic amine was adopted (JERCURE™
113) which shows good stability for heating casting and is made for specific

application on laminate parts [32|. Both the resin and the curing agent were

provided by Mitsubishi Co. Ltd.

OH 0
i x f sy
GH: DH GH2|:O H G E -0-GHz- GH GHzJO { --O CiHz-GH-CGHz

H GHS

Figure 2.1: Chemical Structure of jJER™ Epoxy Resin [33].

Viscosity Molecular Weight
n [poise @ 25°C] M, |g/mol|

120 + 150 ~370

Table 2.2: Properties of Grade 828 Epoxy Resin jJER™ [34].

2.1.2 Carbon Textile Reinforcement

The reinforcement adopted in this work was a balanced carbon fibers
plain weave textile (Pyrofil™ TR3110M) provided by Mitsubishi Rayon Co.
Ltd., Japan. The main properties of woven fabric and single tow are shown
in Tables and respectively. Carbon fiber is a light and tough material
made from polyacrylonitrile (PAN) fiber carbonized at high temperatures

14



2.1. Properties of Components

Style Yarn Count|ends/cm| Weight Thickness
Warp Fill Ends Picks [g/m?| [mm]
Plain TR30S3L  TR30S3L 4.87 4.87 200 0.23

Table 2.3: Properties of woven fabric [35].

Filaments Fiber Linear Ultimate Modulus Elongation Density
Diameter Density Strain

6lnm]  [TEX] o, [MPa] M [GPa] &, (%] plz/em?]

3000 7 200 4120 234 1.8 1.79

Table 2.4: Physical and mechanical property of TR30S3L tow [36].

and which has a strength superior to conventional metal materials; it can be
widely used in various segments such as automotive, wind energy, fuel cell
as well as aerospace, sporting goods and general industrial applications. The
woven textile reinforcement is selected to have an important influence of the
matrix on the mechanical behavior of the composites with a higher fibers and

matrix adhesion surface than for a unidirectional reinforcement.

2.1.3 Micro-Fibrillated Cellulose

The Micro-Fibrillated Cellulose is a material composed by nano-sized
fibrils of cellulose. Typical dimension for fibrils are listed in the Table 2.5

The MFC can be produced from wood-based cellulose through high-
pressure homogenization process involving very high shear stresses; those
stresses are able to delaminate the cell walls of fibers and to liberate the
nano-sized fibrils [37].

In this work the Celish™ KY100G of MFC was used (Fig. [2.2a), pro-
vided by Daicel Chemical Industries Ltd. Japan. The MFC is commercially

hTM

provided in water slurry containing 10 % MFC nano-fibers. Celis is cel-

15



CHAPTER 2. Materials and Manufacturing

I VAT
=41
g arsa

Figure 2.2: Transmission Electron Microscope (TEM) Observation of
(a) MFC and (b) XNBR in epoxy matrix.

lulose nano-fiber, micro-fibrillated by special manufacturing process, and is
produced from highly refined, pure fiber raw materials. The raw material
fiber is unraveled into tens of thousands of strands. It is refined so that it
does not impair the exact basic characteristics of the cellulose raw material

(physical and chemical stability etc.) [38].

Lateral Longitudinal

5nm + 20nm 10nm up to several mm

Table 2.5: Typical lateral and longitudinal dimensions for a single
MFC fibril.

2.1.4 Rubber Nanoparticles

The rubber nanoparticles in this work are Carboxylated Nitrile Butadi-
ene Rubber (XNBR) nanoparticles (Fig. [2.2b). Rubber was provided in
bale form by JSR Corporation Ltd., Japan. After chemical dissolution, with
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2.2. Composite Preparation
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Figure 2.3: XNBR strings with a carboxyl group [39].

methyl ethyl ketone nanoparticles have a diameter in the range of 80 =+
200nm. The XNBR is an improved version of Nitrile Butadiene Rubber
(NBR). Although its physical and chemical properties vary depending on
the polymer’s composition of nitrile, this form of synthetic rubber is unusual
in being generally resistant to oil, fuel, and other chemicals (Fig. [2.3). For

this grade of XNBR (N202S) the main characteristics are shown in Table[2.6]

Acrilo-Nitrile Fraction Tensile Strength Ultimate Strain
AN [%] 0. |[MPa] ey | %]

40 14.9 260

Table 2.6: Main physical and mechanical property of XNBR [40].

2.2 Composite Preparation

In this section it is reported the preparation of the composite, starting

from the matrix modification up to manufacturing of the specimens for the

17



CHAPTER 2. Materials and Manufacturing

different tests.

2.2.1 Matrix Preparation

The epoxy matrix was provided in liquid form from the supplier, in a
20 kg pail.

First it was weighted, in a plastic cup, 300 g of resin, which is the correct
amount for the lamination process. Then the plastic cup containing the
matrix was leaved in a convection oven at 80 °C for at least 1h; this helped
to considerably decrease the viscosity of the epoxy making the further steps
easier.

Once the epoxy viscosity was decreased it was possible to add the fillers.

Studied Compositions

For this work 12 different combinations of MFC and XNBR were con-
sidered. Fillers were measured as weight fraction on the total epoxy resin
amount.

Four MFC contents were considered 0.0 wt%, 0.1 wt%, 0.3 wt% and 0.5 wt%
assuming the results presented in [22| and [41].

Three XNBR contents were considered 0 wt%, 1 wt% and 3 wt% assuming
the results presented in [24].

The different compositions were then labelled with letters from A to L

according to Table 2.7

MFC Modification

The MFC comes from provider as water slurry containing 10% of MFC
fibers in weight. The first step was to dissolve the water slurry in ethanol

with the ratio of 100 g of ethanol per 10 g of water slurry. Ethanol was used

18



2.2. Composite Preparation

MFC
XNBR 00wt% 0.1wt% 0.3wt% 0.5wt%
0wt% A B C D
1wt% E F G H
3wt% I J K L

Table 2.7: Denomination of composite materials according to fillers
content.

because it can substitute the water bonded to the MFC fibers, moreover
it will be easier at later stage to remove the ethanol by evaporation. The
mixture of MFC and ethanol was put in a process homogenizer for 15 min at
8000 rpm to obtain a good dispersion and let all the ethanol substitute the
water.

After that, the mixture was filtered in a Biichner funnel to remove water
and ethanol obtaining a soft sheet of MFC fibers. Then the sheet was ripped
and mixed with more ethanol to completely remove all the water left. The
mixture was put then in a high-speed homogenizer for 15min at 15000 rpm
to disperse completely the fibers in the solvent.

Finally the mixture of MFC and ethanol was versed into the cup contain-
ing the epoxy. At last the cup was moved into the convection oven at 80°C

for 120 h where all the ethanol was removed by evaporation.

XNBR Modification

The XNBR comes from provider as solid bale of 35 kg, it was then neces-
sary to dissolve in methyl ethyl ketone (MEK) to obtain the small nanopar-
ticles.

