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SUMMARY

Glass Fiber Reinforced Polymers (GFRPS) are increasingly more ubiquitous as
research continuously pushes the limits of their mechanical performance. Excellent
mechanical properties and low density coupled with increased ease of processibility are
what distinguishes GFRPs over metallic materials. Emphasis has been given mainly to E-
glass fibers as their low cost drove their demand. This work focuses on the more
structurally graded S2-glass fibers which still are not performing as carbon fibers in terms
of modulus, strength, or density, but they are seen as an alternative to E-glass fibers when
carbon fibers are not an option. The question of interest is whether the performance of S2
glass fibers structural composites has reached its plateau or if there is still opportunity for
improvement. This work seeks to investigative the potential of modifying glass fiber
surface finish (sizing), and the addition of cellulose nanocrystals (CNCs) to improve the
mechanical properties of S2-GFRPs. S2-GF/polyester SMC composites with three
different types of glass fiber sizing were compared in terms of tensile, flexural and
impact properties. The three types of sizing were characterized microscopically and using
spectroscopic techniques, and differences in their chemistry (functional groups) were
investigated. It was found that the tensile and flexural strength increased with increased
conformability of the sizing film on the fibers, with the most conforming sizing resulting
in composites with around 30% improvement in tensile and flexural strength, followed by
the second best which exhibited around 20% improvement in tensile and flexural
modulus, over the composite with the less conforming sizing film. No significant

differences in the functional groups of the sizings were identified. This behavior is

xii



attributed to the enhanced interfacial interactions between the sizing and the fiber surface
in the more conforming sizing films. The effect of CNCs on the mechanical properties of
S2-GFRPs was marginal. However, the T4 of the composite increased ~ 6°C with the
addition of 5 PHR CNCs due to the nanoparticles restricting the matrix polymer chains,

and this was indicative of increased thermal stability in S2-GFRPs.
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CHAPTER 1. INTRODUCTION

Fiber-Reinforced Polymers (FRPS), first introduced in the late 1930s [1], are
increasingly replacing metallic parts as they have excellent mechanical properties and
increased processibility. In fact, with proper selection of matrix and fibers, one can
manufacture a polymer composite with strength and modulus that are comparable to
many metallic materials. Composites generally possess superior specific strength to that
of metals [2]. In the automotive and marine industries, for example, FRPs with 30-50
wit% short fibers are commonly used for their stiffness and high specific strength [3]. The
use of FRPs has the potential to improve fuel efficiency in vehicles, as a 10% reduction
in a vehicle’s mass can lead to a 6%-8% reduction in the vehicle fuel consumption [4].
This push for improved fuel efficiency is driven in part by regulations that seek to reduce
fuel consumption and emissions [5]. Consequently, many automotive manufacturers have
been interested in lightweight materials.

Lightweighting is the practice of improving the properties of a given part so that a
lighter part could be used to serve the purpose without any loss in function. One of the
challenges with lightweighting is related to property tradeoff. That is, an increase in one
property is often accompanied with a decrease in another property. For example,
increasing the strength or stiffness, commonly done by modifying the fibrous
reinforcements or the introduction of non-fibrous reinforcements, is oftentimes coupled
with a decrease in impact strength [6]. Glass fibers are coated with a thin film called
sizing, and cellulose nanocrystals (CNCs) are bio-sourced crystalline particles with

unique properties. This work seeks to explore the possibility of holistically improving the



mechanical properties of Glass Fiber Reinforced Polymers (GFRPs) through exploring
the potential of glass fiber sizing and CNCs.

Interest in cellulose nanocrystals (CNCs) can be gauged by the upward slope in
the number of publications dedicated to them: in 2020 alone, about 2000 studies
discussing CNCs were published [7]. This interest comes, in part, from the sustainable
nature and excellent structure and properties of CNCs. Additionally, CNCs’ high aspect
ratio allows them to proficiently facilitate load transfer within a composite—thus making
CNCs an ideal solution for lightweighting.

Many studies investigated the effect of CNCs on GFRPs, but they are mostly
focused on E-glass fibers. This work seeks to explore CNCs’ effect on GFRPs containing
structurally graded S2 glass fibers. S2-GF have higher tensile strength and modulus than
E-GF, and therefore are more suitable for structural applications. In addition to exploring
the effect of CNCs on S2 GFRPs, this work also seeks to examine the potential of glass
fiber sizing by examining GFRPs that use S2 glass fibers with different surface
chemistries to improve our understanding regarding the potential of the glass fiber sizing.
This work is done with GFRPs that are manufactured using Sheet Molding Compounds

(SMC) technology.

1.1 Glass Fiber-Reinforced Polymers (GFRPs)

1.1.1 Thermoset Matrix Composites

Thermoset-matrix composites are commonly used in many industries including
aerospace, automotive, and electronics. One main reason thermosets are more popular

than thermoplastics is their much lower viscosity, which facilitates processability and



better wetting of the fibers leading to an increase in the stress transfer ability across the
fiber-matrix interface, which results in increased strength and stiffness of the composite.
Additionally, thermosets have higher heat and chemical resistance than thermoplastics,
and they are less susceptible to creep deformation. Limitations of thermosets include
longer processing times compared to thermoplastics. Lastly, it’s worth noting that
thermosets cannot be remelted, and this limits reuse and recyclability [8]. Thermosets are
generally made by reacting liquid pre-polymers in the presence of a catalyst.
Polymerization then happens and the liquid pre-polymers undergo cross-linking, resulting
is a solidified polymer [8].

Polyesters present a sizable portion of thermosets and are commonly used in
composites due to their good mechanical properties, low cost, and fast cure time [9].
Polyesters generally come in two types depending on the isomer used for the preparation
of the resin. Orthophthalic polyester is for more general-purpose use and is more widely
used than isophthalic polyester. However, isophthalic polyester possesses superior
strength, crack resistance and chemical resistance properties [10]. Polyesters, vinyl esters,
and epoxies are the most widely used thermosets. The coupling agents in the sizing of the
S2-GF being investigated in this work had compatibility with polyesters and vinyl esters.
Polyester resin was chosen for this work for its low cost and somewhat comparable
properties to vinyl esters. Table 1-1 lists a brief comparison between the properties of the

most popular thermosets.

