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ABSTRACT

Glass fiber reinforced polymer composites have been utilized as alternative
materials for many decades to avoid exhausting natural resources. In addition, the
applications of this material have been increasing widely. Thus, improving mechanical
properties of composite materials plays a critical role in satisfying needs in real-life
situations. Nowadays, adding multi-walled carbon nanotubes (MWCNTSs) has been
showing as a high potential method due to their superlative mechanical properties.
Motivated by this tendency, the optimum conditions were found beside adding MWCNTSs
to increase mechanical properties and fracture toughness of conventional composites. First
of all, the simple dispersion method was chosen to mix MWCNTSs into unsaturated
polyester resin (UPR). Some optimal conditions were proposed such as mixing temperature,
initial curing temperature, hardener content, fiber changes, composite fabrication methods,
and MWCNTSs content. Higher mechanical properties of separated UPR and glass fiber
reinforced UPR composites were obtained. Furthermore, some other test methods were
performed to verify the effects of optimum factors and adding MWCNTSs such as
exothermic temperature measurement, thermal gravimetric analysis (TGA), density
measurement, and field emission scanning electron microscope (FE-SEM). The higher
mechanical properties and simple fabrication method can be recommended to develop

efficiently the properties of mass products.
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CHAPTER 1:

Introduction



The first composite materials were used at around the 1,500 B.C. by mixing mud
and straw to create strong and durable buildings. The definition of composite materials has
been likely started from that time and has not changed until now [1]. The objectives of
composite materials are almost conserved historically in order to obtain the better
mechanical and physical properties, light weight etc. The improvement can be obtained
from each component or all of them as long as improved reinforcement and/or improved

matrix combined.

The time has been going with so many events in all over the world such as World
War 1, 2. The composite materials have been also improving to adapt the specific purposes.
In the early 1,900s, some plastics were found as vinyl, polystyrene, phenolic, and polyester
[2]. In 1935, the first glass fiber were known when it was combined with a plastic polymer
by Owen Corning [2]. From that time fiber reinforced polymers (FRP) became well-known
in industry as well as in military aircraft due to the lightweight and strong alternative
materials [2]. In 1946, FPR was used in boat hull commercially after lower demand from
military products [2]. And, nowadays, it is a common materials with other wider
applications such as electronics, home and furniture, medical, automobile etc. [3, 4].
Indeed, FRP has been used as alternative materials to avoid exhausting natural resources
and it also exhibits the desirable characteristics including low density, high specific
strength, high specific modulus, high corrosion resistance, and low cost [1]. Additionally,
Michael F. Ashby [5] has listed the families of engineering material (Figure 1-1), their
mechanical strength (Figure 1-2), and the evolution until 2020 (Figure 1-3) for the
selection in mechanical design. It is not only convenient for design procedure but also

helpful to understand easily the role of composite materials in the material world.



Steels
Cast irons
Al-alloys

Metals

Cu-alloys
Zn-alloys
Ti-alloys

Composites
Sandwiches
Hybrids
Segmented structues
Lattices and
foams

SOda glass '
Borosilicate glass

PE, PP, PET,
PC, PS, PEEK
PA (nylons)
Polymers
Polyesters

Phenolics
Epoxies

Aluminas
Silicon carbides

Ceramics

Silicon nitrides
Zirconias

Isoprene

Neoprene
Butyl rubber
Glasses Elastomers
Silica glass Natural rubber
Glass-ceramics Silicones

EVA

Figure 1-1: The families of engineering materials [Figure 3.1, Ref. 5]

10000
1| Strength - Density

1000 §

q:| Composites: tensile failure

1| Metals and polymers: yield strength |

. Ceramics

|| Ceramics and glasses: MOR

Elastomers: tensile tear strength

Polymers and
elastomers

100 4

©
a
=3
© 104
o 1
L H
o
C
(0]
=
-

0.1

Natural
mjaterials

Foams

utyl.

Bi

ol L7 Guidelines for
rubbet elastomers _ . e minimum mass
i -, design
Cork i 5T S
{ - d ’ 7’
1:5°7 s 4 ’ 4
@ 1 4
e |
z 7’
- P 23~ ’
_-
Flexible polymer
-

_fedms

Density, p (Mg/m3)

Figure 1-2: Strength versus density of engineering materials [Figure 4.4, Ref. 5]



5000BC 0

10000BC

1000 1500 1800

1900

1940 1960

1980 1990 2000 2010 2020

Copper
Bronze
Iron

Gold

Cast Iron

Polymers &
elastomers

Steels
Wood
Skins

Fibers Glues

- Rubber
Composites

Relative importance

Alloy
Steels

Glassy Metals
Al- thhlum Alloys
Dual F'hase Steels

Micro:alloyed Sléels

Light
Alloys

Super Alloys

New Super Alloys

Development Slow:
Mostly Quality:

Control and
Processing

Polymers &
elastomers

Straw-Brick P p
Ll aper Titanium ] ] ngh Temperalure
Zirconium ) Alloys Polymers
Stone ' etc ]
Flint - '
Pottery Ba:kellte .
Glass ' ' Polyesters
Cement . PE Epoxiles
Ceramics & Refractories PMMA,; Actyfics Ceramics &
. PC PS; PP lasses
glasses Portland :
Cement | Fused Pyro- Tough Engineerin
| Silica Cermets cergmms Ceramlcs?Alzog %IaN., PSZ elc)
10000BC  5000BC 0 1000 1500 1800 1900 1940 1960 1980 1990 2000 2010 2020
DATE

Figure 1-3: Evolution of engineering materials until 2020 [Figure 1.1, Ref. 5]

There are totally four classes of matrix materials, they are polymers, metals,

ceramics, and carbon while polymer matrix composites (PMCs) are by far the most widely

used types [6]. Thermosets and thermoplastic are two major classes of polymers. And

thermosetting polymers are by far the most widely used matrix resins for structural

applications due to its advantages. The main characteristic of thermosetting polymers is to

undergo a curing process, after that they are rigid and cannot be reformed. On the other

hand, thermoplastics can be reused by application of heat [6]. FRP has been known well as

fibers reinforced thermosetting resin composites. Many manufacturing methods were born

not only to adapt the vital applications and their scale in industry but also to improve the

properties and quality of composites [3, 7]. For the open mold process, hand lay-up and

spray up methods are commonly used to fabricate FRP [7]. The quality of "second surface"

of products can be provided better by closed mold process including matched-die, resin



injection molding, compression molding, transfer molding (vacuum bag molding/ resin
transfer molding/ vacuum infusion), press molding, autoclave molding methods [7].
Vacuum assisted hand lay-up method is combined manual stacking method and vacuum,
that is not a current method but it can produce a appropriate quality and mechanical

properties of composites.

The demand of increasing mechanical and physical properties of composite
materials is unstoppable. The complicated working environment of various applications
has been motivated to find better products. Nowadays, fabrication technology is strongly
developing that can promote to create better composite material generations. Especially,
the appearance of graphene and carbon nanotubes (CNTSs) that have been expressed the
superlative properties in mechanical, electrical, and chemical prospects. There are many

related researches that have been utilizing these subjects to build nano-composite materials.

In this dissertation, tensile properties of thermosetting resin (unsaturated polyester
resin) and various glass fiber/ unsaturated polyester resin are focused. To understand fully
mechanical behavior and fracture toughness of FRP composites, multi-walled carbon
nanotubes were also used based on some optimum fabrication conditions without any

chemical treatment.
1.1 Materials
1.1.1 Unsaturated polyester resin (UPR)

Unsaturated polyester resin is the solutions of unsaturated polyester and vinyl
monomers (reactive diluents) in form of three dimensional network backbone [8]. The

viscosity of UPR is reduced from the high range 10° - 10° (mPa.s or cps) of unsaturated



polyester to much lower range of 100 - 500 cps due to the reactive diluents. Compared to

the Newtonian fluid (water) with 1 cps, we can see UPR has so high viscosity.

The curing behavior is the specific characteristic of UPR, that was presented deeply
in the reference [8] as follows: The curing reaction of UPR is a free radical chain growth
cross-linking polymerization between the reactive diluents (styrene monomers) and
unsaturated resin. While, polyester molecules are the cross-linkers and reactive diluents
work as agent to link the adjacent polyester molecules. At the room temperature, methyl
ethyl ketone peroxide (MEKP) is used as initiator for large hand lay-up structures. The
curing of UPR leads to volume shrinkage. When the reaction starts, the initiator
decomposes to form free radicals initiating polymerization which link adjacent unsaturated
resin chains through connecting styrene monomers by both inter- and intra-molecular
reactions (three dimensional network). As the polymerization continues, the temperature
and degree of polymerization increases causes shrinkage. The polymerization shrinkage of
UPR phase causes a large stress in monomer phase leading to formation of micro-voids.
The polymer coils get tightened up to form the so-called "micro-gel” structure. The
concentration of the micro-gel increase continuously leading to macro-gelation. The curing
process of UPR can be divided into four stages: induction, micro-gel formation, transition,
and macro-gelation. In the induction period, the free radicals are consumed by the initiator
and very little polymerization takes place. In the second stage, spherical structures (micro-
gel particles) with high cross-link density are formed. In transition stage the (C=C) double
bonds buried inside the micro-gel undergo intra-molecular cross-linking while those on
surface react with micro-gels. This results in growth of micro-gel. Finally macro-gelation
takes place by inter-molecular micro-gels and micro-gel clusters including a sharp increase

in viscosity of UPR.



The commercial UPR and MEKP are shown in figure 1-4 and 1-5, respectively that

were made by Aekyung chemical company in South Korea.

Seale 1:50

Figure 1-4: Unsaturated polyester resin (UPR)

Figure 1-5: Methyl ethyl ketone peroxide (MEKP)



1.1.2 Glass fibers

From reference [8], there are many type of artificial synthesis fibers in the world of

fiber reinforcement composites such as glass fibers, carbon (graphite) fibers, kevlar

(aramid) fibers, boron fibers, etc. They have been showing the better candidate in

comparison with metal because of their high specific strength, high specific modulus, high

corrosion resistance, low cost, low density etc. Among them, glass fibers are responsible

for majority of FRP composites because an acceptable manufactured cost although they

have lower specific properties. The adequate mechanical properties, suitable cost, good

specific electrical insulation purpose can be applied by glass fiber reinforced polymer

(GFRP) composites. The comparison in specific strength and modulus of some fibers in

their composites can be seen at Figure 1-6.
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In the group of GFRP, there are many classes such as E glass, S glass, S-2 glass, C
glass, D glass, A glass, prepreg, chopped strand mat (CSM), woven roving etc. They were
synthesized for specific purpose with the different mechanical and physical behaviors. As
other fiber composites, GFRP also can be aligned to reinforce in specific direction to
improve local strength of structures. In composite structures, fibers contribute as
reinforcement component while polymers play as matrix binder role. Consequently, for
GFRP, to obtain the desirable mechanical properties, the fiber orientation and the fiber
volume fraction can be changed. The fiber volume fraction could be chosen in range of 60-
70% in fabrication as long as composite structures can be formed. The difference fiber

types and fiber volume fractions represent difference properties and prices as Figure 1-7.
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The commercial glass fibers include woven (roving) and chopped strand mat
(CSM) are seen in Figure 1-8 and Figure 1-9 respectively, that were purchased from

Kimchon plant company in South Korea.

Figure 1-9: Chopped strand mat
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1.1.3 Multi-walled carbon nanotubes (MWCNTYS)

The carbon nanotubes were discovered by lijima [10] in 1991. Some later
generations that have been knowing as single-walled carbon nanotubes, double-walled
carbon nanotubes and multi-walled carbon nanotubes. They are all have outstanding

electronic, physical, and mechanical properties.