First the rubber was cut into small pieces and weighted in a small paper

cup, then was dissolved in MEK with the ratio of 100g of solvent for 1g
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CHAPTER 2. Materials and Manufacturing

of XNBR. After that, the solution was set for 24h on an heated magnetic
stirrer running at 700 rpm; the mixture, while stirring, was heated at 80°C
in order to get a better dissolution of the rubber.

Later, the solution of XNBR in MEK was mixed with the epoxy resin
that can already contain MFC and stirred using a high-speed homogenizer
for 30 min at 5500 rpm.

Finally the mixture of MEK, epoxy and eventually MFC was moved into
the convection oven at 80 °C for 120 h where all the MEK solvent was removed

by evaporation.

2.2.2 Manufacturing Process

The manufacture process to obtain the composite laminate was the hand
lay-up. The process was carried out on a heated plate at 60°C in order to
decrease the matrix viscosity and avoid air bubbles during lamination.

First the curing agent was mixed with the epoxy resin having a ratio of
32 wt%, so for 300 g of epoxy 96 g of curing agent are needed. The mixture
was stirred for 5min and after that, was degassed in a vacuum chamber for
10 min at room temperature.

After degassing the lamination process begins. An aluminum mold was
used to give the desired shape and thickness to the laminate, eight plies of
woven textile were cut with dimension 240x340 mm (Fig. [2.4a).

A cellophane layer was placed to facilitate the laminate removal then the
matrix was distributed into the mold and the first ply was placed, between
every ply some matrix was poured (Fig. [2.4b) and spread using a roller.
When all plies were placed another cellophane layer was placed on the upper
part of the mold. During this process attention must be devoted to the tows

alignment of different layers.
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2.2. Composite Preparation

Figure 2.4: (a) Woven plies. (b) Hand lay-up process

The mold was placed in a heat press for the curing process. The curing
was carried at 80 °C for 1h and then at 150 °C for 3h keeping a constant
pressure of 2 MPa (Fig. [2.5)).

Finally, when curing process was over, the laminate was removed from

the heat press. The resulting laminates have thickness of 1.9740.06 mm.

2.2.3 Volume Fraction Measurements

A preliminary measurement was made to determine the actual fiber vol-
ume fraction of the composite according to the standard ISO 1172 [42]. The

results were then compared with the theoretical value evaluated as follow:

Nojies * A
V= Rl (2.1)
t-ps
where, n,. . is the total number of plies, A [g/mm]| is the fabric areal

density, ¢ [mm] the thickness and p; [g/mm?| the fiber density. This equation

gives an estimation of the volume fraction.
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CHAPTER 2. Materials and Manufacturing

Figure 2.5: Heat press (a) before and (b) after closure.

Square specimens were prepared with dimensions of 10x 10 mm and small
aluminum crucibles were used. At the beginning specimens were weighted,
with a scale that had resolution of 0.001 g (Infrared Moisture Determination
Balance FD-720 [43]), alone and with the crucible to determine the initial
weight.

The oven was set to 450 °C in order to totally burn the matrix but not
so high to start the fibers degradation. The specimens were then weighted
again with crucible after 2h; then the weighings were repeated every hour

until the weight of two subsequent measurements were matching.

In Table are reported the values of fiber volume fraction according
to these measurements, for each combination of fillers three specimens were
tested. In total, the experimental volume fraction average is 45.66 + 1.87%

while the theoretical one is 45.67 £ 1.64%.

These results confirm that even if the hand lay-up process is mostly man-
ual and human errors may occur, it is possible to obtain repetitive results

with a certain grade of accuracy.
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2.3. Specimens Preparation

MFC
XNBR 0.0 wt% 0.1wt% 0.3 wt% 0.5 wt%

0wt% 0.472 £0.005 0.460 £0.011 0.498 £0.050 0.444 £ 0.008
1wt% 0.473 £0.018 0.459 +0.005 0.458 = 0.008 0.441 == 0.002
3wt% 0.430 £0.005 0.434 £0.013 0.456 £ 0.006 0.453 = 0.000

Table 2.8: Measured fiber volume fraction with standard deviation for
the twelve different combinations of fillers.

2.3 Specimens Preparation

Figure 2.6: (a) Composite laminate sheet, (b) Diamond milling ma-
chine and (c) Specimens for quasi-static tensile and tensile
fatigue tests with tabs.

After the manufacturing of laminates (Fig. [2.6f), the next step was to cut
properly the specimens according to the standards used in this work. This
section describes the operations to fabricate and the geometry of specimens

used in the various tests.

2.3.1 Quasi-Static Tensile and Fatigue Specimens

The specimens for quasi-static and fatigue tests were made according to
the standard ASTM D3039 with a constant rectangular cross section
(Fig. [2.6c). The measures are shown in Fig.
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Figure 2.7: Quasi-stati and fatigue tensile specimen, measures are in
mm; the strain gauges are applied only for quasi-static
tests.

A diamond milling machine (Fig. [2.6b) was used to cut the laminate sheet
into the specimens. The diamond blade was cooled with water to avoid heat
damage to the matrix and fibers during cutting procedure. After cutting, the
specimens were labelled according to their matrix composition (Table [2.7)
and with a progressive number.

Tabs were prepared from an aluminum sheet of 2mm thickness using a
shearing machine, then the 45° chamfer was made. With a sandpaper sheet
the roughness of the tabs surfaces were increased and then were glued with
the Araldite™ ST170, a bi-component epoxy glue. Finally, the specimens

were rest for 24 h curing of the adhesive before starting the tests.

2.3.2 Short Beam Specimens

The specimens for short beam tests were made according to the standard
ASTM D2344 with a constant rectangular cross section. The measures
are shown in Fig. 2.8h.
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2.3. Specimens Preparation

top view

side view

20

Figure 2.8: (a) Short beam specimen, measures are in mm; (b) PCB
cutter with diamond blade.

A PCB cutter with a diamond blade (Fig. [2.8b) was used to cut the
laminate sheet into specimens. Since the small size of specimens there was
no need to cool down the blade during cutting, observations with an optical
microscope (see section were made in order to determine the presence of

significant damage with respect to a cooled blade.

2.3.3 Impact Specimens

The specimens for impact tests were made according to the standard JIS
K 7062 with a constant rectangular cross section. The measures are
shown in Fig. [2.9

A diamond milling machine (Fig. 2.6b) was used to cut the laminate sheet
into the specimens. The diamond blade was cooled with water to avoid heat
damage to the matrix and fibers during cutting procedure. After cutting, the
specimens were labelled according to their matrix composition (Table

and with a progressive number.
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CHAPTER 2. Materials and Manufacturing

2.3.4 Specimens Dimension

The measuring of width and thickness was performed with a digital caliper
with an accuracy of 0.01 mm in three different points through the total length
of the specimens. In Table are reported the actual geometry of specimens

after measuring.
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2.3. Specimens Preparation

Length Width Thickness

Test [mm] [mm]| [mm]|

Quasi-static & fatigue =~200 24.90+0.20 1.954+0.07
Short beam ~ 20 4.99+£0.05 2.00=+0.07
Impact ~ 65 1348+0.21 1.95+0.11

Table 2.9: Measured dimension with standard deviation of specimens.