1.1.2 Glass Fibers

Fibers play a crucial role in polymer composites as they are the main load carrier

constituent. Fiber characteristics that strongly influence the properties of the composite



include fiber aspect ratio, fiber type (glass, carbon, etc.), and fiber amount (often reported
as vol%). Table 1-2 below presents some of the properties of the fibers most used in

composites.

Table 1-1: Properties of thermosets commonly used in composites [8].

Polymer Density Tensile Tensile Strain at

(g/cm?) Strength (MPa) Modulus (GPa) Failure (%)

1.1-1.43 34.5-103.5
1.12-1.32  73-81 3-35 3.5-5.5
1.2-1.3 55-130 2.75-4.10 -

Table 1-2: Properties of fibers commonly used in reinforcing composites [8, 11].

2.1-3.45

Fiber Type Density Tensile Tensile Strain at
(g/cm?) Strength Modulus Failure (%)

(GPa) (GPa)

2.54 3.45
2.49 4.30 86.9 5.0
2.46 4.89 89.9 5.7
1.76-2.15 1.90-5.18 228-758 0.32-1.89
1.45 3.62 131 2.8

E-glass fibers are the most used as they possess low cost, high tensile strength,

724 4.8

and excellent insulating properties. However, E-glass fibers have higher density and are



highly sensitive to moisture absorption. S-glass fibers (also called structural glass) were
originally developed for aerospace and defense applications. S-glass fibers have much
higher tensile strength but suffer when it comes to manufacturing—as the process is
heavily involved and expensive. S2 glass fibers have very similar properties to that of S
glass fibers, but S2 glass fibers have a more straightforward manufacturing process,

resulting in a lower cost compared to S-glass [8].

1.1.3 Sizing

Fibers are usually coated with a thin layer of a sizing agent. The sizing agent
provides protection to the fibers from any damage they may incur from inter-filament
abrasion or from any of the other processing steps the fibers undergo. Additionally, sizing
promotes the compatibility between the fibers and the matrix, therefore improving the
overall adhesion in the composite and reducing the void content [12, 13]. Shortly after the
formation of the fibers from the molten state, the sizing formulation is applied onto the
fibers. Fiber sizing has been described as the most critical component in the glass fiber
manufacturing process [14], therefore most sizing formulations are proprietary.
Commercially available glass fibers are always sized and obtaining unsized fibers is
usually accomplished by removing the sizing layer from the as-received fibers by burning
off or by soxhlet extraction with acetone [15]. Figure 1-1 shows a schematic of the sizing
applicator alongside a photo from a glass fiber production line [16]. FRP composites that
are designed for structural applications require a very strong fiber/matrix interface, and
this interface is often tuned and improved using the fiber sizing. In fact, some studies
showed that in three dimensional GFRP composites, the interphase is largely formed

through the interdiffusion of components of the sizing agent [17]. Sizing agents are



usually added to be about 1.4%-1.8% by weight, as measured by ignition loss [18]. The
thickness of sizing films ranges from 0.5 to 1.0 um for glass fibers of diameters 10 to 14
um. Generally, a sizing agent is made of around 80-90 wt% film former, 5-10 wt% silane
coupling agents, and 5-10 wt% auxiliary agents [19]. The purpose of the silane coupling
agents is to chemically react with the matrix to form a copolymer, which generally has a

favorable influence on the mechanical properties [20].

Bushing T >1000° C

T<100°C

Sizing
Applicator

Fibre Strands to Winder or
Chopper at > 1000 m/min

Figure 1-1: A schematic picture of the sizing applicator alongside a photo from a

glass fiber production line [16].

1.1.4 Cellulose Nanomaterials (CNMs)

Cellulose is the most common organic polymer on the planet as more than 102
tons are produced each year [21]. Throughout history, many naturally occurring

cellulose-based products were utilized by different societies. These natural products



include hemp, linen, cotton, wood, and many others [22]. Demand for cellulose has been
on the rise as research and industry interests shift to more environmentally friendly
materials. The recent ability to isolate nano-sized cellulose particles, called cellulose
nanomaterials (CNMs), from various types of biomass, have resulted in materials that
have properties and functionalities that are unique from that of the traditional cellulose
materials (e.g., wood, pulp, cellulose derivatives) and thus has created new opportunities
for the utilization of cellulose in new application areas. Interest in CNMs is motivated by
their unique characteristics, including nano-sized fibril morphology, large surface area,
high mechanical properties, shear thinning and thixotropic properties, transparency,
sustainability, renewability, and low environmental and health issues [23]. One can glean
insights on the breadth of utility of CNMs by noting that they are being researched and
utilized for a wide range of applications. These applications include, but are not limited
to, biorecognition and imaging [24], barrier/separation membranes [25] [26], adhesives
[27], reinforcement of polymers and polymer composites [3] [28] [29], coatings, cements,
3D printing, and cell culturing. CNMs is an umbrella term used to refer to all nanosized
cellulose products. The specific type of the CNM depends on cellulose source, extraction
and production method, and the surface chemistry. Subsets of CNMs include cellulose
nanocrystals (CNCs), cellulose nanofibrils (CNFs), algal cellulose (AC), and bacterial
cellulose (BC). Figure 1-2 shows CNMs that have been produced from different sources
alongside length scales, which highlight some of the differences among these materials.
This work is chiefly concerned with cellulose nanocrystals (CNCs). CNCs are
commonly produced by sulfuric acid hydrolysis, but some CNCs are produced by

hydrochloric acid hydrolysis [30] [31] [32]. CNCs are nanosized highly ordered rod-like



particles (often described as whisker shaped) with a generally high aspect ratio. CNCs are
about a few nanometers in diameter, and their lengths often range from tens of
nanometers to several micrometers [33, 34]. The specific morphology of the CNCs is
dictated by the conditions of the acid hydrolysis step and by the source of the cellulose.
CNCs produced from wood are 3-5 nm in width and 50-250 nm in length. CNCs
produced from a Valonia, a type of algae, have a width of 20 nm and a reported length of
1000-2000 nm. Cotton-based CNCs are 5-10 nm in width, and 100-300 nm in length.
CNCs could also be produced from a sea animal, called tunicate, which are reported to be
10-20 nm in width and 500-2000 nm in length. Although high aspect ratio is

characteristic of CNCs, one can see that this aspect ratio ranges from 10 to 70 depending

on the source [30].