Figure 1-10 shows the multi-walled carbon nanotubes (CM-130) which are
supplied by the Hanwha Chemical Company in South Korea. From specifications of the
manufacturer, MWCNTs were synthesized in aligned form using a chemical vapor
deposition (CVD) method and were 10-30 um in length with a 10-15 nm outer diameter, a
5-10 nm inner diameter, a high aspect ratio (~2x10%), about 90 wt.% purity, a bulk density

of approximately 0.04 g/cm®, and the true density of MWCNTSs is 1.80-1.95 g/cm®.

Figure 1-10: Multi-walled carbon nanotubes (CM-130)

1.2 Application of glass fiber reinforced polymer (GFRP)

From the above discussion, there are so many applications of GFRP in the industry
such as aerospace, transportation, construction, marine goods, sporting goods due to their

good properties. In this part, some available fabricated parts are introduced at Figure 1-11.
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Figure 1-11: GFRP products
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1.3 Literature review

1.3.1 The methods of increasing mechanical properties and fracture toughness of

GFRP composite materials.

The mechanical properties, fracture toughness of composite materials are strongly
dependent on the mechanical properties of each component as well as the bonding strength
between them [11]. Some predicable methods can be used to improve the properties of
composite materials such as enhancing the properties by dispersing MWCNTS into matrix
and growing MWCNTSs on the surface of reinforcement. Those methods not only propose
better properties of all composite components but also raise the bonding strength by
bridging MWCNTSs. In addition, the interaction of fibers and matrix also can be changed
according to fiber arrangement, fiber length, and fabrication method. Therefore, those
factors could be considered to increase mechanical properties and fracture toughness of

composites.

1.3.2 Composite structure modification

The composite materials can be modified by modifying matrix, or reinforcement, or
both of them at the same time. Each method has its own advantages and disadvantages.
Fibers can be treated by growing MWCNTSs on their surface via chemical vapor deposition
(CVD), physical vapor deposition (PVD), or a simple chemical method. For matrix,
MWCNTSs can be defused into UPR by some ways such as stir mixing, sonication, 3-roll

mill, or combination of at least two above methods with and without chemical treatment.
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1.3.3 Dispersion method

From above modification methods, the performance of each method was evaluated
[12, 13]. Fiber modification has been expressed as the best solution and matrix had a little
bit lower effect. While, the combination modification methods resulted in the worst form
according to the assessment of mode | fracture toughness (Gic), thermal expansion
coefficient etc. Compared to the pristine composite materials, the modified composites
indicated obviously better results. In addition, among those methods, modifying matrix is

known as the simple method. Therefore, it is focused in this dissertation.

1.4 Objectives and contents of dissertation

1.4.1 Objectives of dissertation

The effort in this dissertation is finding a better GFRP composites based on the
evaluation of tensile properties and fracture toughness. In the thermosetting polymer group,
epoxy have been investigated mostly while UPR has not been considered appropriately. As
a consequence, some characteristics of UPR is studied carefully and optimized its curing
behavior based on the content of MEKP and initial curing temperature. From those factors,
mixing condition of MWCNTSs into UPR is also optimized. The simple mixing method is
chosen without chemical treatment of MWCNTSs and fibers. The composite fabrication
methods and fiber changes are also considered to improve mechanical properties and
fracture toughness of new materials. All above optimum conditions and adding MWCNTSs
are applied to obtain higher tensile properties and fracture toughness GFRP/ MWCNTSs +
UPR composites. Moreover, the expectation from the better performance of new

composites as well as simple mixing method is applied in mass production so far.
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1.4.2 Thesis outline

In Chapter 2, some optimum conditions are introduced based on the mixing

temperature, hardener (MEKP) ratio, initial curing temperature, fiber changes, and vacuum.

After the optimum conditions of mixing temperature and hardener ratio are
estimated, MWCNTSs will be dispersed into UPR to find the optimum weight content via

tensile properties of UPR and FE-SEM result of fracture surfaces in Chapter 3.

Other fabrication factors will be applied into GFRP composite materials combining
with optimum MWCNTSs weight fraction of UPR. Chapter 4 presents the results of tensile
test that will be conducted to access the effect of MWCNTSs on the GFRP/ modified UPR

composites.

Chapter 5 will focus on the various fracture toughness of modified UPR as well as

GFRP/ modified composites with most of optimum conditions.

Chapter 6 summaries the result of whole dissertation and plan of future works.

16



CHAPTER 2:

Optimization of fabrication conditions

Based on:

1. Van-Tho Hoang and Young-Jin Yum, ""Optimization of mixing process and effect of
multi-walled carbon nanotubes on tensile properties of unsaturated polyester resin in
composite materials™, Journal of Mechanical Science and Technology, vol. 31, pp. 1621-

1627, 2017.

2. Van-Tho Hoang and Young-Jin Yum, "Optimization of the fabrication conditions
and effects of multi-walled carbon nanotubes on the tensile properties of various glass

fibers/ unsaturated polyester resin composites', e-Polymers, (accepted) 2018.
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2.1 Introduction

MWCNTSs are wrapped in graphene sheets as tubes with large surface area and they
attract each other via the Van der Waals force [14]. MWCNTs normally aggregate and
stack together as micro particles, so it is a challenge to evenly disperse nanoparticles in a
polymer. Practically, good dispersion represents a uniform distribution of MWCNTS in a
polymer [15]. A more homogeneous dispersion can enhance interfacial strength of the fiber
and matrix [16] and reduce concentrated stress and improve uniform stress distribution
[17]. On the other hand, agglomeration may produce slippage between MWCNTSs and

porosity in the nanocomposite [15, 18].

In order to overcome those difficulties, several solutions have been suggested, such
as optimum physical blending, in situ polymerization, and chemical functionalization [18].
For a thermosetting polymer, dispersion and bonding of MWCNTSs within the matrix plays
a prevailing role in the improvement of mechanical properties of nanocomposite materials.
Therefore, various mechanical methods were introduced, such as ultrasound [18-20] with
bath type [21] and horn type [22]; 3-roll mill [19, 20, 23]; stir or shear mixing [19, 20, 24,
25]. Another efficient method to prevent aggregation relies on the functionalization of
nanofillers. This technique has shown many promising results and is based on the modified
structure of MWCNTSs [14, 18-20, 26-28]. From a mechanical engineering point of view,
each of the physical methods have both advantages and disadvantages for inducing
dispersion in nanocomposite materials. Here, shear mixing shows less influence on
dispersion than other methods [25], while 3-roll mill provides better dispersion than
sonication techniques [23]. The higher input power of the sonicator may obstruct the
degree of dispersion [22]. Controlling the evaporated weight of the mixture during mixing

with the 3-roll mill method is a challenge [23]. The straightforward technique of manual
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mixing falls short of the degree of dispersion of the nanocomposite provided by other

methods [29].

Most of the above results are focused on epoxy, even though unsaturated polyester
resin (UPR) is a very popular thermosetting matrix used in composite materials. A few of
researchers interested in the behavior of UPR and MWCNTS, but their mixing methods are
different. For instance, Mahmoud M Shokrieh et al. [30] combined stirrer and sonicator for
mixing MWCNTSs into UPR, while M. D. H. Beg et al. [31] or A. K. M. Alam et al. [32]
improved the mixing method by pre-mixing MWCNTSs with Tetrahydrofuran (THF) before
dispersed them into UPR. In addition, there are many other factors that have an effect on
the dispersion of MWCNTS in polymer of nanocomposites such as mixing temperature,

hardener ratio, etc.

In this dissertation, a stir mixing was used to disperse MWCNTSs in the UPR. It has
been known as very simple dispersion method. Therefore, some optimum conditions
should be considered carefully to enhance the dispersion quality of MWCNTSs in UPR. In
addition, to understand more clearly the behavior of UPR and GFRP composite materials,
some optimum factors such as mixing temperature, hardener ratio, initial curing
temperature, fiber change, and vacuum will be presented in this chapter. Those conditions
are expected to apply for enhance mechanical properties and fracture toughness of UPR

separately and GFRP/ modified UPR as well that can be seen in some later chapters.

2.2 The effect of mixing temperature

2.2.1 Materials and evaluation method

The unsaturated polyester resin (EC-304) and methyl ethyl ketone peroxide

(MEKP) are made by the Aekyung chemical company in South Korea.
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Compression test was carried out to evaluate the effect of mixing temperature on

compressive properties of UPR.

2.2.2 Experiment

The mixing temperature of UPR and MWCNTSs were changed in range of 20 °C-
100 °C with 20 °C interval. Hot and stir machine was used to raise the mixing temperature
to the expected values by the hot plate. The magnet was rotated at 2,000 rpm to transfer
uniformly the heat inside the beaker for a certain time. The box was used to cover around

the beaker with heat insulation foil to avoid heat consumption by surrounding environment.

After heating to the expected temperatures, pure UPR (20 g) was mixed
immediately with 1 wt.% hardener (MEKP) for a short time (~ 30 seconds), then poured
into a jar. The curing was held at 25 °C for 24 hours. Afterward, specimens were post-
cured in an oven at 80 °C for 3 hours. The resulting cylindrical compression specimens

were an average 30 mm in diameter and 20 mm in height after polishing (Figure 2-1).

The compression test was conducted by a universal testing machine (DTU-

900MHN) at 2mm/min test speed.

Figure 2-1: The shape of compression specimen
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2.2.3 Results and discussion

As mentioned from the section 2.2.2, in this study we dispersed MWCNTSs into the
UPR using only the hot and stir machine. The stirring process has shown suboptimal
effects [25], but is an important starting point for analysis of dispersion of nanotubes in
UPR. In addition, the effect of the temperature of resin during such experiments has not
been thoroughly investigated. The viscosity of resin is obviously reduced at higher
temperatures, but it converges at a certain high temperature due to its Newtonian fluid
behavior. Surprisingly, the compression behavior of each temperature-controlled specimen
was different (Figure 2-2). Table 2-1 shows more detailed compression testing results, in
which the ultimate strength and modulus reach the highest values at a resin temperature of
60 °C. Specimens fabricated at 20 °C and 40 °C are more ductile than at those mixed at 80
9C and 100 °C due to the higher strain at the ultimate strength. The ultimate strength and
modulus degradation of UPR at 80 °C and 100 °C is attributed to the liquid evaporation
phenomenon that occurs at high temperatures. Thus, mixing temperature at 60 °C should

be referred in experiments.
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Figure 2-2: Compressive stress-strain behavior of UPR at various mixing temperatures
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Table 2-1: Compression properties of UPR at various mixing temperatures.

Specimen Mixing temperature | Ultimate strength Modulus Strain at ultimate
name °c) (MPa) (MPa) strength
T-1 20 155.20 1,690.63 0.1212
T-2 40 154.73 1,644.07 0.1194
T-3 60 160.26 1,694.86 0.1160
T-4 80 131,24 1,443.99 0.1109
T-5 100 119.87 1,367.15 0.1046

Figure 2-3 provides another evidence to see the obtained compression specimens.

The different color can be seen easily at different mixing temperature.

Figure 2-3: Compression specimens of UPR fabricated at different mixing temperatures
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2.2.4 Conclusions

From the compression behavior of UPR that was fabricated at different mixing
temperature, we can see 60 °C represents the higher compression strength, modulus and
average strain. Therefore, it can be used as one of the optimum condition during mixing

MWCNTSs into UPR.