N\

4

N 4
Direction of Impacting

T o

Figure 2.9: Impact specimen, measures are in mm.
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Chapter 3

Experimental Devices and Setups

This chapter describes the equipment used for the various experimental

activities.

3.1 Quasi-Static Tensile Tests

Quasi-static tensile tests were performed according to the standard ASTM
D3039 [44] using a mechanical universal testing machine, the Shimadzu Au-
tograph AG-IS [47]. The machine was equipped with a load cell having a
capacity of 100kN. Non-shift wedge type grips were mounted to grab the
specimens (Fig. [3.1p).

The specimens dimension are described in section [2.3.1], they have a gage
length of 100 mm. To get accurate measurements of strain two strain gauges
were applied for each specimen (Fig. [3.1h). The gauges were applied on bot
the surfaces of the specimen in the middle of the gage length and centered
with respect to the width of the sample (Fig. 2.7). The properties of strain
gauges Kyowa KFRP 5-120-C1-3L2M2R are reported in Table Kyowa

adhesive CC-33A was used to apply them on the surface of specimens.
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CHAPTER 3. Experimental Devices and Setups

Gage Length Gage Factor Gage Resistance
[mm] at 25°C, 50% RH (€]

) 1.98 £0.02 120.0 £ 0.8

Table 3.1: Main physical properties of strain gauges.

Figure 3.1: (a) Particular of the strain gage applied to a specimen and
(b) specimen mounted on the testing machine.
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3.2. Short Beam Tests

2]

loading nose

@6

P2 8 P2
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Figure 3.2: (a) Loading condition for short beam tests and (b) picture
of specimen during a test.

The loading was performed in stroke control, with a cross head speed set
to 1mm/min. The data were acquired with two data logger PCD300B and
PCD320A provided by Kyowa Electronic Instruments Co. Ltd. ; the first,
PDC 300B, was connected directly to the strain gauges with 1/4 of bridge,
while the second, PCD 320A, was connected to the machine to get data from
load cell and the transducer for the stroke. The acquisition software was

provided by Kyowa Electronic Instruments Co. Ltd. (DCS-100A [49]).

3.2 Short Beam Tests

Short Beam tests were performed according to the standard ASTM D2344
45| using a mechanical universal testing machine, the Shimadzu Autograph
AG-IS [47). The machine was equipped with a load cell having a capacity of
100kN. The loading scheme is shown in Fig. 3.2h. The lower metal support
in Fig. was designed and realized in the workshop specifically for this
test.
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Figure 3.3: (a) Izod testing machine and (b) a specimen ready for test.

The loading was performed in stroke control, with a cross head speed
set to 1mm/min. The data were acquired with a data logger PCD320A
provided by Kyowa Electronic Instruments Co. Ltd. ; connected to the
machine to get data from load cell and the transducer for the stroke. The

acquisition software was provided by Kyowa Electronic Instruments Co. Ltd.

(DCS-100A [49)).

3.3 Impact Tests

Impact tests were performed according to the standard JIS K 7062
using an Izod pendulum (Fig. [3.3h) at room temperature and direction of
blow normal to the plane of reinforcement (Fig. [3.3b). The hammer of the

impact test machine had a mass of 2.106 kg and an arm of 30.7 cm.

For these measurements the data are collected reading the angle value on

the graduate scale of the device.

32



3.4. Tensile Fatigue Tests

-HI!
gy

Figure 3.4: (a) Servopulser testing machine with mounted specimen,
(b) extensometer attached to a specimen after failure and
(c) application of extensometer to specimen with double-
sided adhesive tape.

frequency = 5 Hz

stress
| I T T N T A I O |

Figure 3.5: Loading condition for tensile-tensile fatigue tests.

3.4 Tensile Fatigue Tests

Tension-tension fatigue tests were performed according to the standard
ASTM D3479 using an hydraulic universal testing machine, the Shi-
madzu Servopulser EHF-UB50KN-20L (Fig. [3.4p). The machine was
equipped with a load cell having a capacity of 50kN. Hydraulic jigs were
mounted to grab the specimens.

The cyclic loading was performed under constant stress amplitude, si-
nusoidal wave-form tensile- tensile loading and assuming the ratio R = 0.1

(ratio of the minimum to the maximum stress in the cycle). The frequency
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was set to 5 Hz (Fig. [3.5). Three different maximum stress levels were con-
sidered: 80%, 75% and 70% of the ultimate static tensile stress o, (see Table
11).

During cyclic loading the strain in the load direction was measured by
an MTS extensometer (mod. 632.11C Fig. [3.4b) with gage length of 20 mm
and for some specimens by Digital Image Correlation (DIC, see section ;
in order to avoid the slipping of extensometer’s blades two small pieces of
double-sided adhesive tape were attached to the specimens surface as shown
in Fig. [3.4c. The data were acquired with two data logger PCD300B and
PCD320A provided by Kyowa Electronic Instruments Co. Ltd. [48]; the
first, PDC 300B, was connected directly to the extensometer, while the sec-
ond, PCD 320A, was connected to the machine to get data from load cell
and for stroke. The acquisition software was provided by Kyowa Electronic
Instruments Co. Ltd. (DCS-100A [49]). The software was set to record an
interval of 2seconds every 2000 cycles for tests at 80%, 5000 cycles for tests
at 75% and 10000 cycles for tests at 70% of the ultimate static tensile stress

Ou-

3.5 Digital Image Correlation

Digital Image Correlation was used for measuring the full-field strain
evolution during some fatigue tests. Fatigue tests were performed at 5 Hz;
then, in order to record enough pictures for each cycle an high speed camera
was used.

For the images recording a fx K3 high speed camera by nac Image Tech-
nology. Inc. [52| was adopted. The camera has a maximum recording speed

of 10000 fps. For this work the recording frame rate was set to 250 fps to
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3.5. Digital Image Correlation

[a]

Body under  White light Digital CCD
deformation  source c

P
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Figure 3.6: (a) Experimental setup for DIC measurements, (b) sub-
set value assignement and (c) tracking of displacements
according to subset movement.

have 50 pictures per cycle. The camera needs a huge amount of light, then
a spotlight, directed on the specimen, was used to achieve the best lighting
condition. A small fan was added to avoid heating effect due to the spotlight
light beam direct on the specimen (Fig. 3.7h).

Digital Image Correlation (often referred to as DIC) is a contact-less
method which measures deformation on an object’s surface. The method
tracks the changes in gray value pattern in small neighborhoods called subsets
during deformation (Fig. . With this technique it is possible to obtain
a full-field value of the investigated area, and then, to determine where and

when the damage will nucleate and grow during the cyclic loading.

The VIC-2D commercial software was used in this work for the images
elaboration in order to obtain the displacement and strain field map [53|. The
specimens needed to be prepared with a speckled pattern (Fig. [3.7b). First
the specimen was painted with an acrylic white paint for 40 mm centered in
the gage length. Then the pattern was created spraying black acrylic paint.
The result pattern had to be uniform and random; the dimension of the
points onto the pattern has to be chosen according to the expected value of

strain that will be measured.
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Figure 3.7: (a) Setup for high speed camera acquisition and (b) spec-
imens with pattern for DIC.