Figure 1-2: Transmission electron microscopy (TEM) images of dried dispersion of
CNMs from different sources: a) CNCs [35], b) CNF with fibrillation pretreatment
[36], ¢) CNF without fibrillation pretreatment [37], d) tunicate CNCs [38], €) AC

[37], and f) Scanning electron microscopy (SEM) image of BC [39].



In addition to having high aspect ratios, CNCs boast high mechanical properties,
low thermal expansion, low density, and surface accessible functional groups that can be
readily modified to suit a variety of applications. These generally favourable
characteristics have encouraged research regarding the addition of CNCs to polymers and
polymer composites. In fact, research has shown that inclusion of CNCs often leads to an
improvement in the mechanical properties (e.g., tensile strength and modulus, impact
strength, etc.) of the polymeric materials as well as fiber reinforced composites (FRCs)
[40-42].

Previous work in our group showed CNCs to significantly increase the
mechanical properties of both polymers and GFRPs. The effect of both CNCs and
functionalized CNCs was investigated. The work by Asadi et al. showed that the addition
of 1 wt% CNC in the epoxy matrix of SMC E-glass GFRPs resulted in an increase of
15% in elastic modulus, 11% in flexural modulus and 14% in flexural strength [43].
While the work completed by Haque et al. showed that spray coating E-glass fibers with
a 1 wt% CNC solution resulted in 37% improvement in interfacial shear strength when
compared to uncoated fibers [28]. Lastly, work by DiLoreto et al. shed some light on the
effect of CNCs on unsaturated polyester resin and investigated the effect of CNC surface
chemistry. The work demonstrated that the addition of 1 wt% CNC resulted in the
flexural modulus increasing by 53% and the tensile modulus increasing by 22%.
Additionally, the glassy modulus of the samples when 1 wt% of methyl(triphenyl)
phosphonium-functionalized CNC or maleic acid-functionalized CNC was added to the

resin increased by 61% and 66%, respectively [29].

1.2 Sheet Molding Compounds (SMC) Technology



1.2.1 General SMC Background

Sheet Molding Compounds (SMC) are fiber-reinforced semifinished materials.
SMC materials are generally made of a thermoset matrix and glass fibers at a content of
10-65 vol% [13]. The SMC technology is widely used and favored for its high-volume
production rate [44]. The general SMC process is presented in the flow chart in Figure 1-
3 [45], and a more detailed description of the process is included in Chapter 2. Table 1-3

lists the components of a typical SMC formulation alongside their functions [46].

Fiber Material Compression

Maturation Cutting

Impregnation Collection Molding

Figure 1-3: A flowchart describing the process of making SMC composites [45].

SMC materials are uncured composite sheets that are about 2-3 mm in thickness,
and once prepared, they undergo a maturations process, usually a few days at ambient
conditions or specific temperature and humidity depending on the formulation. These
sheets are easily cut into the desired shape and weight for compression molding
following their maturation period. There are multiple types of SMC distinguished by the
orientation of the reinforcement material. SMC-R is made with randomly oriented short
fibers. SMC-C uses continuous unidirectional fibers. SMC-CR uses continuous
unidirectional fibers as well as randomly oriented short fibers. Lastly, XMC is made with
a mixture of both randomly oriented short fibers as well as continuous fibers arranged in
an X pattern. Figure 1-4 below shows a schematic of the different SMC products. The
typical mechanical properties of a E-glass/polyester SMC composite are included in

Table 1-4.
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SMC-R SMC-C

SMC-CR XMC

Figure 1-4: A schematic showing different SMC products [47].

Table 1-3: Components of a typical SMC material [46].

Chopped glass fibers
Unsaturated polyester resin
Calcium carbonate

Styrene monomer
Polyvinyl acetate
Magnesium oxide

Zinc stearate

t-Butyl peroxybenzoate

Hydroquinone

Reinforcement
Base resin

Filler

Co-monomer

Low shrink additive
Thickener

Mold release
Catalyst

Inhibitor

11

30.00

10.50

40.70

13.40

3.45

0.70

1.00

0.25

Trace amount



Table 1-4: Typical properties of SMC (Polyester resin, CaCOs filler, and 25 wt% E-

glass fibers) [13].

1.85 g/cm3
10 GPa

10 GPa

75 MPa
170 MPa

800 J/m

1.2.2 Compression Molding

Once the SMC material is sufficiently matured, the sheets are cut, and a number of
plies is placed in a pre-heated mold for compression molding. The mold is preheated to a
temperature that would activate the catalyst to allow the composite to properly cure.
These sheets, which are referred to as a charge, generally cover 30% to 90% of the mold
area. As the material undergoes compression, flow is induced within the mold, and the
mold cavity gets filled with the composite. Figure 1-5 shows a schematic of a typical
compression molding process [13] [46].

Compression molding is advantageous for high-volume production rate, low-cost
components, and the potential for high surface quality. Drawbacks of compression
molding include the high capital investment required for setting up the equipment and
machinery required for the process. Additionally, compression molding might introduce a
variety of internal and external defects. Internal defects include blisters, high void

content, weld lines and warpage. These defects can generally be mitigated through the
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proper selection and handling of materials and equipment. External defects are associated
with poor surface finish. Moreover, SMC technology and compression molding is not

well suited for small scale runs and prototyping. [44, 48, 49].
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Figure 1-5: A schematic of a typical compression molding process [46].