2.3 The effect of hardener ratio
2.3.1 Materials and evaluation methods

The unsaturated polyester resin (EC-304) and methyl ethyl ketone peroxide
(MEKP) are made by the Aekyung chemical company in South Korea that also can be seen

from Chapter 1.

Compression properties, exothermic temperature, and curing time of UPR were

monitored to extract the proper hardener ratio in the range of 1-3 wt.%.

2.3.2 Experiment

The mechanism of curing of UPR was described in Chapter 1 based on the
reference [8]. The chemical reaction between unsaturated polyester resin occurs when
adding the initiator (hardener) namely methyl ethyl ketone peroxide (MEKP) that is an
exothermic reaction due to cross linking [8, 33]. Thus, the cure rate of polyester can be
determined based on temperature and curing time using a thermometer (FLUKE 568).
Here, the UPR (20 g) was mixed with different hardener ratios (1, 2, and 3 wt.%) inside the
jar. The thermocouple probe was set at the center of the mixture (Figure 2-4), the position

at which the temperature is maximized.

The compression test was also conducted by a universal testing machine (DTU-

900MHN) at 2mm/min test speed.
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Figure 2-4: Monitoring exothermic reaction

2.3.3 Results and discussion

2.3.3.1 Compression properties

Because the UPR is the principle binder in composite materials, the hardener is the
all-important catalyst. Previously, J. R. M. d'Almeida and S. N. Monteiro [34] showed that
the tensile strength and elastic modulus were largest at a stoichiometric ratio of
hardener/epoxy, and that over a phr of 13 (13 parts of hardener per hundred parts of resin),
some initial cracks are formed. Using this study as motivation, compression specimens
were fabricated with the same parameters and process as in section 2.2.2, but the hardener

concentration was varied from 1 to 3 wt.%. Figure 2-5 shows that UPR has the best
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compression properties in terms of strength, modulus and strain at ultimate strength when
we used 1 wt.% of hardener to construct the specimen. The polymer network structure
tends to become weaker with higher catalyst concentration. For example, in comparison
with 1% mixed hardener, ultimate strength of UPR was reduced by 14.39% and 22.89%);
elastic modulus of UPR was also decreased by 3.99% and 10.41%; or strain of UPR had
similar tendency with 8.27% and 11.72% lower values at 2% and 3% mixed hardener,
respectively. The comparison values can be seen in Table 2-2. The two types of specimens,
T-3 and H-1, have different names but were fabricated at the same conditions and had a
similar hardener concentration, so their compression results are similar in terms of strength,

modulus and strain (Table 2-1 and 2-2).

The exothermic temperature and gelation rate can be nonlinearly extrapolated to
increase with higher MEKP concentration from the results in section 2.3.3.2. Practically, at
high hardener ratio, chemical reaction of UPR occurred quickly and burned including
smoke and harmful smell. Thus, crack was created and bonding of polymer chain was

destroyed that lead to reduce compression properties of UPR.
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Figure 2-5: Compression stress-strain relation of UPR with different MEKP contents.
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Table 2-2: Compression properties of UPR based on the difference of hardener ratios

Specimen | Hardener Ultimate Modulus | Strain at ultimate
name (%) strength (MPa) (MPa) strength
H-1 1.0 156.60 1,712.51 0.1246
H-2 2.0 134.06 1,644.16 0.1143
H-3 3.0 120.76 1,534.20 0.1100

2.3.3.2 Exothermic temperature

Using the same range for the mixed hardener ratio (1 to 3 wt.%), the curing
temperature of the UPR was monitored from room temperature through the exothermic
reaction, and then back to room temperature. As can be seen from Figure 2-6, the peak
exothermic temperature (Bpea) and the time to peak (tpeax) are significantly dependent on
the concentration of MEKP. Generally, a higher exothermic temperature and shorter time
to peak can be obtained when we add a greater percentage of MEKP. This indicates that
the gelation rate is faster at a higher catalyst concentration. At a 3 wt.% concentration of
MEKP, Bpeax and toeax Were 186.3 °C and 602 seconds, respectively. With the reduction of
MEKP to 1 wt.%, Bpeax Was reduced to its smallest value (144 °C), but tye increased to
1,491 seconds. The relation between MEKP concentration with Opeac and tpeax Was not
linear because Bpeak and tpeak at 2 Wt.% of hardener (176 °C and 722 seconds) were close in
value to those at 3 wt.%, but were far from those at 1 wt.%. Figure 2-6 also shows that the
essential time for curing and cooling at all of hardener ratios is almost 4,500 seconds, at
that time the solid UPR was totally cooled to room temperature. Moreover, gelation rate

and cooling rate almost similar at lower hardener ratio (H1), but they are different at higher
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hardener ratios (H1, H2). Consequently, the cooling rate at higher hardener content is also
higher than at lower content.

In fact, by increasing the percentage of hardener, we can save time for fabrication,
but it is more dangerous working in the high temperature condition and the cost may
increase simultaneously. Additionally, a higher catalyst concentration may prevent
execution of other processes such as casting into the mold because the gelation time is too

short and the mechanical properties degrade, as presented in section 2.3.3.1.
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Figure 2-6: Variation of curing temperature of UPR with different MEKP contents
2.3.4 Conclusions

Consequently, by considering all of the benefits discussed in sections 2.2 and 2.3, 1

wt.% of MEKP and 60 °C mixing temperature should be used as the optimal conditions.
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2.4 The effect initial curing temperature
2.4.1 Materials and evaluation methods

The unsaturated polyester resin (EC-304) and methyl ethyl ketone peroxide
(MEKP) are made by the Aekyung chemical company in South Korea, while the
commercial glass fibers include woven and CSM were purchased from Kimchon plant

company that also can be seen from Chapter 1.

Exothermic temperature and curing time of UPR were also monitored. In addition,
density of UPR, thermo-gravimetric analysis of UPR, and tensile properties of GFRP
composite were carried out to find the proper initial curing temperature for composite

fabrication.

2.4.2 Experiment

From the results in section 2.2 and 2.3, we found that the curing behavior of UPR
was also affected by initial curing temperature. In addition, from the weather forecast, the
temperature can be significantly changed in some nations. For instance, it may be varied
daily in range of 20 °C in the some seasons in South Korea. Furthermore, some other
reports also showed the detail curing process by other techniques [33, 35, 36]. The curing
behavior of UPR was investigated as the same procedure in section 2.3.2 and Figure 2-4.
Here the initial curing temperature change from 10.9 °C to 45.5 °C, the exothermic
temperature and curing time were recorded.

The composite laminate was fabricated with 4 layers of the fiber and matrix using a
roller in a hand lay-up fabrication method. The stacking sequence was fixed as
CSM/woven/CSM/woven to survey the effect of initial curing temperature. Five tensile
specimens in rectangular shape were cut by a diamond cutter for each plate (the length was

200 mm, the width was 20 mm, and the thickness was about 3 mm) without a tab.
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The thermal characteristics were evaluated using a TGA Q50 in a nitrogen
environment (40 ml/min balance purge flow). The temperature was maintained under
isothermal conditions for 5 minutes before it was increased to 800 °C at a rate of 10 °C/min.
Roughly 10 mg specimens were prepared before test.

Tension test was conducted by a universal testing machine at 2 mm/min test speed
of according to ASTM D 3099. An extensometer with a 50 mm gauge length was used.
2.4.3 Results and discussion
2.4.3.1 Curing behavior of UPR

Figure 2-7 shows the curing behaviors of UPR for different initial temperatures.
Generally, the viscosity of UPR increased during the chemical reaction between polyester
and the hardener while the temperature increased simultaneously. Gelation formation
occurred until the mixture was converted fully to the solid stage. It is clear that the total
curing time at higher initial curing temperatures is shorter than that at lower temperatures.
The maximum exothermic temperature generated was 165.5 °C at an initial temperature of
45.5 °C with the shortest time (594 seconds) to reach the maximum temperature. On the
other hand, the lowest initial curing temperature (10.9 °C) had the lowest exothermic
temperature (124.8 °C) and took the longest time (3,561 seconds) to reach the maximum
temperature. With initial temperatures of 28.5 °C and 35.2 °C, the exothermic temperatures
were 132.6 °C and 138.9 °C and the times to reach these peaks were 1,980 seconds and
1,687 seconds, respectively. The differences of the exothermic temperatures and curing
times were not significantly different for initial temperatures in the range of 28.5 °C to 35.2
OC. In comparison with the results of Huang YJ and Leu JS [35], 30 °C was lower
temperature and rate of reaction, even higher tensile properties were received [36]. Indeed,

the exothermic temperature decreased slightly in both cases of initial temperatures of 28.5
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OC and 35.2 °C because the chemical reaction was not immediately held after mixing the
hardener. Therefore, the mixture was automatically cooled down because the heat was
transferred to the room temperature environment. However, in the case of an initial curing
temperature of 10.9 °C (lower than room temperature), the exothermic temperature
nonlinearly increased at the beginning. After curing, the temperatures in all cases were
reduced similarly to room temperature (25 °C) after different times. This means that the
cooling rate also changed depending on the initial curing temperature.

In another research, Zhang J. et al. [37] found the maximum exothermic
temperature and the time to reach the peak temperature of another thermosetting resin
(epoxy) were approximately 175 °C and 150 minutes, respectively. In comparison with the
current result, epoxy has much lower curing rate that means the solidification procedure is
much longer than UPR. It can result in some limitations of fabrication methods using
vacuum for UPR such as vacuum bagging and resin infusion methods because the resin
flow cannot transfer after the gelation time. Consequently, a vacuum should be applied as
fast as possible to ensure UPR completely filled into fibers. It is also very important to

consider thoroughly the curing time in mass production using UPR and vacuum.
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Figure 2-7: Curing behavior for different initial curing temperatures
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2.4.3.2 Density of UPR

Unsaturated polyester resin (UPR) is a thermosetting resin. Thus, theoretically, the
volume of the specimen should shrink after curing [38]. This was confirmed in the value of
the density of UPR obtained in this study. The specimens from curing behavior
investigation were reused to figure out density and thermo-gravimetric analysis (TGA). In
the liquid stage, the density of UPR is 1.15 (g/cm®) (Table 2-3) and it is changed to 1.22
(g/cm®) in the solid stage (Table 2-4). The same mass of UPR was obtained in both the
liquid and solid stages but the density changed, which means the volume was smaller in the
solid stage. Interestingly, for all initial curing temperatures, the density of UPR was almost
the same. Thus, the volume shrinkage of polyester does not depend on the initial curing

temperature.

Table 2-3: Density of the materials.

Number Material name Density
1 Woven 570 (g/m?)
2 Chopped strand mat (CSM) 300 (g/m°)
3 Unsaturated polyester resin (UPR) 1.15 (g/cm?)
Multi-walled carbon
4 Bulk: 0.04 (g/cm®)
nanotubes (MWCNTS)

Table 2-4: Density of UPR for the different initial curing temperatures.

Number | Initial curing temperature (°C) | Density (g/cm®)
1 10.9 1.218
2 27.5 1.22
3 35.2 1.22
4 45.5 1.22
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2.4.3.3 Thermo-gravimetric analysis of UPR

There is some valuable information that can be provided by TGA measurements,
such as the filler content of materials, composition of multi-component materials,
decomposition kinetics, moisture and volatile content. Table 2-5 shows the behavior of
UPR under elevated temperatures. It is clear that the degradation procedure was similar for
the different specimens. The degradation started at about 287 °C with ~5.7% mass loss and
most of the UPR was gone at around 541.2 °C (~1.1% mass remained). The small amount
of mass reduction before degradation may be due to water absorption and/or volatile
contents, while the mass retention after degradation (up to 800 °C) is possibly due to the

impurities of UPR.