This technique was used only for some tests at 80% of the ultimate static
tensile stress o,. Pictures were recorded every 2000 cycles, recording for
1.5seconds, which is the maximum capacity of the camera at that specific

frame rate.

3.6 Thermal Camera

To further investigate the initiation and propagation of damage a thermal
camera was adopted for some cyclic tests. With the temperature map of the
specimens surface it is possible to determine the initiation of the damaged
zone and the propagation during the cyclic tests (Fig. [3.8a).

A Flir SC7000 infrared camera was used to get the temperature map
on specimens surface . For the correct reading of the temperature the
specimens needed to be prepared (Fig. [3.8b). A matte black paint was
sprayed on the surface to avoid reflections and obtain a uniform emissivity;

reflections can cause misreading in the infrared camera.
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3.7. Optical Microscope

T

Figure 3.8: (a) Setup for thermal camera acquisition and (b) specimens
before (lower) and after (upper) matte black painting.

This technique was used only for some tests at 80% and 75% of the
ultimate static tensile stress o,. Pictures were recorded every 2000 cycles for
80% and every 5000 cycles for 75%. For each interval 2seconds at a frame

rate of 250 fps were recorded.

3.7 Optical Microscope

An optical microscope was used to observe the failure mechanism after
short beam tests. The Keyence VHX-2000 microscope [55] is used equipped
with the Keyence lens VH-Z100R .

Specimens for optical microscope were cleaned before the observations.

3.8 Scanning Electron Microscope

A Scanning Electron Microscope (SEM) was exploited to investigate the

fracture surface of some specimens after quasi-static and fatigue tensile tests.
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Resolution Magnification = Accelerating Voltage
nm @ 30kV nm @ 1kV From To kV
1.2 3.0 x10  x1000000 0.5 to 30

Table 3.2: Main parameter for scanning electron microscope [57].

The JSM-7001F Schottky emission SEM provided by JEOL inc. was used in
this study [57]. Some of the principal specifications of JSM-7001F SEM are
reported in Table [3.2]

The measurements were performed with the acceleration voltage in the
range of 10 + 15kV. Specimens for SEM observation had maximum dimen-
sions of 10x10x5 mm; they were mounted on specific support. For conven-
tional SEM imaging the samples must be electrically conductive, at least at
the surface, and electrically grounded to prevent the accumulation of elec-
trostatic charge at the surface. For this reason all the specimens were coated

with a gold layer 150 nm thick using an ion sputtering device.
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Chapter 4

Results and Discussion

In this chapter the results of the experimental investigation are shown
and discussed. Moreover, the microscopical observations are presented to
highlight the failure mechanism and understand how the fillers can contribute

in changing the mechanical behavior of the considered composite materials.

4.1 Quasi-Static Tensile Tests

According to the standard ASTM D3039 [44] five specimens for each com-
bination of fillers content were tested. The complete set of twelve different
combinations of MFC and XNBR contents in epoxy resin were adopted, for
a total of 60 quasi-static tensile tests.

In order to determine the correct loading and alignment of the specimens
two strain gauges were used, one on each side of the sample. In Fig.
is shown the comparison between front and back strains for some specimens
of different fillers content. The good agreement between the two strains
confirms the correct preparation and execution of quasi-static tensile tests.

Stress-strain curves for some specimens of different fillers contents are
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Figure 4.1: Comparison of the two strain gauges measurements for
some specimens.
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Figure 4.2: Comparison of stress-strain curves for some specimens.
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4.1. Quasi-Static Tensile Tests

shown in Fig. [£.2] They are almost linear. However, when the tangent mod-
ulus is considered (Fig. , the non linearity is evident. This is probably
due to two factors: the inherent stiffening of carbon fibers under tensile load-
ing and the non-linearity due to the weave structure of carbon fabrics. The
inherent stiffening was presented in [58|, and explained by a change of crys-
talline orientation of carbon fibers in reference [59|. This effect was confirmed

in many experimental studies such as [60] and [61].

The effect of fillers on the tensile mechanical properties is highlighted
comparing the Young’s modulus (the initial secant modulus is considered
according to standard ASTM D3039 [44]) and the tensile strength. Figures
[4.4] and present the average value of those mechanical features for the

considered fillers contents.

Compared to the composite with pure epoxy resin (material A, see Table
the combination of MFC and XNBR does not provide relevant variations
of the material stiffness. The recorded values remains in the same experi-
mental scatter band (Figs. and [4.4p) Similar results are obtained in [22)]
with MFC filler.

More interesting effects are observed for the tensile strength. The only
filler XNBR does not have a positive effect. It produces a slight reduction of
the tensile properties with increasing the content as shown in Fig. [£.5h where
the MFC content is kept constant at 0.0wt%. Adding only MFC, without
XNBR filler as shown in Fig. for 0wt% XNBR, has a considerable
improvement (5%) for content of 0.3 wt% MFC which corresponds to material

C (see Table [2.7)).

When the two fillers are both added in the epoxy resin for some contents
the tensile strength enhances compared to the material with pure matrix.

Setting MFC at 0.1 wt%, the coupling with 1 wt% of XNBR gives a reduction
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Figure 4.4: (a) Young’s modulus and (b) tensile strength for constant
XNBR contents. Bars indicate standard deviation.

42




4.1. Quasi-Static Tensile Tests
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Figure 4.5: Young’s modulus and tensile strength for (a) 0.0 wt%

MFC, (b) 0.1 wt% MFC, (c) 0.3 wt% MFC and (d) 0.5 wt%
MFC. Bars indicate standard deviation.

MFC
XNBR 0.0 wt% 0.1wt% 0.3wt% 0.5 wt%
0 wt% 703.0£63.9 688.9+£25.7 T41.0+34.6 710.0+26.4
1wt% 664.0 £25.7 641.3+17.5 707.8+£25.8 7T37.8£29.7
3wt% 636.0 £41.2 7189+£39.5 767.2+319 T767.0=£22.7

Table 4.1: Average tensile strength o, [MPa| with standard deviation
for the twelve different combinations of fillers.

[ed

43



CHAPTER 4. Results and Discussion

MFC
XNBR  0.0wt% 0.1 wt% 0.3wt% 0.5 wt%

0wt% 24.8£0.7 51.3+£07 542+11 51.5%£14
1wt% 23.7£1.1 502+£13 51611 51.6£0.7
3wt% 01.4£0.7 525+£09 53.1+£1.0 53.1£09

Table 4.2: Average Young’s modulus [GPa| with standard deviation for
the twelve different combinations of fillers.

Figure 4.6: (a) Specimen failure right after the test and (b) some spec-
imens failure mode: from the top materials A, B, H and I
according to Table [2.7]
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4.1. Quasi-Static Tensile Tests

of strength, while for 3wt% of XNBR an increase of 3 % is recorded (Fig.
4.5b). MFC content of 0.3 wt% does not increase the strength using 1 wt% of
XNBR, while with 3wt% of XNBR (material K according to Table the
strength increases about 10 % (Fig. [4.5¢). If MFC is 0.5wt%, a continuous
enhancement of the tensile strength is recorded: 5 % and 10 % with 1wt%
and 3wt% of XNBR, respectively (Fig. and Fig. [4.4h).