1.3 Goal and Objectives

This work is concerned with investigating the potential of S2-glass fiber polyester
composites by determining the effect of the sizing and the effect of adding CNCs into the
polyester on the mechanical properties of the resulting composites. Specifically, it
focuses on three different glass fiber sizing agents designed to produce high strength
SMC composites. The question considered was regarding the possibility of improving

flexural and tensile properties without compromising in impact properties by fine tuning
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the sizing chemistry. Three different sizing agents were prepared and applied to the S2-
glass rovings by AGY, a company that designs, develops, and manufactures glass fibers
for different high demand industries, including automotive, aerospace and defense
industries.

The three sizing agents were compared by characterizing the S2 glass fiber
composites manufactured using an SMC pilot line. The sizing agent that resulted in the
most optimal mechanical properties was then used for the second part of the project,
which focused on investigating the effect of CNCs on S2-glass fiber composites. E-glass
composites were also manufactured and tested as a reference. Composites with different
concentrations of CNCs were manufactured using both E-glass and S2-glass. These
composites were characterized in terms of tensile, flexural and impact properties.
Dynamic mechanical analysis (DMA) was also utilized to compare the different
composites. Additional characterization techniques, such as water displacement to
determine the density of the composites and microscopy to study the composites’
microstructure were also conducted.

The motivation for this work is twofold. First, it is commonly stated that glass
fiber composites are not strong enough to be utilized in structural applications. This work
seeks to ascertain whether glass fibers can possess suitable properties that deem them
ideal for structural applications [50]. The second motivation is lightweighting. If stronger
glass fibers are established, then their content in composites can be safely reduced, and
since fibers are the heaviest component of composites, the overall density of the
composite would decrease. This lightweighting would result in increased fuel efficiency

and a more environmentally friendly design. This work seeks to accomplish this goal by
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pursuing the research plan outlined in Table 1-5. The naming convention utilized
throughout the project was as follows, (CNC PHR) (Glass Fiber Type) (Glass Fiber
Sizing if applicable). Composites investigated in part 1 are, 0S2S, 0S2P, and 0S2R; while

in part 2, they are, OE, 2.5E, 0S2P, 2.5S2P, and 5S2P.

Table 1-5: Overview of the research plan.

Project  Parameters
Part Investigated

Parameters range  Additional Characterization

Visual inspection of morphology of
sizing films (SEM).

S2-S
S2 Glass S-p Assessing Ty of sizing polymeric
Fiber Sizing S2-R film former (DSC).
Examining functional groups present
on glass fiber surfaces (XPS).
Glass Fiber  S2-glass Examining functional groups present
Type E-glass on glass fiber surfaces (XPS).

0 PHR (0 wt%)
CNC 2.5 PHR (2.21 wtd)
5 PHR (4.33 wt%) *

Assessing the quality of CNC
dispersion (SEM).

*: Only prepared for S2-glass.
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CHAPTER 2. MATERIALS AND METHODS

2.1 Materials

2.1.1 Resin

The resin used throughout this project was an isophthalic polyester resin, Pultru®
P706-101, which was provided courtesy of AOC, a global supplier of specialty resins.
Additional styrene purchased from Sigma-Aldrich was added to the resin. The catalyst
used in this formulation was tert-Butyl peroxybenzoate and was purchased from Acros
Organics. Zinc stearate, which was added to resin as mold release agent, was also
purchased from Acros Organics. The thickener dispersion used, Accumag®-9033, was
obtained from Chromaflo Technologies, a global supplier of chemical dispersions. Table

2-1 lists the different components used in the resin as well as their respective amounts

Table 2-1: Resin formulation details used throughout the project.

Resin PulTru® P706-101 AOC 90

Styrene S4972 Sigma-Aldrich 10

Catalyst tert-Butyl Acros Organics 1.5
peroxybenzoate

Mold Release Zinc Stearate Acros Organics 5.0

Agent

Thickener Accumag®-9033 MgO Chromaflo 4.0
40% Technologies
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2.1.2 Reinforcement and Additives

Multiple glass fiber types were used throughout this project. In the first part of the
study, S2 glass fiber rovings with different sizings (S2-S, S2-P and S2-R) were used,
where S, R, and P refer to a generic name of the sizing as provided by AGY. All S2 glass
rovings were provided courtesy of AGY. The second part of the study used S2-P and
boron-free E-glass fibers (with the commercial name of Advantex® P204, provided by
Owens Corning).

CNCs with the commercial name CelluForce NCC® NCV100-NASD90 were
obtained through CelluForce. This is a spray dried powder with a reported powder
particle size ranging from 1 um to 50 um. Individual CNC particles within the powder
were reported to have a length of 116 nm. The moisture content in the powder has been

reported to be less than 6.0% [51].

2.2 Manufacturing and Fabrication

2.2.1 Resin Preparation

The different resin components were added into a 4L stainless-steel vessel, according
to Table 2-1, and mixed with an IKA Eurostar 40 motor with a Cowell high shear mixing
blade. The mixing tools were selected for their ability to homogenize the resin rapidly.
Mixing was done at 1,200 RPM until the mixture was homogeneous, which took about 10
minutes. Higher RPM setting was not used to avoid introducing bubbles into the resin
paste. Once the mixture was homogeneous, a thickening agent was added and mixed for 5
minutes at 1,200 RPM. During work for Chapter 4, CNCs were slowly added into the

resin paste prior to the addition of the thickener. CNCs were added slowly into the
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mixing vortex to improve their dispersion in the resin, and mixing was continued until all
CNCs were added and a homogeneous paste has formed. Following the addition of the
thickener, the resin mixture was allowed to thicken until it reached the desired viscosity
range of 8000-11000 centipoise in about 3 hours for CNC-free resin and about 2 hours
for the resin mixes with CNC. The viscosity was regularly checked using a Brookfield

DV-I Prime viscometer.