Table 2-5: Thermal behavior of UPR for the different initial curing temperatures.

Onset of degradation Residue
Initial curing Temperature Mass | Temperature | Mass
N temperature (°C) c) (%) 0) (%)
1 10.9 288.9 93.6 542.1 12
2 27.5 286.8 94.2 541.1 1.3
3 35.2 288.7 94.9 542.0 1.2
4 45.5 283.4 945 539.6 0.7

2.4.3.4 Tensile properties of GFPR composites

From section 2.4.3.1 to section 2.4.3.3, the optimum curing temperature could be
started approximately in the range of 25-35 °C. In addition, Belloul N. et al. [36] showed
the different optimum temperatures of resin (30 °C) and composite (40 °C) based on their

tensile properties. Practically, the initial curing temperatures were indicated by the probe of
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the thermocouple at the center of specimens in the previous section that may be a little bit
different with surrounding temperatures. Therefore, composite structures were fabricated
to verify the effect of initial curing temperature range on the tensile properties. The initial
curing temperatures were 22 °C (MC1), 30 °C (MC2), and 32 °C (MC3). In this case, the
initial curing temperature can be known as making temperature or fabrication temperature.
The tensile properties of materials are shown in Figure 2-8. It is clear that tensile properties
of composite materials are also sensitive to environmental temperature. Higher tensile
strength (20.88%) and elastic modulus (18.16%) were obtained when initial curing

temperature raised from 22 °C to 32 °C.
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Figure 2-8: Tensile properties of CSM/woven/CSM/woven for the different fabrication
temperatures
2.4.4 Conclusions
The results of from section 2.4.3.1 to 2.4.3.4 show a good agreement with the
results of Belloul N. et al. [36]. Thus, it can be concluded that initial curing temperature

should be held in range of 25 °C -35 °C.
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2.5 The potential of combining CSM and woven
2.5.1 Materials and evaluation methods

The unsaturated polyester resin (EC-304) and methyl ethyl ketone peroxide
(MEKP) are made by the Aekyung chemical company in South Korea, while the
commercial glass fibers include woven and CSM were purchased from Kimchon plant

company that also can be seen from Chapter 1.

Thermo-gravimetric analysis and tensile test were performed to find the thermal

and tensile behavior of CSM, woven and their combination.

2.5.2 Experiment

The composite laminate was fabricated with 4 layers of the fiber and matrix by
hand lay-up fabrication method using a roller. The fibers were changed as CSM/ UPR,
woven/ UPR, and fiber combination/ UPR. CSM weight fraction was 25% and woven
weight fraction was 50%. Five tensile specimens in rectangular shape were cut by a
diamond cutter for each plate (the length was 200 mm, the width was 20 mm, and the
thickness was varied based on using fiber) without a tab.

The thermal characteristics and tensile properties were evaluated as the same
procedure in section 2.4.2.
2.5.3 Results and discussion
2.5.3.1 Thermo-gravimetric analysis of various fibers composites

Glass fibers are the main reinforcement components for composite materials in this
study. The CSM has random directions and shorter length of fibers, while woven has
orthogonal structures and longer fiber length. Therefore, the thermal gravimetric analysis

was carried out to examine the thermal resistance with the appearance of different fibers.
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Figure 2-9 (solid lines) indicates a higher thermal resistance of composite materials due to
the addition of glass fibers. Similarly, Budai Z. et al. [39] also reported that the
decomposition of UPR is delayed by adding glass fibers. Besides, the degradation rates of
the materials are described by the dashed lines. The woven structure was the toughest
candidate in this fiber group, as demonstrated by its highest onset degradation temperature
and the lowest rate of decomposition. That means the longer fiber and specific fiber
structures in woven really affect on thermal resistance of composite materials. In addition,
the residual masses remaining at high temperatures (from 500 to 800 °C) were different in
each case. For example, at 700 °C, the mass retentions of UPR, UPR/CSM, UPR/woven,
and UPR/combination of fibers were about 1.27%, 23.42%, 46.51%, and 33.83%,
respectively. The parallel nature of both the solid and dashed lines in the high temperature
range (500-800 °C) also indicates good thermal stability of the fibers. The mass retention
represents the exact fiber content of composite structures. In comparison to the 25% and
50% in section 2.5.2, the mass of the fibers was mostly conserved, except the small
amounts of moisture and volatiles. It can be concluded that the chemical compositions of
CSM and woven are almost similar and the thermal degradation is slightly dependent on
the fiber structure and significantly dependent on the fiber concentration in composite

materials.
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Figure 2-9: Effect of fibers on the thermo-gravimetric behavior of the composites

2.5.3.2 Tensile properties of various fibers composites

According to the rule of mixtures [1], the mechanical properties of a fiber
composite can be calculated based on volume fractions. Thus, the 2 times higher weight
fraction of woven than CSM (section 2.5.2) that can be estimated that mechanical
properties of woven relatively are two times higher than CSM. In fact, the ultimate tensile
strength and elastic modulus of CSM/UPR were 87.92 MPa and 7.09 GPa, respectively
(Figure 2-10). Meanwhile, the tensile strength of woven/UPR was almost 2.8 times higher
than that of the CSM composite, but Young's modulus of the woven composite was only
17.84% higher than that of CSM/UPR. Even though both fibers have almost similar
chemical compositions (section 2.5.3.1), woven composite has much higher mechanical
properties than CSM that can be attributed to the higher fiber length [40] and orthotropic
fiber arrangement of woven.

Practically, woven has higher surface density than CSM (Table 2-3), but there are
some gaps on the surface of layer and fibers are bundled together as shown at the Figure 1-
8 and Figure 1-9. In comparison, woven may absorb less resin than CSM. In composite
structures, CSM should be fabricated with more amount of UPR to ensure that the resin is

fully filled into the fibers. As a consequence, woven fiber fraction is always higher than
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CSM that can be resulted in a heavier product. In addition, woven has the native waviness
surface that can be formed a rough surface composite structures. A composite laminate was
fabricated by combining both of them as a CSM/woven/CSM/woven structure to obtain the
best function of fibers. As a result, the combination of fibers can obtain an acceptable
tensile properties as shown at the Figure 2-10. The CSM/woven/CSM/woven composite
had a 79.02% higher ultimate tensile strength and a 8.54% higher elastic modulus than the
CSM composite.
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Figure 2-10: Tensile properties of composite structures with different of fiber components
2.5.4 Conclusions

The results from this section confirm that the types glass fibers do not have much
effect on the thermal resistance, but affect significantly tensile properties of their
composites.
2.6 The effect of fabrication method of GFRP composites
2.6.1 Materials and evaluation methods

The unsaturated polyester resin (EC-304) and methyl ethyl ketone peroxide

(MEKP) are made by the Aekyung chemical company in South Korea, while the
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commercial glass fibers include woven and CSM were purchased from Kimchon plant

company that also can be seen from Chapter 1.

Density, thermo-gravimetric analysis, and tensile properties of GFRP composites

were performed to find the effect of vacuum.

2.6.2 Experiment

Different 4 layers of the fiber and matrix were also laminated by hand lay-up
fabrication method using a roller. The fibers changed and fiber weight fraction were the
same at section 2.5.2. After finished laminating, peel ply, bleeder, vacuum bag were
applied immediately. As a consequence, curing of these specimens were cured at room
temperature for 24 hours, under vacuum for 5 hours. The post-curing was also held in an
oven at 80 °C for 2 hours. Five tensile specimens in rectangular shape were also cut by a
diamond cutter for each plate (the length was 200 mm, the width was 20 mm, and the
thickness was varied based on using fiber) without a tab.

The thermal characteristics and tensile properties were evaluated as same as the
procedure in section 2.4.2. Besides, density of materials was measured by AND (GF-200)
apparatus at atmospheric pressure and 22 °C.

2.6.3 Results and discussion
2.6.3.1 Density of composite structures

The vacuum was used after hand lay-up fabrication, which has been known as
hybrid fabrication method [41]. Specific structures were fabricated by this method to
achieve higher density (lower void content) and mechanical properties. Vacuum is useful
in isolating specimens with the surrounding environment and removing the unnecessary
resin from specimens to bleeder, peel ply and even to the hose. In comparison to the

compression molding method, vacuum may have less of an effect on the mechanical
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properties but it is a simple method, more flexible and convenient with a variety of product
geometries. In fact, the effect of vacuum is strongly dependent on the polymerization
process. Vacuum may have not much influence if it is applied after the transition formation
period because polymer cannot be transferred at much higher viscosity. Fortunately, the
density of composite structures increased due to the longer curing time employed based on
the optimum fabrication conditions. As can be observed in Figure 2-11, the density
increased by 7.09%, 10.51%, and 11.63% in CSM/UPR, woven/UPR, and
combination/UPR, respectively. The density of CSM and woven were 2.494 and 2.546
glcm® in the experiment. They are much higher than the density of composite structures
and UPR. Therefore, the reason for increasing density at Figure 2-11 may be attributed to

the removing of a significant amount of UPR.
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Figure 2-11: Effect of vacuum on the density of composite structures

2.6.3.2 Thermo-gravimetric behavior of composite structures
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The contents of the fibers in the composite structures with and without vacuum are
presented at Figure 2-12. It confirms that vacuum has influenced on removing UPR in
composite structure from TGA results. For instance, around the onset of degradation, a
vacuum can reduce the mass loss by 1.41%, 2.18%, and 2.49% for CSM, woven, and fiber
combination, respectively. Especially, more than twice the CMS and fiber combination
contents were obtained, while 60.09% woven fiber was obtained with heating up to 800 °C.

It also can be seen that the mass loss rates are lower under vacuum following the
slope of curves at Figure 2-12 that means the better thermal stability of composite
structures. If the mass retention represents the input fiber weight fraction, then it is
recommended that less of UPR can be used for composites fabrication under the certain
vacuum conditions. The almost linear increment of mass retention from CSM, woven, and
their combination can be emphasized that thermal resistance and decomposition of
composite structure are mainly dependent on the utilized fiber ratios. The little higher UPR
removing in CSM composite displayed the better effect from vacuum pressure because

woven is stiffer under the bundled form and UPR may be confined between woven gaps.
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Figure 2-12: Effect of vacuum on the thermo-gravimetric behavior of GFRP composites

2.6.3.3 Tensile properties of composite structures

The leaving extra UPR and compressive conditions can make the cross-sectional

area of the composite structures decreased when the vacuum was applied. Therefore, the

tensile properties of the composite structures could be increased proportionally in the

elastic region [41, 42]. Generally, the ultimate tensile strength and elastic modulus of

composite structures were positively influenced by vacuum (Figures 2-13 and 2-14).