In Tables|4.1|and 4.2|are reported the average values of the tensile strength

and the Young’s modulus, respectively.

4.1.1 SEM Observations

The improvement of the tensile strength, with content of 0.3 wt% MFC
and 3wt% XNBR, finds some motivation observing the failure mechanism.
The global failure mode of the tensile specimens is, according to standard
ASTM D3039 [44], of the type LGM (lateral, gage, middle). It does not reveal
the influence of the fillers (see e.g. the pictures in Fig. . Scanning electron
microscope images of specimens after tensile failure, for some combinations
of MFC and XNBR contents, demonstrate the influence of fillers (Figures
, and .

All contents show clearly fiber pull out at the fracture surface as well as
carbon fiber breakage. Three main differences of the fracture surfaces are
evident: the matrix deformation, the residual matrix on the fibers surface
and the de-bonding at the interface matrix-fiber.

The matrix has a brittle failure in the unfilled material (Fig. [4.7h), while
introducing MFC and XNBR the matrix shows a more "plastic" deformation.
In Figure the absence of MFC with 1wt% of XNBR generates a slight
increase of the matrix deformation. However this is not enough to affect

the tensile strength. Filling the epoxy resin with 3wt% of XNBR and MFC
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CHAPTER 4. Results and Discussion

in the range 0.1 + 0.3 wt%, the deformation observed in the matrix is very
extensive. Figures[4.7c and [4.7d show the matrix fracture surface with several
indentation, this is a symptom of a ductile behavior of the epoxy resin.

After failure,the fibers of the composite with pure resin show very clean
surfaces (see Fig. [4.8a), no residual parts of resin are evident on the fiber
surface. Increasing the content of MFC and XNBR, the quantity of matrix
attached to fibers after failure increases as shown in Figures and [4.8c.
A complete adhesion fiber matrix is evident for material K (0.3 wt% of MFC
and 3wt% of XNBR) as shown in Figure [1.8d.

The improved strength of the interface fiber-matrix due to fillers is evident
looking at the failure surface of longitudinal fibers. For the unfilled epoxy
resin the de-bonding is evident as shown in Fig. [£.9h. Adding only XNBR
improves the interface strength, but some de-bonding still remain (Fig. [4.9b).
The best performance is achieved with materials J and K (MFC 0.1 = 0.3 wt%
and XNBR 3 wt%) where no de-bonding at the interface is observed (Fig.
and [4.90).

As consequence the fillers seem to have an important influence on the in-
terface adhesion, as observed in [62]. This is in agreement with the increase of
tensile strength measured for material J and K (see Fig. 4.4a). The mixture
with 3wt% XNBR and 0.3 wt% MFC shows the larger matrix deformability,
the better fiber-matrix adhesion and, therefore, the higher tensile strength.

4.2 Short Beam Tests

According to the standard ASTM D2344 |45] ten specimens for each com-
bination of fillers content were tested. The complete set of twelve different

combinations of MFC and XNBR contents in epoxy resin were adopted, for
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15.0kV X750 WD 9.7mm 15.0kV X750 WD 10.3mm 104m

 FeS

15.0kV X750 WD 9.6mm 10¢m 10.0kV X650 WD 9.9mm 10um

Figure 4.7: SEM pictures of the tensile failure surface for filler content
(a) A; (b) E; (¢) J and (d) K according to Table
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¢

_ 4 . S e
15.0kV X600 WD 10.3mm 104m X500 WD 10.0mm 10um

X900 WD 9.1mm 104m SEI 10.0kV X900 WD 9.9mm 104m

Figure 4.8: SEM pictures of the tensile failure surface for filler con-
tent (a) A; (b) E; (c) J and (d) K according to Table [2.7
Pictures are focused on the pulled out fibers of the failure
surface.
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e G
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Figure 4.9: SEM pictures of the tensile failure surface for filler content
(a) A; (b) E; (c) J and (d) K according to Table 2.7 The
arrows highlight the de-bonding along the matrix-fiber in-
terface.
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Figure 4.10: Inter-laminar shear strength tests results. Bars indicate
standard deviation.

a total of 120 short beam tests.

The short beam tests are performed to determine the inter-laminar shear
strength (ILSS), which is calculated as:
Py,
Febs = 0.75 - T (4.1)
where, F*% is the ILSS [MPal, P, is the maximum load [N], b the mea-
sured specimen width [mm| and A the measured specimen thickness [mm)|
[45].

Short beam geometrical configuration maximizes the shear stress between
the different layer of the composite, the ILSS value is a first estimation of
the inter-laminar fracture toughness.

Figure [4.10] shows the average value of the inter-laminar shear strength
for the considered MFC and XNBR filler contents, compared to the value
of the material with pure epoxy resin (material A in Table 2.7). XNBR in
the resin has a positive effect. The ILSS increases with an increase of XNBR

nanoparticle. A similar trend is observed using only MFC, except for 0.3 wt%
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4.2. Short Beam Tests

content. The main effects, in term of ILSS, arise combining the two fillers. A
negative contribution is observed filling the epoxy resin with 0.5 wt% MFC.
In fact, the ILSS decreases adding XNBR nanoparticles.

The opposite behavior is observed setting the MFC content to 0.1 wt%.
The ILSS is continuously enhanced increasing the quantity of XNBR. In
particular, with 0.1 wt% MFC and 3wt% XNBR the best performance was
recorded (see Fig. [4.10). The increment of ILSS is higher than 32% with
respect to the unfilled epoxy resin. To have an improvement of inter-laminar
shear strength, for analyzed range of fillers contents, the mixture must have
XNBR <3wt% and MFC <0.3 wt%.

In Table the average values of inter-laminar shear strength are re-

ported.

MFC
XNBR  0.0wt% 0.1wt% 0.3 wt% 0.5 wt%

0wt% 03.7£27 63.0£34 554+41 66.1£23
1wt% 61.7£16 66.1+£28 65019 59.7£3.6
3wt% 66.0£1.7 71.4+£23 61.5+£09 622£25

Table 4.3: Average ILSS [MPa| with standard deviation for the twelve
different combinations of fillers.

4.2.1 Optical Microscope Observations

The macro failure mode of the specimens was investigated with an optical
microscope. The failure mechanism is not affected by the filler content and
involves cracks at the layer interfaces (see Fig. . According to the
standard ASTM D2344 |45 the failure mode is classified as inter-laminar

shear failure.
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100um
1

100um
L —)

(c)

Figure 4.11: Optical microscope pictures of inter-laminar shear failure
modes for filler content (a) A; (b) E; (c) J and (d) K
according to Table [2.7]
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4.3. Impact Tests

4.3 Impact Tests

According to the standard JIS K 7062 |46] twelve specimens for each com-
bination of fillers content were tested. The complete set of twelve different
combinations of MFC and XNBR contents in epoxy resin were adopted, for
a total of 144 Izod impact tests.