2.2.2 Fabrication of SMC

This project utilized a pilot line SMC obtained from Finn and Fram, shown in
Figure 2-1, which is similar to industrial-scale SMC lines with the notable difference
being the width of the sheets that are manufactured. Industrial-scale lines are usually 1 m
or 1.5 m in width, while the Finn and Fram line used is around 0.3 m in width. The resin
paste was prepared and left to thicken to the optimal level viscosity as recommended by
the resin manufacturer. The resin was then poured into the two resin reservoirs in the
SMC line. Figure 2-2 shows a schematic representation of a typical SMC line. The
amount of resin in the final composite was controlled adjusting the doctor blades gap
accordingly. A carrier film, which sets atop a motorized conveyor belt, pulled the resin
under the doctor blades resulting in a uniform layer of resin. Chopped fibers then fell on
top of the resin film, and a second resin film was deposited on top, forming a sandwich
structure of resin-fibers-resin which then underwent the compaction zone of the SMC
line. The compaction zone consists of a series of calendaring rolls and the applied
pressure facilitates the wetting of the fibers by the resin.

The amount of fibers in the composite is adjusted by tuning the fiber cutting

speed, the conveyor belt speed, or the number of rovings fed into the machine. After the
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sheet came out of the compaction zone, it was collected, and conditioned by leaving it in
ambient conditions for a week until the resin has reached the optimum viscosity range for

compression molding. In general, maturation varies from a few days to a few weeks

depending on the type of resin being used.

Figure 2-1: A picture of the Finn and Fram SMC line used in this work [45].
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Figure 2-2: A simplified diagram of a typical SMC line.

2.2.3 Compression Molding

Following the fabrication of the SMC material and its maturation for a week, the
sheet was cut into squares of around 150 x 150 mm?, so that the outer edges of the SMC
sheet was discarded. Four squares were placed in a pre-heated 279.4 x 279.4 mm? steel
mold in an alternating manner to minimize any possible effect of the SMC line direction.
The charge was trimmed to fill the mold cavity by using ~300g of the SMC material. The
charge covered ~30% of the mold area, but once flow was induced, the mold cavity was
filled. The mold was preheated to guarantee that the charge reached the desired cuing
temperature in a short period. A 50-ton hydraulic hot-press (model V50-1818-2TMX,
obtained from Wabash Metal Products Inc.) was used to mold the SMC charge. A

pressure of 45 tons (~4.3 MPa), and a temperature of 150 °C were applied for 3 minutes.
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2.2.4 Testing Coupons Preparation

Testing coupons were cut from the plates with the required geometry for each test
using an OMAX- ProtoMAX water jet. Prior to cutting, the plates were stored at ambient
conditions for at least 48 hours, and after cutting, the coupons were promptly dried and
stored in ambient conditions in a desiccator to fully dry. In part 1, coupons were
prepared with a cut quality of 3, and a machinability setting of 712.22 which
corresponded to “Fiberglass Reinforced Vinylester Polymer”. For part 2, the cut quality

was increased to 5 for improved uniformity of testing coupons.

2.3 Characterization Techniques

2.3.1 Microscopy

A Phenom XL G2 SEM was used to examine the sizing layer on the fibers as well as
to assess CNC dispersion for samples in part 2. Dispersion was assessed by attempting to
locate any CNC agglomeration within the different composites. To limit surface charging
effects, samples were Au/Pd sputter coated for 30 s at 0.1 mA using a Cressington 108

sputter coater. The SEM was used at an accelerating voltage of 15 kV.

2.3.2 Mechanical Testing

At least ten samples were tested for each test. Tensile and flexural properties were
determined at ambient conditions using an Instron Universal test machine equipped with
a 133kN (30,000 pound) load frame. The load frame was used in conjunction with a

45kN (10,000 pound) load cell, which is calibrated annually according to ASTM E4 [52].
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During tensile testing, a clip-on extensometer (model 3542-025M-010, obtained
from Epsilon Technology Corp.) with a gauge length of 25.4 mm was utilized. Coupons
type | according to ASTM D638 [53] were prepared by waterjetting. The extensometer
used is calibrated annually according to ASTM E83 [54]. The test was done at a
displacement rate of 5 mm/min with an initial nominal strain rate of 0.05 mm/(mm-min).

Flexural properties were determined by employing the 3-point bending mode at a
span-to-thickness ratio of 16 to 1 and a strain rate of 0.01 mm/(mm-min) corresponding
to a crosshead displacement rate of 1.0 mm/min. The test coupons had the dimensions of
127 x 12.7 mm? according to ASTM D790 [55].

Both notched and unnotched coupons were tested under impact and the energy
absorbed was reported. For part 1, testing was done with an Instron model SI-1C3
Pendulum Impact Tester of 300 ft-Ib (406.7 J) capacity with a span of 40 mm. For each
composite, 10 notched and 10 unnotched coupons were tested. The unnotched coupons
had the dimensions of 62 x 12.75 mm? according to ASTM D4812 [56], and they had
nominal thickness of 2.5 mm. The dimensions of the notched coupons in part 1 were 95 x
12.3 mm? and a nominal thickness of 2.5 mm. Dimensions were slightly different than
what’s specified by ASTM D6110 [57] in order to better suit the testing apparatus. The
notch angle and radius were 45° and 0.25 mm, respectively as dictated by the testing
standard.

For part 2, the pendulum energy was adjusted from 406.7J down to 169.5J by
changing the latch position to improve testing accuracy. For each composite, 16 notched
and 15 unnotched coupons were tested. The dimensions of the unnotched coupons were

64 x 13.4 x 2.5 mm?3. Notched coupons were further modified from the ASTM D6110 to
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better suit the testing apparatus. The notch angle and radius were those dictated by the
testing standard and were 45° and 0.25 mm, respectively. However, the dimensions of the
notched coupons were 64 x 10.3 x 2.5 mm?. Notches were made using the water jet.