Indeed, the tensile strengths of CSM/UPR, woven/UPR and combination/UPR increased

from 87.92 to 125.36 MPa, from 351.67 to 402.96 MPa and from 190.26 to 258.14 MPa,

respectively. Furthermore, the elastic modulus also increased by 38.63% in CSM/UPR,
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24.31% in woven/UPR and 42.46% in combination/UPR. These results can be also
attributed to the continuous vacuum pressure which can remove most of the flaws and

voids of the specimens.
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Figure 2-13: Effect of vacuum on the tensile strength of composite structures
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Figure 2-14: Effect of vacuum on the elastic modulus of composite structures
2.6.4 Conclusions
The positive effect of vacuum on density, thermal resistance, and tensile properties

is very clear. All type of fibers have almost similar effects by applying vacuum.
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CHAPTER 3:

Effect of multi-walled carbon nanotubes
on tensile properties of unsaturated

polyester resin

Based on:

Van-Tho Hoang and Young-Jin Yum, "Optimization of mixing process and effect of
multi-walled carbon nanotubes on tensile properties of unsaturated polyester resin in
composite materials', Journal of Mechanical Science and Technology, vol. 31, pp. 1621-

1627, 2017.
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3.1 Introduction

There is a vital and growing demand for glass fiber reinforced polymers in
composite materials, especially in many important industries such as aerospace, marine
structures, etc. In fact, most of the applications (airplanes, ships) involve working under
complex environmental stresses. Thus, improving mechanical properties of composite
materials plays a critical role in satisfying needs in real-life situations. Fortunately, carbon
nanotubes (CNTs) were found in 1991 [10] that may be one of expected solution due to
their superlative properties in mechanical, electrical, and chemical prospects. Carbon
nanotubes have attracted many researchers as a very promising reinforcement for
thermoplastic and thermosetting plastic matrices of composite materials [15-17, 30, 43].
Most results show remarkable effects on the mechanical properties of nanocomposites with
a very small addition of CNTs. For instance, A. Allaoui et al. [15] obtained a 100% and
200% increase in Young’s modulus and yield strength respectively, when they added 1
wt.% of multi-walled carbon nanotubes (MWCNTS) into epoxy; Mahmoud M Shokrieh et
al. [30] showed a 6% increase in tensile strength and a 20% increase in flexural strength
with 0.05 wt.% MWCNTs mixed into epoxy; while Peng Guo et al. [44] used well-
dispersed MWCNTSs with 8 wt.% and reached 69.7 MPa tensile strength (about 60% higher

than neat epoxy).

However, the critical MWCNT content is not coincident and a higher weight
fraction of MWCNTSs does not show higher mechanical property values. This is attributed
to the dispersion state and alignment of MWCNTS in the polymer matrix [18, 45]. In this
study, some optimum conditions that have been analyzed in the second chapter such as

mixing temperature and hardener ratio for the simplest stirrer mixing to disperse MWCNTSs
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into UPR were utilized. Afterward, modified UPR was characterized by tensile properties

and fracture surfaces to find the optimum MWCNTSs weight fraction.

3.2 Experiment
3.2.1 Materials

The unsaturated polyester resin (EC-304) and methyl ethyl ketone peroxide
(MEKP) are made by the Aekyung chemical company in South Korea. The multi-walled
carbon nanotubes (CM-130) are supplied by the Hanwha Chemical Company in South
Korea. From specifications of the manufacturer, MWCNTs were synthesized in aligned
form using a chemical vapor deposition (CVD) method and were 10-30 um in length with
a 10-15 nm outer diameter, a 5-10 nm inner diameter, a high aspect ratio (~2x10%), about
90 wt.% purity, and a bulk density of approximately 0.04 g/cm®. The density of UPR is

around 1.15 g/cm? and the true density of MWCNTSs is 1.80-1.95 g/cm®.

3.2.2 Fabrication of MWCNTSs/ UPR specimens

Tensile specimens (Figure 3-1) of MWCNTS/UPR composite materials were
fabricated according to ASTM D 638-03 [46]. Firstly, the different contents of MWCNTSs
were dispersed into the UPR with a hot and stir machine (HY-HS11, Figure 3-2) at 60 °C
and 2,000 rpm for a period of 1 hour. Then, the mixing temperature was reduced to room
temperature before pouring 1 wt.% of hardener (MEKP) into the mixture. Next, the MEKP
was quickly mixed with the mixture for 30 seconds. During the dispersion time, an
aluminum casting mold (Figure 3-3) was cleaned using a cleaning agent. After that, the
whole mixture was casted into the mold and cured at 25 °C for 24 hours. In order to
remove air voids and to improve cross-linking of the matrix in MWCNTs/UPR [16],
specimens were post-cured in an oven at 80 °C for 3 hours. Finally, five tensile specimens

were obtained, each with a different MWCNT ratio.
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Figure 3-1: The parameters of tensile specimen according to ASTM D638-03 (unit: mm)

Figure 3-2: Hot and stir machine
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Figure 3-3: Aluminum casting mold

3.2.3 Measurements
3.2.3.1 Tension testing

Tension test was conducted with a universal testing machine (DTU-900MHN) to
examine mechanical properties of the UPR and MWCNTSs/UPR composite according to

ASTM D 638-03. The testing speed was 2 mm/min for both tests.

3.2.3.2 Observation of fracture surfaces
Fracture surfaces of composite materials were scanned with a field emission scanning
electron microscope (FE-SEM), JSM-6500F. Degrees of dispersion and bonding of the

fiber and matrix are discussed alongside the FE-SEM results.
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3.3 Results and discussion
3.3.1. Tensile properties of nanocomposite

Tensile specimens were fabricated by aluminum casting mold at optimum
conditions (60 °C of mixing and 1 wt.% hardener). The enhancement of tensile properties
of nanocomposite can be explained based on the uniquely advantageous properties of
MWCNTSs. Previously, Z. W. Pan et al. [47] showed that the elastic modulus and tensile
strength of MWCNTSs fluctuate around 0.45+£0.23 TPa and 1.72+0.64 GPa respectively;
Min-Feng Yu et al. [48] presented these values as 270-950 GPa and 11-63 GPa (for a set of
19 MWCNTS), respectively. According to load (stress) transfer mechanisms [21, 49], we
can conclude that adding MWCNTs plays the important role of improving tensile
properties of UPR in composite materials. Normally, mechanical properties of composite
materials may be improved with higher reinforcement content. However, the viscosity of
the mixture increases at high concentrations of MWCNTSs, which impedes dispersion
during the mixing process. Therefore, some defects such as air voids and bubbles may
appear around MWCNTSs inside tensile specimens. Even stress concentration may occur
due to fiber agglomeration (poor dispersion). These are the primary reasons for the
degradation of tensile properties at a higher weight fraction of MWCNTSs. Figure 3-4
shows that tensile strength, Young’s modulus and fracture strain increased simultaneously
with an increase in the fraction of MWCNTSs until 0.1 wt.%. Thus, this tendency strongly
agrees with the results of Peng Guo et al. [44] that the fracture toughness of composites
was improved by increasing MWCNT fraction. In more detail, the improvement was
greatest with 0.1 wt.% MWCNTSs added, yielding in increase 42.14%, 13.33%, and 37.17%
of tensile strength, elastic modulus, and fracture strain, respectively. Adding 0.05 wt.%

MWCNT showed a lesser effect than 0.1 wt.% MWCNT, but tensile properties of the
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nanocomposites were still higher than neat UPR. On the other hand, adding higher weight
percent of MWCNTSs (from 0.2 to 0.3 wt.%) had a negative impact on the properties of
material due to the lower distribution quality that is presented in section 3.3.2. Finally, the
experiment results indicated that 0.3 wt.% MWCNTSs is the worst concentration and

provides the most unfavorable tensile properties.
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Figure 3-4: Tensile behavior of nanocomposites with different MWCNTS ratios

(a) Tensile strength, (b) Young’s modulus, and (c) fracture strain
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3.3.2 Fracture surface observation results

Several reports have shown that the dispersion of nanowires is an important factor
contributing to the mechanical properties of nanocomposite materials. As can be seen from
Figure 3-5, the color of the UPR changed from light pink (Figure 3-5a) to dark (Figures 3-

5b-e) when MWCNTs were added. This color change indicates good infusion of

MWCNTSs into the liquid using the previously mentioned mixing conditions.

Figure 3-5: Dispersion of MWCNTs in UPR

(a) Pure UPR, (b) 0.05 wt.% MWCNTS, (c) 0.1 wt.% MWCNTS,

(d) 0.2 wt.% MWCNTS, and (e) 0.3 wt.% MWCNTSs.

The dispersion state and arrangement of MWCNTS are shown in Figure 3-6 based on

fracture surfaces of tensile test specimens. All of the images were scanned at the same
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scale and magnification by a field emission scanning microscope (FE-SEM). Firstly,
Figure 3-6a denotes the smooth surface of neat thermosetting polymer, while others show
rougher surfaces. This indicates that adding MWCNTs may make materials more ductile.
The second observation is a more crowded distribution of nanowires from Figure 3-6b to
Figure 3-6e due to the increase of weight fraction of MWCNTSs. Figure 3-6b and Figure 3-
6¢ show strongly uniform nanoparticle distributions in the polymer, which implies a robust
mixing process with lower addition of nanotubes. Meanwhile, Figure 3-6d and Figure 3-6e
indicate a non-uniform distribution of MWCNTS, and even show nanotubes aggregated in
tangles. This aggregation can explain the stress concentration and the deterioration of the
tensile properties at higher fiber concentrations. In addition, these agglomerations may

more easily allow for the creation of defects around MWCNTS.

Focusing on Figure 3-6b and Figure 3-6¢, we can see that fiber direction was
randomly distributed, but most MWCNTs emerged perpendicularly with different fiber
lengths on fracture surfaces. The fracture surfaces did not have any pits or holes with the
approximate diameter with MWCNTS, which means that stresses are transferred from the
matrix to fiber mostly via axial stress. Such stress transfer is one of the reasons that the
addition of nanofibers increases tensile strength. Consequently, a greater number of
emerged fibers on the fracture surface indicates a higher strength of the composite material.
Furthermore, the different lengths of fibers prove that the fracture strength also improved
because the underlying matrix can be broken early, but confined fibers are broken layer by

layer over the critical load of the UPR.
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Figure 3-6: Morphology of fracture surfaces

(a) Pure UPR, (b) 0.05 wt.% MWCNTS, (c) 0.1 wt.% MWCNTS,

(d) 0.2 wt.% MWCNTSs, and (e) 0.3 wt.% MWCNTSs.
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3.4 Conclusions

MWCNTSs were successfully mixed with UPR using the stir method based on the
optimum conditions of 60 °C during mixing and 1 wt.% of MEKP. Tensile properties of
the polymer matrix were significantly improved and 0.1 wt.% of MWCNTS is proved to be
the best choice of fiber weight fraction, yielding a higher strength (42.14%), elastic
modulus (14.33%) and fracture strain (37.17%). FE-SEM results also strongly agree with
the tensile properties of 0.1 wt.% of MWCNTSs for further applications. Mixing conditions
are almost similar to the practical processes used in the industry, and they not only show
improved mechanical properties, but are also exhibit safe working conditions. Therefore,

the results in this study may be applied in future applications to obtain better products.
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CHAPTER 4:

Effect of multi-walled carbon nanotubes
on tensile properties of various glass
fibers/ unsaturated polyester resin

composites

Based on:

Van-Tho Hoang and Young-Jin Yum, ' Optimization of the fabrication conditions and
effects of multi-walled carbon nanotubes on the tensile properties of various glass

fibers/ unsaturated polyester resin composites **, e-Polymers, (accepted) 2018.
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4.1 Introduction

Polymer composites have been utilized as alternative materials for many decades to
avoid exhausting natural resources. Among them, glass fiber reinforced thermosetting resin
iIs a common material due to its use in electronics, home and furniture, aerospace, boats
and marine, medical, and automobile applications [3, 4]. This material can show desirable
characteristics including low density, high specific strength, high specific modulus, high
corrosion resistance, and low cost [1]. In particular, glass fiber/polyester composite
materials have represented excellent behavior to reinforce the specifically expected

direction of structures compared to conventional metals.