The absorbed energy, i.e. the energy needed to break the specimen, pro-
vides interesting trend of the impact strength in the considered range of the
filler weight contents. It is calculated according to the standard JIS K 7062
[46] as:

o+ o

Egs=P-D-g- |(cos B —cosa)— (coso/—cosoz)(a—'—ﬁ)} (4.2)

where, E,s is the absorbed energy [J], P is the mass of the hammer [kg|,
D is the arm of the hammer |m], g is the gravitational acceleration [m/s?,
« is the angle by the hammer raised [°], o/ is the angle made by swinging up
when blank swing was done from the angle a of hammer raised [°| and S is
the angle made by swinging up after the fracture was carried out [°] [46].

To better compare the values of the different specimens the Izod impact

value, i.e. the specific absorbed energy which is calculated as:

&

abs
4.3
e (143)

ar =

j=p)

where, a; is the Izod impact value [J/mm?|, b is the measured specimen
width [mm| and & is the measured specimen thickness [mm| [46].

The average Izod impact values are collected in Figure [£.12] where each
curve represents a constant content of XNBR (Fig. |4.12h) and of MFC (Fig.
). A slight reduction of the strength with the unmodified material was
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Figure 4.12: Average Izod impact value (a) vs. MFC content, (b) vs.
XNBR content and (c) average surface fitting over the
considered range of fillers content.
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4.4. Tensile Fatigue Tests

recorded for content of MFC in the range 0.1 + 0.3 wt% mixed with 3 wt%
XNBR. The other combinations do not show considerable improvements or
degradation of the impact strength, values are in the same experimental
scatter band. The only important increase of the Izod impact value was
obtained for the composite containing 0.5 wt% of MFC (material D according
to Table , an enhancement of more than 17% compared to the unmodified
composite. This clear trend is visible constructing the average surface in
Figure 4.12c, which provides the Izod impact value for any combination of
MFC and XNBR in the considered range.

For the sake of completeness in Table 1.3 are reported the average of Izod

impact values.

MFC
XNBR 0.0 wt% 0.1wt% 0.3wt% 0.5 wt%

Owt%  0.0531 £0.0034 0.0489 £ 0.0044 0.0539 +0.0026 0.0622 £ 0.0049
1wt%  0.0514 +0.0032 0.0496 £+ 0.0029 0.0526 + 0.0025 0.0527 + 0.0021
3wt%  0.0520 £0.0020 0.0482 +0.0026 0.0466 £+ 0.0027 0.0497 £ 0.0035

Table 4.4: Average Izod impact value (J/mm?) with standard devia-
tion for the twelve different combinations of fillers.

4.4 Tensile Fatigue Tests

According to the results of the previous measurements, some of the twelve
compositions of fillers were chosen to perform the tensile-tensile fatigue tests.
In order to select the best performing material for quasi-static tensile and

short beam tests, a rank is established as:

(12 — F)tens) + (12 - Pilss)

Rank = 7

-100 (4.4)
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Figure 4.13: Histogram representing the rank evaluated with Equation
for the twelve considered composites.

where, Rank is a value between 0 and 100 (where 100 is the best perfor-
mance), P, is the position of the material in the rank of the quasi-static
tensile strength and Py, is the position of the material in the rank of the
short beam tests. With this ranking a material had the best performance in
one loading if gets a score of 50, while the worst performance is identify with

score 0.

Material A, without any filler, was chosen as reference. Material D, J,
K and L (see Table were selected exhibiting the best static properties
according to the rank (Fig. 4.13)).

Three load levels were investigated: 80%, 75% and 70% of the quasi-
static tensile ultimate stress o, (see Table [4.1)). For each load at least three
specimens were tested. For some load levels, additional tests were made
using DIC or thermal camera. Cyclic tensile-tensile tests were performed

up to the failure or up to 2 million cycles if complete failure did not occur.
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4.4. Tensile Fatigue Tests

Complete failure means separation in two parts of the specimen during cyclic
loading. To avoid the influence of tab zones and grip pressure, a cyclic test
was considered "valid" if the sample broke at a distance greater than 2cm
from the tabs.

The tensile-tensile fatigue tests performed in the considered stress range
enable for depicting a Wohler-type diagram for each of the five selected com-
posites. Diagrams in Figure represent, for each material, the number of
cycles to failure (fatigue life, N) for all the valid tests of the three maximum
stresses 0az-

Comparison of all fatigue life curves for the five composites is in Figure
.15 In this diagram for each material the valid cyclic tests for each load
level are considered, as in Figure[4.14] and the respective average static tensile
strength (see Table corresponding to the extrapolated lowest number of
cycles, N = 1. Fitting was adopted for the experimental data to have a
reliable prediction of the fatigue life corresponding to the other stress levels
in the considered stress range, which were not directly determined by testing.

The semi-logarithmic function adopted here is:

Omaz = k -1log N +a (4.5)

where k and a are parameters to be defined by the least square method
(see Table {4.5)), and N is the fatigue life for the considered material. The
diagram in Figure shows the fitting of the experimental results (run-outs
are not included) in terms of linear segments. The quality of the fittings is
related to the coefficient of correlation R? [63]. Values of R? close to 1 confirm
the reliability of the fitting. The curves in Figure have the coefficient of
correlation in the range 0.94 = 0.98. The slope k of the linear fitting curves,
listed in Table shows similar value for the composite A, D and J while
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Figure 4.14: Maximum stress in the cycle vs.
failure for material (a) A, (b) D, (¢) J, (d) K and (e) L
according to Table[2.7] — means no failure after 2000 000

cycles.

number of cycles to
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Figure 4.15: Maximum stress in the cycle vs. number of cycle to failure

and semi-logarithm fitting for each composite. — means
no failure after 2 000000 cycles.

Material k a

A 14.64 704.6
D 14.23 714.8
J 14.54 723.6
K 16.43 771.6
L 16.12  775.6

Table 4.5: Parameters of the linear fitting of the fatigue life curves.

a 10% higher is for materials K and L. This predicts a fast reduction of the
fatigue life in the range of high number of cycles for composites containing the
higher content of both MFC and XNBR than that of the composites without
XNBR. This is clear comparing in detail the average number of cycles to

failure for three applied load levels in Figure

The covariance of fatigue life in Figure is in the range 0.2% + 28%. In
the low and medium cycles regimes (0,4, 80% and 75% of o,, Figures 4.16p
and [4.16p) the fatigue life of composites with mix of the two fillers K and L

59



CHAPTER 4. Results and Discussion

GO
e
—
)
7

[«P]
o 1.2x10° = ] _
E Oy = 80% G, | = . Omax = 713% O,
— a max u =) -
= 9.0x10° — "o 6x10° —
e | - ]
/2]
5] N - s
S 6.0x10° — o 4x10" 77
)
&) O .
2 s ] £ 2x10° —
g03.0x10 —] ] -
s i o N
9 > -
< 00 < 0—
A D J K L A D J K L
Material Material

—
&
~—
—~
=
~—~

2.5x10°
2.0x10°

1.5x10°

—
[=]
e
—
[=]}
=

5.0x10°

IIIIIIIIIIlIIIIllIIIlIlII

Average Cycles to Failure

e
o

A D J K L
Material

()

Figure 4.16: Comparison on the average fatigue life for the three max-
imum stress levels in the cycle: (a) 80%, (b) 75% and (c)
70% of 0. 1T means no failure after 2000 000 cycles. Bars
indicate standard deviation.