Most samples didn’t break completely. Unnotched samples experienced hinge
breaks, while notched Charpy samples experienced partial breaks. Only data from similar
break events were accounted for. The impact strength was normalized by the cross-

sectional area of the specimen and reported in J/cm?.

2.3.3 Density Measurements

Density measurements were carried out for each composite through the testing of
at least 10 coupons weighing at least 500mg. The water displacement testing was done in
accordance with ASTM D792 [58]. Samples were weighed in air using a Kern ACS220-4
with a resolution of 0.1 mg and were weighed in water using a Mettler Toledo AG245

with a resolution of 0.1 mg.

2.3.4 Determination of Constituent Content

Coupons from the cured composites were tested for constituent content following
ASTM D2584 [59] . Samples were ignited within a Lindberg/Blue-M box furnace that
was continuously operated at 635 °C to determine the weight of the non-volatile material
within the composite. The weight of the combustible portion of the composite was
determined as the difference between the coupon weight before and after ignition. The
matrix weight was determined as 95 wt% of the combustible portion to account for the 5

wt% mold release agent within the resin. The noncombustible thickening agent was
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estimated as 4 wt% based on the resin formulation. The glass fiber weight was calculated
using Eq. (1), while the wt% of fibers was determined using Eq. (2).

net weight of glass fibers (g)

= total nonvolatile material (g) — thickening agent (g) @

100 x net weight of glass fibers (g)
net weight of coupons prior to loss on ignition (g)

)

glass fibers weight (%) =

2.3.5 Viscoelastic Properties

The viscoelastic properties were determined using a TA Instruments Q800 DMA
according to ASTM D4065 [60] with the following conditions: oscillation of 1 Hz in 3-
point bending mode with a span length of 50 mm and a strain of 0.1%; from 30 °C to 200
°C at a rate of 5°C/min. Samples had the dimensions 63 x 12.2 x 2.5 mm?3, 10 samples
were tested for each composite in part 1, while 15 samples were tested for each
composite in part 2. The relative size of the tan & peaks was used to assess the material’s
ability to absorb impact energy.

Glassy modulus is reported as the storage modulus at 60 °C while the rubbery
modulus as the storage modulus at 160 °C. Tan & peaks were compared in two ways. The
area under the curve was obtained by integration from 50 degrees below the temperature
of tan & peak to 50 degrees above (i.e. Ttan s maximum — 50 °C, Ttan § maximum + 50 °C). Lastly,
literature suggests that broadening of tan 6 peaks indicates improved fracture toughness
and samples that are less prone to crack propagation and brittle failure, therefore, data for

the full width half max (FWHM) of the tan 6 peaks was reported [61].
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2.3.6 Thermal Transitions

Differential scanning calorimetry (DSC) was carried on using a TA Instruments
Discovery DSC to determine the Tg and to note any other thermal transitions associated
with the different sizing formulations in part 1. Samples had a mass of ~10 mg and the
tests were done from 30 °C to 200 °C at a rate of 10 °C/min. Three samples were

characterized for each of the three uniquely sized S2 GF samples.

2.3.7 Glass Fiber Surface Analysis

The surface chemistries of the glass fibers were examined using Electron
Spectroscopy for Chemical Analysis (ESCA), also known as X-Ray Photoelectron
Spectroscopy (XPS). Characterization was conducted using a Thermo K-alpha XPS with
an Aluminum K Alpha source gun. Samples were analyzed using a general survey scan
with an energy step of 1.00 eV as well as specific element scans with an energy step of
0.1 eV. Elemental scans were done to better understand the bonding these elements were
involved in, and it was done for multiple elements including Carbon, Oxygen, Silicon,
and Aluminum. Three samples were characterized for each of the three uniquely sized S2

GF samples.
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CHAPTER 3. UNDERSTANDING THE EFFECT OF S2 GLASS
FIBERS SIZING ON THE MECHANICAL PROPERTIES OF S2

GLASS FIBER/POLYESTER COMPOSITES

3.1 Morphology of S2 GF Sizing

The three different sizing formulations were compared by examining the
morphology of the sizing films. Sizing formulations S, P and R all had the same coupling
agent, which provided polyester and vinyl ester compatibility, as well as the same
additive package, which served as antistatic and lubricant. The basic difference among
the three S2 glass fibers proprietary sizing was in the film former component of the

sizing. SEM images of the three different S2 fibers are included in Figure 3-1.

Sizing P

Sizing S Sizing P Sizing R

Figure 3-1: SEM Images of S2 glass fibers with the three different sizing

formulations.
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Examination of these images shows some of the qualitative differences between
the different sizing films. Sizing P appears to be the most conforming to the fibers’
surface. This is highly contrasted with sizing R, which possesses more defined edges.
Sizing S is between sizing P and sizing R in conformability to the surface of the fibers.
Increased conformability of the sizing film can be an indication of increased interfacial

area which in turn results in improved interfacial strength.
3.2 Density, Glass and Void Content

The densities of the three different S2 GF/polyester SMC composites were
measured via water displacement, and the loss on ignition method was utilized to obtain
the GF wt% in the various composites investigated. Table 3-1 lists the experimental
density from water displacement, the theoretical density, the void content obtained from
the two previously mentioned densities in conjunction with Eq. (3), which is provided in

ASTM D2734 [62], and the experimental GF wt% as obtained from loss on ignition tests.

Voids (UOI%) — 100 X Ptheoretical — pexperimental (3)
Ptheoretical

Table 3-1: Experimental and theoretical density, void, and GF content of the S2-

GF/ polyester SMC composites as a function of the CNC content.