The enhancement of material characteristics has attracted a wide range of
researchers to improve fuel efficiency, reduce carbon dioxide emissions in the equipment
industry [50], and increase the displacement of ships, particularly to satisfy the strength
criteria for transport systems. Composite fabrication methods for thermosetting polymer
composites have been improved to partially meet the above trends. Hand lay-up is a
manual technique, while vacuum-assisted resin transfer molding has been considered the
most efficient fabrication method because of its higher volume fraction, low void contents,
low weight, low operating cost, low production rates, being less harmful, and ability to

accommodate complex shapes [51].

In fact, the mechanical properties of composite materials are strongly dependent on
the strengths and moduli of the matrix and fiber as well as the bonding strength between
the matrix and fiber [11]. Therefore, modifying the fiber or matrix has increased by simply
adding high potential candidates. Multi-walled carbon nanotubes (MWCNTS) have been

widely applied due to their slightly lower properties but much lower cost compared to
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single-walled carbon nanotubes in the series of carbon nanotubes since 1991 when lijima
[10] first discovered the unique structure of carbon nanotubes. Several researches have
focused on dispersing MWCNTS into thermosetting resins including epoxy [44, 52-54],
phenolic [55], and unsaturated polyester [56]. Some issues were encountered and
compared to determine the best choice for dispersion quality between MWCNTSs and the
thermosetting polymer [57, 58]. In addition, based on the strong development of nano-
technology, reinforcement components were also treated by growing MWCNTSs on their
surfaces [59-65]. Some methods have been proposed to add MWCNTS on the surface of
fibers such as chemical vapor deposition (CVD), physical vapor deposition (PVD) [61],
and a simple chemical method [62], where CVD is the most widely used [59-61, 63-65].
Actually, MWCNTSs impart different positive effects in each fabrication method. Thus, the
mechanical properties of novel composite materials based on MWCNT-coated fibers/neat
resins [66-75], MWCNT-dispersed resin/neat fibers [76-84], or a combination of both
treated fibers and a treated matrix [12-13] have been considered to determine the optimum
modification conditions. According to the load transfer mechanism [85] and stress transfer
theory [49], axial stress and the interfacial shear strength (IFSS) of composite structures
can be improved with an appropriate content of added MWCNTSs. The basic mechanical
behavior was mainly concentrated on the IFSS of a single fiber and matrix by
fragmentation, tensile, and micro-droplet (pull-out) tests in most studies. Some significant
influences of the MWCNTSs on the material properties were observed such as a 69% higher
tensile strength [72], 94% higher IFSS [73], 80% higher fracture toughness (Gic), and
~32% smaller coefficient of thermal expansion [77]. Ashish Warrier et al. [12] and A.
Godara et al. [13] showed that the best performance was achieved from fiber treatment,

and polymer treatment was slightly less effective than fiber treatment, while the
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combination resulted in the lowest effect in the view of the Gic, thermal expansion

coefficient, crack propagation, and IFSS results.

On the other hand, J. Dai et al. [71] presented some drawbacks, difficulties, and
challenges regarding both the MWCNT-modified matrix and fibers. For example, it is not
easy to obtain high quality dispersion in mixing MWCNTSs in the matrix due to the highly
attractive Van der Waals force of MWCNT particles. A high aspect ratio strongly reduces
the viscosity of the polymer such that a small amount of added MWCNTSs cannot fully
salvage the performance of the additive. In the case of fiber edition, metal catalysts can
easily diffuse into substrates at high temperatures and different forms of carbon can be
created on the surface of substrates due to the increasing temperature inside the chamber,
such that a high quality fiber coating cannot be achieved. In addition, due to the limitation
of size, CVD and PVD are difficult to apply to mass production and they can only be used
to locally grow nanoparticles on the surface of fibers. Moreover, pure carbon nanotube
fibers were recommended to overcome the problems encountered by processing CNTs and
these fibers showed extremely high mechanical, thermal, and electrical properties, whereas
creating a laminate is still challenging [86, 87]. Furthermore, carbon nanotubes were also

used to solve the out-of-plane weakness problem [88, 89].

As can be seen from the literature review, so many researchers have been focusing
on developing the mechanical properties of thermosetting composite materials. Mostly, the
studies considered epoxy resin and carbon fiber. Several researches evaluated UPR [11, 56,
58] and glass fibers [11-13, 71, 75, 76, 78, 79, 84], especially not any topic related to the
combination of chopped strand mat (CSM) and woven reinforced MWCNTs modified
UPR, although UPR, CSM and woven are also well-known members in the composite

world. In addition, dispersion methods of modified UPR and grown fibers by MWCNTSs
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have been applied well only in laboratory scale. Thus, further investigation of applying
MWCNTSs in mass production environments is very important. From chapter 3, the
optimum ratio of MWCNTSs (0.1 wt.%) was obtained by the higher tensile properties and
dispersion quality. Two optimum conditions from chapter 2 were applied for the simple
dispersion method of MWCNTSs into UPR including mixing temperature and hardener ratio.
Motivated by above discussion, this study aims to obtain higher mechanical properties of
conventional fibers/ modified polymer composites based on some other optimum
conditions in composite fabrication as well as in mixing MWCNTSs into UPR. Therefore,
other factors from chapter 2 such as reasonable initial curing temperatures of UPR, vacuum,
and the best ratio and quality of MWCNTSs from chapter 3 finally were applied to access

tensile properties of various glass fibers/ edited UPR composites.

4.2 Experiment

4.2.1 Materials

Reinforcement components including glass fiber woven and glass fiber chopped

strand mats were made by Kimchon Plant Company.

Unsaturated polyester resin (EC-304) and methyl ethyl ketone peroxide (MEKP)

were made by Aekyung Chemical Company, South Korea.

The multi-walled carbon nanotubes (CM-130) with an outside diameter of 10-15
nm, an inside diameter of 5-10 nm, and length of 10-30 um were supplied by Hanwha

Chemical Company, South Korea.

59



4.2.2 Fabrication
4.2.2.1 Matrix modification

According to our previous results (chapter 3), a higher tensile strength and higher
dispersion quality can be obtained when mixing MWCNTSs and UPR at a high temperature.
In this study, MWCNTSs were mixed with UPR by a Hot and Stir machine at 60 °C and
2,000 rpm for 1 hour. Then, the mixing temperature was reduced to room temperature.
This step is very important because at a high temperature, the curing time will be very

short (section 2.4.3.1), which obstructs the fabrication procedure.
4.2.2.2 Composite structure fabrication

Generally, the composite laminate was fabricated with 4 layers of the fiber and
matrix using a roller in a hand lay-up fabrication method. The ratio of fiber and matrix was
kept as a constant (Table 4-1) to survey the effect of fiber changes and adding MWCNTS.
Here, the chopped strand mat (CSM) weight fraction was 0.25 (25%) and woven weight
fraction was 0.5 (0.5%). Meanwhile, the neat or modified UPR was quickly mixed at an
optimum hardener ratio (1 wt.%) for 30 seconds by hand. After fabrication, the curing
process was started at a certain temperature (from 25 to 35 °C) for 24 hours. Then, an oven
was used for the post-curing process at 80 °C for 2 hours to remove air voids and improve
cross-linking of the matrix and fiber. Finally, five tensile specimens in rectangular shape
were cut by a diamond cutter for each plate (the length was 200 mm, the width was 20 mm,

the thickness was varied in each plate) without a tab.

In case of applying vacuum, bleeder, peel ply and vacuum bag were used for
packing specimens and mold after laminating. The high vacuum pump (W2V10) was

connected by a hose to assist fabrication process for 5 hours to ensure UPR cured fully.
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Table 4-1: Fiber weight fraction in different cases.

Weight fraction (%)

No. Components CSM | Woven | MWCNTs | UPR
1 MWCNTs+UPR 0.1 100
2 CSM+UPR 25 75
3 | Woven+UPR 50 50
4 CSM+Woven+UPR 12.5 25 62.5
5 CSM+MWCNTs+UPR 25 0.075 75
6 | Woven+tMWCNTs+UPR 50 0.05 50
7 CSM+Woven+MWCNTs+UPR 125 25 0.0625 62.5

4.2.3 Measurements

The tension test was conducted using an universal testing machine (DTU-
900MHN) at a test speed of 2 mm/min according to ASTM D 3099. An extensometer with
a 50 mm gauge length was used. The tensile properties were analyzed to evaluate the

effects of the adding MWCNTSs on the various composite structures.

4.3 Results and discussion

Based on the optimized conditions such as initial curing temperature, fiber changes
and vacuum, the tensile properties of the various fibers composite structures were
continuously investigated by adding 0.1 wt.% MWCNTSs. The good effects of MWCNTSs
are clear due to the good tensile properties of all fibers composite structures were obtained
(Figure 4-1 and 4-2). The tensile strength of CSM/UPR increased from 71.31 to 77.72 MPa
and Young's modulus increased from 6.70 to 7.34 GPa. Similarly, the tensile strength and

elastic modulus of woven/UPR increased by 9.48% and 14.63%, respectively. Finally, the
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strength and modulus of combination/UPR were enhanced by 25.29 MPa (14.63%) and
1.39 GPa (17.46%), respectively. In comparison, combination/UPR exhibits a little bit
higher tensile properties after adding MWCNTs than woven composite, while CSM
reproduces the lowest impact. Indeed, the raise of tensile properties in fibers composite
expresses the important role of the appearance of MWCNTSs. Previously, the adding 0.1
wt.% into UPR represented the good dispersion quality than other ratios of MWCNTSs
without any agglomerations of MWCNTSs in field emission scanning electron microscope
(FE-SEM) results, that means there were no stress concentration in modified UPR.
Consequently, the tensile stress transferred well from UPR to MWCNTS, then the higher of
42.14% tensile strength and 14.33% elastic modulus were achieved in chapter 3. Compare
to the improvement of tensile properties and the weight fraction of all components of
various fibers/ modified UPR composite in the current results, we can see that the

performance of 0.1 wt.% MWCNTSs is almost conserved.

As we observed, composite structures, especially polyester, are very sensitive to the
environment. In addition, the composite fabrication procedure is complicated involving
many steps such as stacking several fiber layers, especially applying bleeder, peel ply and
vacuum bag before employing vacuum pump. That may take much time while curing
already occurred in previous step. Therefore, choosing the appropriate moment and initial
temperature for fabrication was the biggest difficulty in the experiments to get a better
effect of using vacuum before the UPR cured. In comparison, the results discussed in the
section 2.6.3.3, the tensile properties of the nanocomposite structures were lower. The
main reason may be attributed to the difference of the initial curing temperature and the

time to start vacuum (section 2.4.3.1) that affect on the vacuum pressure applied.
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Figure 4-1: Effects of MWCNTSs on the tensile strength of various fibers composite
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Figure 4-2: Effects of MWCNTSs on the elastic modulus of various fibers composite
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4.4 Conclusions

In this study, all of the optimum conditions were applied to evaluate the effect of
adding MWCNTs on tensile properties of various glass fibers composite. Finally,
MWCNTs possessed a positive influence on the tensile properties of the composite
structure under these optimum conditions mentioned in chapter 2. Additionally, mixing
conditions of the simple modification object (UPR) and dispersion method (stir method)
are close to the realistic processes used in the industry. They not only indicate the
enhanced mechanical properties of composite materials, but also realize the safe working
conditions (less harmful, lower exothermic temperature and shorter time in fabrication).
Combining other good effect factors, therefore, the results in this study could be widely
applied for mass production in glass fiber reinforced unsaturated polyester resin

composites involving MWCNTS.
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CHAPTER 5:

Fracture toughness of neat UPR and

various glass fibers composites
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5.1 Introduction

GFRP composites have been known as good in-plane strength materials, that is a
good choice for specific reinforced orientation. However, their out-of-plane behavior is
much lower than in-plane characteristics. Indeed, the laminated composites are anisotropic
materials and stacked by some laminas. Therefore, the out-of-plane strength or
delamination resistance is significantly dependent on the strength of resin, bridging fiber,
or interfacial strength of fiber and matrix [90]. Moreover, the flaws during fabrication or
after working for a long time cannot be perfectly prevented and estimated the same as

other materials. That causes sudden failures and may cause the serious disasters.