60



4.4. Tensile Fatigue Tests

is comparable (Fig. 4.16p) or higher than the unmodified material (material
A) and the composite containing resin modified with only MFC (material
D) (Fig. [4.16p). Decreasing the stress level (04, 70% of oy,), i.e. in the
high cycles regime, the combination of the two fillers generates a consistent
reduction of fatigue life (see Figure MC) For the lowest stress level, the
best performance is of the composite D enhanced with the maximum of MFC.
This does not fail after 2000 000 cycles and shows a longer fatigue life than all
the other composites including the unmodified one. The latter observation

agrees with the results in [41].

The fatigue damage development in composite materials may be described
by empirical metrics [64]. One of the main adopted damage metric is the stiff-
ness degradation [65]. In the present fatigue investigation, the dynamic stiff-
ness is selected as slope of segment passing through the points of maximum
and minimum of the stress-strain cycle curve ("cycle stiffness"). Another
damage metric, when instruments are not available for strain measurements,
is the slope of the segment passing through the points of maximum and mini-
mum stress-displacement cycle curve ("cycle slope") [61]. It should be noted
that the cycle slope does not correspond to the cycle stiffness of the material
because it has not been separated from the effects of compliance of the test-
ing machine. In the following, the stiffness (measured with the extensometer
or the digital image correlation) is adopted to have an overview of the dam-
age development, but a comparison of the cycle slope and stiffness curved
is first detailed. Diagrams in Figure [4.17] for three representative materials
and three load levels, show very similar shape and, therefore, both metrics
provide analogous qualitative information on the damage imparted during

cyclic loading. This is valid for all the considered materials.

The influence of the imparted damage on the stiffness is presented, for
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J and (c) 70% of o, material K.
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Figure 4.18: Stiffness ratio evolution for some specimens for two stress
levels: (a) 80% and (b) 70% of o,.

sake of comparison, assuming the ratio of the cycle stiffness at the current
cycle n and the initial stiffness (named "stiffness ratio"), and the fractional
life [64] (named "cycles ratio") defined as the ratio n/Ny, being N the
fatigue life. For highest cyclic stress level (i.e. 80% of o,), Figure
indicates a continuous almost linear degradation of the stiffness, a.k.a. a
continuous developments of the damage in the composites leading to failure.
This behavior is similar for all the hybrid modifications with an apparent
initial faster stiffness decrease for material L, not significant being in the
experimental scatter band. A similar trend was observed for specimens cyclic
loaded with 0,0, = 75% of o,. In the high cycles regime (i.e. 70% of
ou), the diagram in Figure highlights typical three stage curves [64]
(curve of the material A is not included due to a problem in recording the
signal of the extensometer). Initial stage with a rapid decrease of stiffness
demonstrates a fast development of the damage until a fractional life of about

0.15. Material L, in the initial stage (Figure £.18p), shows a lower slope of
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the curve, meaning a slowest diffusion of damage in the material, reaching
the same stiffness ratio (= 0.85) of the other materials in almost 35% of the
fatigue life . In the second steady stage, the composites have a nearly linear
low decrease of the stiffness until a fractional life of about 0.9. The third
and final stage (Figure [4.18b) indicates a fast decrease of the stiffness of all
materials as consequence of rapid spread of the damage until failure. This
is not visible for specimens of material D that had no failure after 2 000 000

cycles.

4.4.1 DIC Measurements

The effects of cyclic loading can be judged considering the DIC analyses
resulting in strain maps on the external surface of the central zone of the
specimens. The high speed digital camera was adopted only for tests at the
highest stress level (i.e. 80% of 0,,). The map of the strain component in the
load direction for three different combination of fillers (D, J and L) and for
the reference material (A) are depicted in Figure m The maps reproduce
the strain distribution at the maximum stress in some cycles through the
complete life of the specimens. Contours in Figure .19 show almost constant
strain distribution except close to failure (maps in the right column). The
strain component recorded on specimens A and J had maximum values up
to failure in the same range of the quasi-static tensile tests (0.012 = 0.015
see section , while materials D and L generate in the second half of the
fatigue life a higher level of deformation. The latter and the longest fatigue
life of composite D could be interpreted as a better damage tolerance of this

material mainly related to a better fiber and matrix adhesion.
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Figure 4.19: Maps of the strain component in the load direction at the
maximum of the applied stress in the cycle, oy = 80%
of g, by DIC. From the top composite A, D, J and L.
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4.4.2 SEM Observations

Scanning electron microscope (SEM) observations were performed on the
fracture surface of specimens cyclically loaded with ¢,,, = 75% of o,,. Images
of Figure refer to some combinations of MFC and XNBR content, i.e.
composite A, D and J (see Table . Two main differences of the fracture
surfaces are evident: the matrix deformation and the residual matrix on the
fiber surface.

The fracture surface of the unmodified material (A) has relatively smooth
and glassy epoxy matrix (see Figure ), typical of a brittle thermosetting
polymer [66]. The adopted content of only MFC in composite D generates a
clear extensive "plastic" deformation of the matrix (see Figure ) This
is the first motivation for the longer fatigue life of the composite enhanced
with MFC. The mix of MFC and XNBR increases the "plastic" deformation
of the matrix with respect to the unmodified composite (A). In figure
is visible the rough matrix fracture surface for material J. This effect seems
effective in extending the fatigue life in low cycle regime, but it is not for the
high numbers of cycles as in material D (see Figure .

Observing the fracture surface at the fiber scale, the unmodified compos-
ite (A) shows very clean fibers, no residual resin is visible still in adhesion (see
Figure[4.20p). The effect of MFC at fiber-matrix interface is clear in material
D. The broken fibers had good adhesion to matrix (see Figure 4.20d), very
few de-bondings were observed. This is the second motivation for the longer
fatigue life of the composite with only MFC (D). For composites including
both MFC and XNBR, the observed number of fiber-matrix de-bondings is
remarkable (see Figure ) and, as consequence, the fatigue life is not

improved or, for some contents and loading levels, a reduction was recorded.
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Figure 4.20: SEM pictures after fatigue failure of specimens cyclically
loaded with oy,4; = 80% of ,,. Composite (a-b) A, (c-d)
D and (e-f) J.
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Chapter 5

Conclusions and Future

Developments

5.1 Conclusions

The results, presented in this study, show the effects of twelve different
combinations of MFC and rubber contents in the epoxy resin (MFC in the
range 0 + 0.5wt% and XNBR 0 + 3wt%) on the mechanical properties of
composite laminates reinforced with carbon fibers plain weave fabrics. In
the ranges of the adopted fillers content, the main results of the complete

investigation are:

e The combination of MFC and XNBR does not provide relevant vari-
ations of the quasi-static tensile stiffness, while the tensile strength
increases of about 10% for a mix of MFC in the range 0.1 + 0.5wt%
and 3wt% of XNBR.

e The SEM images of the tensile damage modes show that the improve-

ment of the mechanical properties depends on the fillers capacity to
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enhance the adhesion between fiber and matrix as well as the matrix

ductility.