1.53 +0.03 1.54 +0.03 38.6% £3.4% 23.9% +2.5% 0.89%

+0.52%
1.55 +0.02 1.57 +0.02 41.8% +2.2% 26.3% +1.7% 1.08%

+0.27%
1.59 +0.05 1.61 +0.04 45.5% +3.7% 29.4% +3.2% 1.15%

+0.66%
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3.3 Mechanical Properties (Tensile, Flexural, and Impact)

Results from tensile and flexural testing were reported in relative terms to comply
with AGY’s corporate practices. Composites made with sizing R were set to be the
baseline as that composite consistently performed the lowest in mechanical testing.
Tensile and flexural properties are shown in Figure 3-2, and Figure 3-3, respectively.
Impact strength results for both notched and unnotched coupons are included in Figure 3-
4. For Figure 3-4 and subsequent box plots, the average is shown as a line horizontally
crossing the box. The bottom whisker represents the lower extreme value, the bottom
edge of the box represents the lower quartile, the top edge of the box represents the upper
quartile, and the top whisker represents the upper extreme value.

Examining the results from the tensile and flexural tests, we see that 0S2R
composites performed statistically lower in both tensile and flexural strength than 0S2S
and 0S2P. Tensile modulus saw the highest increase for the 0S2S composites. Tensile
strength of both 0S2S and 0S2P saw a notable increase compared to 0S2R. Flexural
modulus didn’t see any significant changes, while both 0S2S and 0S2P saw an increase in
flexural strength, with 0S2P seeing a slightly bigger increase. In general, the tensile
strength and modulus for composites with short randomly oriented fibers depend on the
matrix stiffness and volume fraction, and the fibers stiffness and volume fraction, and on
fiber dimensions [63]. All three composites were prepared using S2 GF and polyester
resin, and the constituent volume fractions were consistent; therefore, it was expected that
the composites would exhibit similar tensile modulus values. However, literature also
suggests that tensile behaviour is dependent on the interfacial adhesion [64]. Analysis on

tensile behaviour also applies to the flexural properties, since a material that is
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undergoing flexural testing is undergoing both compressive and tensile forces. Since all
other factors are identical, the differences in tensile and flexural strength and modulus
were attributed to the different coating morphologies. Sizing R, which was described to
have the least conforming sizing film and therefore the least amount of interfacial
adhesion, exhibited the lowest values for strength and modulus, thus reinforcing the
importance of sizing film conformability.

Impact testing shows that all the three different composites performed within
range of each other, and that there was no GF sizing that resulted in statistically improved
impact strength. However, it was noted that no statistically significant decrease in impact
strength was coupled with the increases observed in tensile strength and flexural strength
seen with 0S2S and 0S2P, which was generally a concern as increase in tensile strength is
often coupled with decrease in impact strength. The energy absorbed by a polymer
composite during impact can be better understood by understanding the impact energy
absorbed due to fiber breakage, and the impact energy absorbed due to fiber pull-out.
While there are other impact energy terms, their contributions are considered negligible
as the behaviour of the material is largely dictated by the two previously mentioned
impact energy terms [65]. The energy absorbed due to fiber breakage is dependent on
fiber volume fraction, the fiber tensile strength and modulus, and test span length [66],
while the energy absorbed due to fiber pull-out is dependent on the interfacial shear
strength, fiber tensile strength, and fiber dimensions [67]. The three composites
investigated only differed in the morphology of the sizing film. Therefore, the similar

impact strength behaviour of the composites was expected.
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Figure 3-2: Tensile strength and modulus of S2-GF/polyester SMC composites as a
function of the S2-GF sizing. Results are normalized with respect to the strength

and modulus of the 0S2R composite to comply with AGY's corporate practices.
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Figure 3-3: Flexural strength and modulus of S2-GF/polyester SMC composites as a

function of the S2-GF sizing. Results are normalized with respect to the strength

and modulus of the 0S2R composite to comply with AGY's corporate practices.
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Figure 3-4: Impact strength for notched and unnotched S2-GF/polyester SMC
composites as a function of the S2-GF sizing. Impact energy absorbed by the coupon

was divided by the cross-section and reported in J/cm?.

3.4 Thermomechanical Properties

The thermomechanical properties that were investigated were the glassy and
rubbery moduli, and tan & peak and they are shown in Figure 3-5 and Figure 3-6
respectively. As shown, there are no statistically significant differences among the
composites made with the three differently sized S2 glass fibers. Values for dynamic
modulus of composites depend on the level of stress/strain applied, the type of resin, the
configuration of the laminates, fiber type, and other testing parameters [68]. The testing
parameters including the level of strain applied, and all factors other than fiber type were
identical among the three different composites. All three composites had S2 GF, but they

differed in the sizing films. Therefore, thermomechanical properties were investigated to
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determine the extent of effect that the coating morphology has on the properties of the
composite. However, the change in coating morphology was evidently not significant
enough to drastically influence the viscoelastic behavior of the composites. Glassy
modulus is reported as the storage modulus at 60°C, while the rubbery modulus is

reported as the storage modulus at 160°C.
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Figure 3-5: Glassy and rubbery modulus values of the three different S2-
GF/polyester SMC composites as a function of the S2 GF sizing. Obtained from 3-

point-bending DMA tests.

Values of the area under the curve of the tan 6 peak for the different composites
are shown in Figure 3-6. All three composites had similar areas under the tan ¢ peak. The
area under the curve was assessed as it’s indicative of a material’s toughness. As all three
composites had similar impact strength, it was expected that the three composites would
have comparable tan 6 peak areas. Table 3-2 shows a collection of the viscoelastic

properties of the different composites.
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Figure 3-6: The area under the curve of the tan § peak of the three different S2-
GF/polyester SMC composites as a function of the S2 GF sizing. Integration was
done from 50°C degrees below the tan 8 peak maximum to 50°C degrees above the

tan & peak maximum. Obtained from 3-point-bending DMA tests.

A somewhat notable difference was the temperature at which Tan 6 peak
maximum was reached. Although within range of the other S2 GF sizing formulations, it
was a point of interest, and therefore thermal transitions of the S2 glass fibers polymeric
sizing film were investigated. Figure 3-7 below shows an overlay of DSC curves for the
differently sized S2 glass fibers. No thermal transitions were noted. This was attributed to
the low amount of sizing material on the glass fibers, as sizing is generally added to be
less than 2 wt% of the fibers [18], and this amount was not sufficient to indicate where
the glass transition temperature of the polymeric film component of the sizing takes

place.
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Table 3-2: Viscoelastic properties of composites made with differently sized S2-GF

obtained from 3-point-bending DMA tests.