The theory of fracture mechanics has been proposed to deal with this kind of risk.
Basically, three modes of fracture were introduced including opening (mode I), in-plane
shear (mode 11), and out-of plane (mode 111) [91]. The extended modes were also known as
mixed-modes that combine at least two of above three modes. There are many types of
specimen that can be used to investigate fracture toughness, such as compact tension (CT),
single-edge-notch bending (SENB), double cantilever beam (DCB), end-notched flexural
(ENF), etc. Based on the different loading conditions, each mode will be taken into
account. Besides, the linear elastic fracture mechanics (LEFM) is normally applied for

brittle composite materials due to their own elastic behaviors.

Besides the improvement of mechanical properties, the fracture toughness of GFRP
composites also need to enhance in order to avoid the critical risk of their applications
while in service. Fundamentally, fracture toughness of GFRP can be improved if tougher
resin and/or fiber and their interfacial strength. There are several results that have been

focused on raising fracture toughness of resin and/or fiber reinforced polymer composites.
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Carbon nanotubes with their various forms (single-walled, douple-walled, or multi-walled)
have been used potentially to rise fracture toughness of UPR as well as GFRP. For
example, The 0.1 wt.% single-walled CNTs were used to obtain the increase of 13% in
mode | fracture toughness and 28% in mode Il fracture toughness of carbon/epoxy
laminate composites [92]. A. Tugrul Seyhan et al. [93] achieved higher fracture toughness
of neat polymer using the pristine and functionalized MWCNTs and DWCNTSs; Volkan
Eskizeybek et al [94] grafted CNTs chemically onto plain weave glass fabric mats to
improved mode | interlaminar fracture toughness of composite structures. MWCNTS were
also used to modified resin and enhance delamination fatigue resistance of glass fiber plain
weave composites [95]. Adding MWCNTSs also can increase 94% interfacial shear stress
(IFSS) [73] and 80% fracture toughness [77] of carbon fiber/epoxy composites. Beside
carbon nanotubes, other nanomaterials were introduced to increase mode | and mode Il
interlaminar fracture toughness of woven carbon fabric such as graphene nanoplatelets
(GnPs) and carbon blacks (CBs) [96]. In addition, mode I, mode I, and mixed-mode I/11
interlaminar fracture toughness of GFRP also can be raised by fiber treatment [97].
Fracture behavior of GFRP can be changed by the fiber volume fraction [98] as well as

environment [99].

The resin is homogeneous material and CSM is assumed as homogeneous one. That
mean the fracture mechanics can be applied by create initial crack using razor blade and/or
sawing for those materials. Additionally, the initial crack of laminated composite can be
generated by adding non-adhesive film at the mid-plane of plate during fabrication.
However, the pre-crack method can be strongly affected fracture toughness value of
homogeneous materials [100]. A new method was proposed by Nithiananthan Kuppusamy

[101], that can release almost residual strain, and obtain consistent, sharp pre-crack. Thus
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the fracture toughness value could be naturally accurate. Although the initial crack can be
produced better than tapping razor blade and does not depend on the skill of technician
using the apparatus introduced in this research, but the procedure is quite complicated due
to the calculation of mechanical properties and additional tools. Individually, UPR has
gelation state that may be easier to generate initial crack in compare to the rigid state.
Therefore, in this chapter, the prototype of initial crack generation is introduced.
Furthermore, in our best knowledge, pre-crack of CSM laminated composite has not been
generated by insert thin film at mid-plane to investigate the energy release rate. Besides,
the fracture behavior of CSM and woven have not studied as well. Consequently, this
chapter arms to find the good process of pre-crack of UPR and investigate the fracture
toughness of various glass fibers reinforced UPR composites. It is a preparation step to
enhance fracture toughness of those composites by adding some good fracture toughness

nanoparticles in the future works.

5.2 Experiment
5.2.1 Materials
Reinforcement components including glass fiber woven and glass fiber chopped

strand mats were made by Kimchon Plant Company.

Unsaturated polyester resin (EC-304) and methyl ethyl ketone peroxide (MEKP)

were made by Aekyung Chemical Company, South Korea.

5.2.2 Fabrication

5.2.2.1 Single-edge-notch bending (SENB) specimen for UPR
As mentioned in the reference [100], in plane strain fracture toughness was not

influenced by the notch geometry. Additionally, according to ASTM D 5045-99 [102],
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single-edge-notch bending specimen was chosen to investigate the effect of initial crack
creation method on the toughness (K,c) of UPR in this experiment. The aluminum mold
was designed and fabricated based on the ASTM D 5045-99, that can be seen at Figure 5-1

and 5-2 with 10 mm in thickness of specimen.

Figure 5-1: Aluminum mold for casting UPR

20.0

9.5 |
7.5

Figure 5-2: The shape and parameter of SENB specimen
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The UPR was mixed with 1% hardener for 30 seconds before pouring into the mold
(Figure 5-3). Then, the curing was happed at room temperature for 24 hours. The post-
curing was also held after curing in an oven at 80 °C in 2 hours. The SENB specimens can
be obtained easily when the temperature of oven reduced to room temperature due to the

volume shrinkage of UPR. Finally, the specimens were polished before create the crack.

Three different pre-crack methods were used including tapping razor blade, sawing,
and bending the specimen in gelation stage of UPR (current method). Obviously, the initial

crack length was measured after create crack and the crack tip already identify.

Figure 5-3: UPR after casting in aluminum mold
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5.2.2.2 Double cantilever beam (DCB) and end-notched flexural (ENF) specimen for
composites

The composite plates were fabricated by laminate 8 layers of different glass fibers
reinforced UPR using hand lay-up method. The size of plates is 250 mm in length and 220
mm in width. The Teflon film with 25 um in thickness was inserted at the mid-plane of all
plate to create the initial crack. The weight fraction of CSM and woven were 25% and 50%
in composite fabrication, respectively. The curing was occurred at room temperature for 24
hours, then post-curing was in an oven at 80 °C for 2 hours. Then, the plates were cut by
diamond cutter to obtained DCB and ENF specimens with the same parameters (200 mm
in length and 20 mm in width), while the thickness was varies with the different of fibers
(Figure 5-4). The fiber changes are the same as Chapter 4, where CSM, Woven, and their

combination were utilized.

Figure 5-4: Configuration of mode I and mode Il specimens

The parameters of DCB and ENF specimens were strictly followed ASTM D5528-

3 [103] and ASTM D7905/D7905M-14 [104], respectively. Therefore, piano hinges were
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purchased for attachment at mode | specimens. The hinges and pre-crack ends were
crashed by rough sand paper, then cleaned by acetone before using rabbit bond to attach
them together. The DCB specimens were then marked the crack tip position and crack
propagation length with 5 mm interval. Meanwhile, non-precracked (NPC) method was
applied for ENF specimens. Thus, 3 different crack length (20 mm, 30 mm, and 40 mm)
and applied load positions were marked on the specimen. NPC toughness means an
interlaminar fracture toughness value that is determined from the pre-implanted insert

[104].

5.2.3 Testing

Confocal microscope was used to monitor the crack shape and parameters of SENB
specimen before fracture test. Besides, surface roughness of initial crack surface and
morphology of initial crack surface and fracture surface of SENB specimen after fracture

test were also determined by 2D and 3D images from confocal microscope.

The SENB specimens were tested by 3 point bending method with speed of 15
revolution per minute (rpm) (or 12 mm/min). The span length was determined by 4*width
of specimen (80 mm); ENF was also tested by 3 point bending method with speed of 1 rpm
(0.8 mm/min). The span length was fixed by 100 mm; while DCB was test by tension
loading with 4 rpm (3.2 mm/min). It was continuously tested to record load, displacement,
and crack propagation. While crack propagation was visually recorded by necked-eyes and
stopwatch timer then matched with load and displacement by time. All of tests were
conducted by EUN SUNG universal testing machine (Figure 5-5). The load and

displacement were recorded by DT board (DAQ DT9838) with 200 Hz of frequency.
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Figure 5- 5: Configuration of mode | and mode 11 specimens
5.3 Calculations

5.3.1 Plane-strain fracture toughness K,c of UPR (ASTM D5045-99)

Ko = (P—‘h)ﬂx} -1

BWz2

[1.99 — x(1 — x)(2.15— 3.93x + 2.7x°]
(14 2x)(1— x)¥2

f(x) = 6x%? (5-2)

Here:
- Kq is the trial critical stress intensity factor K value, MPa.m*?2

- Pg is determined load, kN
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- B is thickness, cm
- W is width, cm
- x =a/W (ais crack length, cm)

The relation between load and displacement of UPR can be seen at the Figure 5-6

as the following:

150

100 ~

Load (N)

50+

0 T T T T N T T T T
0.00 0.05 0.10 0.15 0.20 0.25
Displacement (mm)

Figure 5-6: Load-displacement curve of UPR

Thus, Pq is Pmax in this situation.

From the linear behavior of load and displacement of UPR (Figure 5-6), the energy

release rate G,c (kJ/m?) can be calculated by applying the linear elastic fracture mechanics

(LEFM) formula as:

_ [1 - ﬂ]f’fﬁ:

G
I E

(5-3)
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While, E is Young's modulus (MPa) and v is Poisson's ratio of UPR that were also
obtained from tensile test. In the experiment, tensile test was performed at the same time
and temperature condition as the fracture test using Rosette strain gauge to record strain in

2 directions that helped to calculate Elastic modulus and Poisson's ratio.

5.3.2 Mode I interlaminar fracture toughness of various glass fibers reinforced UPR

composites (ASTM D5528-13)

The modified beam theory (MBT) method was chosen for calculation.

3P§

= Zba+ 18D oY

Here:

- Gy is mode | interlaminar fracture toughness, kJ/m?
-Pisload, N

- § 1s load point displacement, mm

- b is specimen width, mm

- a is delamination length, mm

- A is correcting delamination length due to the rotation of beam during loading,
mm. It can be calculated by linear relation of the cube root of compliance C**® and

delamination length a (Figure 5-7). Where compliance C = 6/P.
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Figure 5-7: Determination of correcting delamination length (Figure 4, Ref. 103)

Using Microsoft Excel, we can obtain A easily as the following procedure: Plot the
curve of a and C*3, then using linear regression function (C*® = ba +d, here b and d are
arbitraries) to fit that curve. The accurate of linear function can be evaluated by the
coefficient of determination R? that should be closed to 1. Finally, solving the obtained

linear equation we can achieve A.

Figure 5-8 shows an example of this procedure. The red curve describes the true
relation of C*® and a, while black one is linear regression function. R? = 0.988 means the
fitting curve is reasonable, thus b = 0.011 and d = 0.079 while y is C** and x is a. Solving

the equation: y = 0.011x + 0.079 = 0, then x = -7.18 mm. That is expected value A.
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Figure 5-8: Linear regression function of cube root of compliance and delamination length

In addition, the compliance values can be extracted from the load-displacement

curve for each specimen. That curve includes the recorded delamination length (Figure 5-

9).
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Figure 5-9: Load, displacement, and delamination length of mode I test
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5.3.3 Mode Il interlaminar fracture toughness of various glass fibers reinforced UPR

composites (ASTM D7905/D7905M-14)

From the crack tip, 3 different of crack length values were determined by 20, 30
and 40 mm. At 20 mm and 40 mm of crack length, about 50% of maximum force was
applied to find the compliant values, while the test was performed until reaching the

maximum force at ag = 30mm (Figure 5-10).