The main improvement of ILSS (~ +32%) was recorded with 0.1 wt%
MFC and 3 wt% XNBR.

The only important enhancement (more than 17%) of the Izod impact
strength was observed for the composite containing 0.5 wt% of MFC
(D).

A reduction of fatigue life was observed for composites containing the
hybrid matrix with higher contents of MFC and XNBR than that of
the composites with only MFC.

For the highest and lowest fatigue stress level, the best performance is
of the composite enhanced with the maximum content of MFC. The
combination of the two fillers generates a fatigue life almost similar
to the unmodified material at the highest fatigue stress level and a

consistent reduction of the fatigue life for the lowest stress level.

The stiffness of the materials had similar degradation trend during
the fatigue life, except the composite L (MFC 0.5 wt%, XNBR 3 wt%)
with the lowest cyclic stress level, whose initial diffusion of the damage
generates 85% of the initial stiffness in almost 35% of the fatigue life,
while the others get the same reduction in the first 15% of the fatigue
life.

SEM observations of the fracture surface of specimens cyclically loaded
with 0,0 = 80% of o, indicate two main reasons for the better fatigue

performance of material containing MFC (D): the extensive "plastic"
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deformation of the matrix; the improved fibre and matrix adhesion up

to the material failure.

As general conclusions, the hybridization of the epoxy resin with micro-
fibrillated cellulose improves the fatigue and impact performances of the car-
bon plain weave composite. The highest contents of XNBR nanoparticles can
reduce the fatigue life of the composites mainly in the high cycles regime,
probably due to the effect of the increasing temperature during cyclic load-
ing (see the preliminary monitoring of the temperature development during
cyclic loading in Section [5.2)).

The reliability of these conclusions, in term of fatigue life, can be assessed
by the confidence level index, based on the Student’s t-distribution [63]. The
confidence levels in Table |5.1| show that: the hypothesis "the D composite
has a longer fatigue life than the A" is valid with confidence level higher
than 99% for all stress levels (the confidence level for 70% is not mentioned
being the fatigue life of D longer than the other composites, material D does
not fail after 2 million cycles); while, the hypothesis "the J composite has a

longer fatigue life than the A" is valid with confidence level > 70%.

Confidence level
Stress level D > A J>A

%] of o (%] (%]
70 n.a. 73.04
75 99.96 99.98
80 99.11 70.63

Table 5.1: Confidence levels. > means longer fatigue life.
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5.2 Future Developments

To further investigate the influence of the fillers on the fatigue perfor-
mance of the considered composite materials, the damage nucleation and
propagation can be monitored during tensile-tensile fatigue tests with other
non destructive techniques.

An effective way to determine the damage progression in-situ is the ther-
mography according to the literature (|67], [68], [69] and |70]). A preliminary
thermal analysis was conducted in the present thesis and further investiga-
tions are suggested in future developments. Only four specimens in total

were tested applying this technique.

5.2.1 Thermal Measurements

Thermography is a measurement technique which provides an image of
the distribution of the temperature on the surface of the examined object.
Thermography proceeds by decoding information "temperature" resulting
from the infra-red radiation emitted by any object. The principal advantage
of infra-red thermography is its non-intrusive character. Indeed, it forms
part of the techniques of non-destructive testing and can be carried out on
installations in service. The deformation of solid materials is almost always
accompanied by releases of heat. When the material becomes deformed or is
damaged, a part of energy necessary to starting and the propagation of the
damage is transformed in an irreversible way into heat [71].

According to thermoelastic theory, the temperature of a material changes
when the material changes volume due to mechanical work, and the temper-

ature change can be related to the stress change in an adiabatic environment
using Eq. [72].
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T
AT = ——(OéllAO'l -+ CYQQAO'Q) (51)
pCyp

where, AT [K] is the temperature oscillation during a fatigue cycle on
the surface of the specimen, T' [K] is the absolute temperature on the surface
of the specimen, p [kg®/m]| is the density, C, [JK/kg] is the specific heat
capacity at constant pressure, a;; and gy [K™!| are the surface coefficients
of thermal expansion in 1 (warp) and 2 (weft) directions, and Aoy and Aoy
are the amplitudes of the principal stresses at the surface (|70] and [72]).

Generally if the fatigue loading frequency is higher than 5 Hz, the loading
process can be treated as adiabatic. Therefore the temperature difference
between the peak and valley of the cyclic load can be related to the stress
change, and the development of the stresses during the fatigue loading can
be treated as an indicator of damage development.

The testing temperature was about 20 °C in this study and the variations
also followed the change in room temperature. Therefore the temperature
change between cycles was not used as an indicator of damage, instead the
processed AT distribution between the peak and valley of a cycle was used
to indicate fatigue damage [73|. Since the carbon fiber reinforcement and the
matrix have different thermal expansion coefficients and are under different
stress levels, the AT distribution also reflected the surface weave patterns.
Similar phenomena have been observed in textile composites, which shows
about 0.2 °C difference between the AT in the resin regions and in the tow
regions (|70] and [74]). In order to distinguish and highlight the damage from
the weave pattern, a AT,,, distribution map was obtained by subtracting the
first AT map (taken at 500 cycles) from all the other AT maps, to highlight
the damage occurred after the initial recording.

For the maximum stress level (i.e. o = 80% of o,), two specimens
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were tested: one of material A as a reference and one of material D contain-
ing 0.5wt% of MFC. The two specimens showed a similar behavior,and a
comparable fatigue life. Figure [5.1] and [5.2] show the temperature maps and
the AT,,, maps for different cycles, respectively.

The plots in Figure [5.3| represents the variation of the maximum and
minimum temperature during the dynamic loading (Fig. and [5.3b) and
the temperature difference from peak to valley in cycle (AT,,..) and the
difference with the first map (AT,,,) through the entire life of the specimens
(Fig. and [5.3().

For the stress level of 0,4, = 75% of o, two specimens were tested: one of
material A as a reference and one of material J containing 0.1 wt% of MFC
and 3wt% of XNBR. In this case, the two specimens showed a different
behavior, see Figure [5.4] and [5.5] for the temperature maps and the AT,
maps, respectively. For the material A damage concentrates in the upper-
left part, while for material J the progression of the damage is uniform until
the failure.

The plots in Figure [5.0] represents the variation of the maximum and
minimum temperature during the dynamic loading (Fig. and ) and
the temperature difference from peak to valley in cycle (AT),.,) and the
difference with the first map (AT,,-) through the entire life of the specimens

(Fig. and [5.60).

All the AT,,, plots show a similar qualitative behavior which is also
typical of the slope plots (reported in Fig. [.3f-d and [5.6c-d): in a first
phase the damage (i.e. AT, ) grows very fast in the specimens and reached
a first local maximum, then in the second phase the AT,,, (i.e. the damage)

is almost constant and finally increases again up to the final failure.
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