The compliance calibration (CC) method was chosen for calculation:

G, = #}ﬁ (5-15)

Here:

- Gg is the condition, it will be Gyc, ki/m?

- Pmax is the maximum force from fracture test, N

- o Is crack length using in the fracture test, ap = 30 mm.

- B is specimen width, mm

- m is the CC coefficient, it can be determined by solving the equation:
C=A4+mad’ (5—6)

As the specimen procedure in section 5.3.3, linear regression function can be found
to fit the compliance (C) and crack length cubed (a*) using Microsoft Excel. There are only

three values of a and C from the curve (Figure 5-11).
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Figure 5-10: Load - displacement curve of different crack length in fracture test
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Figure 5-11: Linear regression function of compliance and delamination length cubed
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R? = 1 means the fitting curve of compliance and delamination length cubed is
completely matched by linear function. Compare with the (5-6) equation, thus, A = 0.005

and m = 9E-08.
5.4 Results and discussion
5.4.1 Effect of pre-crack method on the behavior of UPR

5.4.1.1 Morphology

The notch of specimen after curing was obtained as Figure 5-12. Normally, the

shape of specimen was kept as the shape of mold.

Figure 5-12: The notch of SENB specimen after curing
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However, the shape of crack was different based on the different pre-crack methods.
The width and length of crack was kept as the criteria from ASTM D 5045-99 where the
crack length should be 2 times higher than the width of crack. Table 5-1 shows detail the
shape and parameters of cracks. Where V shape crack was observed by Razor blade, U

shape by Sawing, and current method showed sharper crack.

In addition, the different of pre-crack methods were also investigated after fracture
test by fracture surface and initial crack surface (Figure 5-13). The fracture surface of UPR
was not changed by different initial crack creation method (Figure 5-14). Meanwhile, the
initial crack surfaces were much different and their surface roughness values were also
different (Table 5-2). The higher average surface roughness (17 pum) and smaller width of

crack represented more natural crack surface in compare to other methods.

Table 5-1: The shape of pre-crack with different methods.

Razor blade Sawing Current method

Length: 560 pum Length: 1,753 um Length: 2,218 um

Average width: 334pm Average width: 736pum Average width: 108.4um

Table 5-2: The surface of pre-crack after fracture test.
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2D images from confocal microscope

Razor blade Sawing Current method

Original surface

Original surface Original surface

Surface roughness (Ra) of initial crack surface

3um 7 pm 17 ym
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Figure 5-13: The configuration and surfaces of specimen after fracture test
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Figure 5-14: Fracture surface of UPR after fracture test: (a) 2D model and (b) 3D model
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5.4.1.2 Plane-strain fracture toughness K,c and G,c of UPR

The critical stress intensity factor was obtained based on the different initial crack
methods. The test was also performed for the specimen without initial crack. Because of
the notched edge, the SENB specimens were fractured in a straight line consistent with
loading direction. The comparison of fracture toughness of those pre-crack methods can be
seen at Figure 5-15. Generally, the new crack method showed the lowest stress intensity
factor value and sawing method presented the highest value. Razor blade tapping method is
the traditional pre-crack method that mentioned even in ASTM [102]. Although, the stress
intensity factor of this method indicated a little bit lower value than no initial crack case.
The different results also can be seen more detail at the Table 5-3. The current results agree
well with the tendency in [100] where the natural crack possessed the lowest fracture
toughness value. The reason of the difference can be attributed to the residual strain from
each method [101]. Therefore, combining the morphology result in section 5.4.1.1, the

current method can be concluded as the better pre-crack method.
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Figure 5-15: Critical stress intensity factor of different pre-crack methods
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Table 5-3: The difference in pre-crack method.

Pre-crack methods Difference (%)
No initial crack 50.88
Sawing 102.74
Razor blade 41.10
Current method 0

The strain energy release rate was calculated by equation (5-3). Similar with stress

intensity factor, G,c value was changed by the different initial crack creation methods

(Table 5-4).

Table 5-4: Gc of the different pre-crack methods.

Pre-crack methods | Elastic modulus (MPa) | Poisson's ratio | Gc (kJ/m?)

No initial crack 0.1961

Sawing 0.3500
4,698 0.4045

Razor blade 0.1889

Current method 0.0942

5.4.2 Effect of different fibers on interlaminar fracture toughness of composites

5.4.2.1 Mode |

The crack propagation was recorded simultaneously with load and displacement of
DCB specimen (Figure 5-9), thus the mode | interlaminar fracture toughness was also
calculated equally in each crack propagation length by formula (5-4). As a consequence,
the delamination resistance curve (Figure 5-16) also generated by the calculated values

accordingly. Initially, the crack were observed visually including the sound. From the
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Figure 1-16, the initial fracture toughness was very small in compare to other crack
propagation positions. It may be the behavior of UPR at the crack tip [92] and it is also
evidenced by the strain energy release rate values are almost the same as the value at Table
5-4 (without initial crack) except the case of [M]s. Some other neighbor crack tip positions,
the delamination resistance was also small that may be attributed to the effect of Teflon
film thickness that make the laminates around crack tip cannot bond well together. The

higher crack length showed almost stable delamination resistance.

Practically, 5 specimens of each plate were tested and 11 crack propagation
positions of one specimen were recorded. Then, the average interlaminar fracture
toughness were summarized except the initial crack values (because of the UPR behavior)
for each fiber composite (Figure 5-17). Interestingly, the different fibers can bring the
different interlaminar fracture toughness values. Therefore, the combination of CSM and
woven possessed the higher resistance than each pristine fiber. While, CSM indicated

smallest ability in the open mode and [M4/W,] specimen showed the highest value.
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Figure 5-16: Delamination resistance curves with different fibers composites
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Figure 5-17: Mode | interlaminar fracture toughness of various glass fibers composite

We can see the fracture resistance order of CSM and woven at Figure 5-17 and 5-
18 is changed because Figure 5-18 represents the average value but Figure 5-17 shows the
specific specimen value. The reason of higher fracture toughness of composite materials
than pure UPR can be attributed to the fiber bridging. And, the different fibers and their
stacking sequence also represented the different amount of fiber bridging (Figure 5-18).

The difference of fiber bridging also distinguishes fracture toughness values.

M

Figure 5-18: Fiber bridging of different glass fibers composite
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5.4.2.2 Mode 11

Almost the same tendency was also achieved from mode Il fracture test for
different glass fibers composite (Figure 5-19). Thus, [M4/W,4] specimen still described the
toughest materials, but woven had smallest in-plane shear resistance ability instead of
CSM. In comparison with mode | interlaminar fracture toughness, all of glass fibers can

relatively undergo higher mode Il fracture loading.

However, the mode 1l fracture test did not considered the crack propagation. Thus,

after the test, the specimens were only broken locally (Figure 5-20).
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Figure 5-19: Mode Il fracture toughness of different glass fibers composite
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Local failure

Figure 5-20: The specimens after mode Il fracture test

5.5 Conclusions

A new pre-crack method was proposed in this study. It can be a better method due
to the natural crack with sharper and smaller gap of initial crack geometry and lower
residual strain. Thus, the critical stress intensity factor of natural initial crack of UPR was

resulted in smaller value.

The mode | and mode Il fracture behavior of different glass fibers reinforced UPR
composite were investigated. The higher delamination resistance in both mode | and mode
I1 was obtained for the glass fiber combination of CSM and woven. The bonding between
4 separated CSM and woven (M4/W,) showed the best quality and higher than [M/W],
although they have the same component but they have different stacking sequence. CSM
and woven represented a little bit different in 2 mode fracture. In all case of fiber changes,

NPC mode Il fracture toughness is higher than in mode I delamination.
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CHAPTER 6:

Conclusions and future works

90



6.1 Conclusions

The optimum conditions of dispersion of MWNCTs and UPR were found based on
the mixing temperature, hardener ratio, and initial curing temperature. Most of conditions

could improve the quality of dispersion and the mechanical properties of modified UPR.

The glass fiber changes could bring different mechanical properties of each fiber
composite. Based on the rule of mixture (ROM), the combination of CSM and woven
could be average properties of each fiber if their volume fraction is similar. Besides, the
fabrication method using vacuum also have positive effect of the properties of various

glass fibers composite.

From the optimum conditions, adding 0.1 wt.% MWCNTSs into UPR can achieve
higher mechanical properties of not only UPR but also various glass fibers composite

reinforced modified UPR.

Current method of create initial crack of UPR was proposed and better results were
obtained by sharper crack tip and smaller crack width, less residual strain. They were all

resulted in smaller critical stress intensity factor value.

Finally, the glass fiber changed were also investigated by mode | and mode Il
interlaminar fracture toughness. The combination of CSM and woven possessed as the

highest delamination resistance in both types of loading.
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6.2 Future works

The new pre-crack method could bring a more natural initial crack, that could be

used for further study the effect of MWCNTSs on fracture toughness of UPR.

The main mechanism of delamination resistance was found, applying MWCNTSs
may improve the fracture toughness of various glass fibers composite as well. That may be
the solution of the current challenging that is improving the weak out-of-plane behavior of

laminated composite.

All of results in this thesis are experimental results. Therefore, using numerical
method should be considered to verify the current results and to emphasize the role of
MWCNTSs in modified resin as well as modified GFRP composites. Nowadays, the
materials normally include various compositions in different scales. For instance,
composite materials involve CNTs (in nano-scale), UPR and fiber (in macro- or micro-
scale). Therefore, the multi-scale simulation could be a high potential to solve the

problems through nano-scale to macro-scale.
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R&D Projects

1. Numerical simulation (ABAQUS) the behavior of shape memory implant devices in
human body.

- Funded by: Kang&Park medical Company.

- Principle Investigator: Prof. Young-Jin Yum.

- Role: statics simulation by ABAQUS (main contribution).

2. Sunroof frame development of light weight with high stiffness using carbon-nano
composite.

- Funded by: Ministry of Industry and Commercial, South Korea.

- Principle Investigator: Prof. Young-Jin Yum and Prof. Doo-Man Chun.

- Role: Fabrication and mechanical tests (main contribution).

3. Experimental and numerical (ABAQUS) investigation tensile and fatigue behavior of
shape memory alloys (SMA) implant devices in human body.

- Funded by Kang&Park medical Company.

- Principle Investigator: Prof. Young-Jin Yum.

- Role: Test and simulation (main contribution).

4. Development of Structural Analysis Technology for the Casting Using Different
Analysis Tools.

- Funded by: Hyundai Motor Company.

- Principle Investigator: Prof. Young-Jin Yum and Prof. Bo-Hung Kim.

- Role: statics simulation by ABAQUS (main contribution).

5. Fundamental research for cutting-process of ultra high strength product (1,500 MPa) and
development of hot-stamping mold with 3D printing method.

- Funded by Korea Research Foundation.

- Principle Investigator: Prof. Soon-Young Yang and Prof. Young-Jin Yum.

- Role: Material testing includes tensile, compressive, hardness, impact, density and wear
(main contribution).

6. Structure and CFD analysis of desulfurization equipment stirrer of thermal power plant.
- Funded by SungWoo Corporation.
- Principle Investigator: Prof. Young-Jin Yum and Prof. Kyung-Sik Chang

- Role: statics simulation by ABAQUS (main contribution).
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