D Temperature at  Area of Tan  Tan 6 Peak Ic\alllsgf}:us ;%%ﬁ?;
Tan o6 Peak (°C) O Peaks FWHM (MPa) (MPa)
feas 11017 8.6 £0.4 73.8 £5.6 8145 +1339 2732 £558
110 £1.5 8.2+0.5 78.0 £6.8 8182 +884 2960 +331
114 +1.6 8.2+0.3 79.6 +4.7 9690 +919 3614 419
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Figure 3-7: DSC curves of three §2-GF samples with different sizing formulations.

Heating rate was 10 °C/min)\ T4 of polymeric film of the sizing was not noted.
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3.5 Glass Fiber Surface Analysis

Surface chemistries of the glass fibers were investigated by utilizing XPS. C1s
scans were of a particular note as they illustrate the nature of bonding carbon atoms are
involved in, which was then further analyzed to ascertain information regarding
functional groups within the sizing. Figure 3-7 shows an overlay of the C1s scans of the
three different S2 GF sizing formulations, while Table 3-3 below shows the concentration

of the different types of carbon bonding within the sample.

C1s XPS Scan of S2 GF

3.00E+04 Sizing S
Sizing P
Sizing R
2.00E+04

Counts /s

1.00E+04

0.00E+00
298 295 292 289 286 283 280

Binding Energy (eV)

Figure 3-8: C1s XPS of S2-GFs with different sizing formulations.

Table 3-3: Numerical description of carbon bonding within the glass fiber sizing as
obtained from XPS C1s spectra.

80.0 +1.5 13.6 £1.1 6.4 +0.8
81.6 £1.6 12.7 2.4 4.7 1.2
81.2+1.9 12.6 +1.6 6.2 0.7
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Examining Table 3-3, we see that sizing P had the least concentration of ester
functional groups, and while the difference wasn’t statistically significant, one might
expect that because the matrix utilized was a polyester resin, sizing P might perform most
poorly. However, these percentages don’t indicate the absolute amounts, and a lower
percentage might translate to a larger number of functional groups.

The sizing on glass fibers is typically on the order of 500nm, while XPS has an
information depth of around 10nm [69]. In other words, detecting elements that are only
present within the glass fibers themselves indicates a glass fiber surface that wasn’t
covered by the sizing film. Atomic analysis, namely for C, O, Si, and Al, was conducted
on the different GF samples. Characterization results can be seen in Table 3-4 and Figure
3-9.

Table 3-4: Atomic% of C, O, Si, and Al for the different S2-GF samples. Obtained
from XPS Spectra.

54.9 7.2 29.1+4.4 11.6 +2.0 41+1.1
51.5 8.6 31.2+4.4 13.0+2.4 4.7+1.0
66.9 +6.7 22547 7.4 %25 1.9+0.3
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Figure 3-9: Atomic% of C, O, Si, and Al for the different S2-GF samples as a

function of sizing.

Table 3-4 reveals more interesting information as sizing S and sizing P, which
performed better than sizing R mechanically, had the least amount of Cl1s atomic%. It’s
of note that the C1s atomic% column refers to the peak that corresponds to C-C single
bond (corresponding to 284.8 eV). Therefore, sizing R had the least potential to have

functional groups as more of its carbon atoms are engaged in single bonding with another
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carbon atom. Additionally, the increased amount of oxygen in the sizing is indicative of
the sizing potential to interact with the ester groups present in the matrix. Sizing R had
the least amount of aluminium which suggests increased sizing coverage compared to the
other two sizing formulations. The functional groups present in sizing R are less evident
compared to the other formulations. Figure 3-10 showcases possible sizing qualities in

terms of coverage, thickness, and density of accessible functional groups.

_~— =Functional Group

Figure 3-10: Possible sizing arrangements. a) thick uniform sizing with moderate
functional group density. b) thin uniform sizing with moderate functional group
density. c) erratic sizing with moderate functional group density. d) thick uniform
sizing with high functional group density. e) thin uniform sizing with high

functional group density. f) erratic sizing with high functional group density.

The generally improved tensile and flexural properties of 0S2P composites
without a decrease in the impact properties coupled with surface chemistry that’s more
suitable for polyester resins indicate that sizing P was the most optimal sizing

formulation. Also, sizing P had a noticeably more conforming sizing film. Therefore, the
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second portion of this study, which is concerned with the effect of CNCs, utilized sizing

formulation P for S2 GF.
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CHAPTER 4. UNDERSTANDING THE EFFECT OF
CELLULOSE NANOCRYSTALS ON THE MECHANICAL

PROPERTIES OF S2 GLASS FIBER/POLYESTER COMPOSITES

4.1 Introduction

In addition to investigating the potential for enhancing the performance of S2-
GF/polyester SMC composites by optimizing the fiber sizing, the possibility of enhancing
the polyester resin by adding cellulose nanocrystals was also investigated. This study was
motivated by prior results obtained by our group, a brief overview of which was provided
in Chapter 1. The naming convention for samples in this chapter is as follows, (CNC
PHR) (Glass Fiber Type) (Glass Fiber Sizing if applicable). Composites investigated in

this chapter are, OE, 2.5E, 0S2P, 2.5S2P, and 5S2P.

4.2 CNC Dispersion

This work incorporated CNCs into the matrix by mixing them in with the resin
during the preparation of the paste that is used in the SMC line. It is expected that this
method of adding the nanocellulose will not lead to homogeneous dispersion at the single
particle level and formation of agglomerates will be unavoidable. However, it is the
simplest and most expeditious and economical method and therefore most suitable for
industrial applications. SEM was used to examine whether CNCs had agglomerated
within the matrix. As shown in Figure 4-1, no noticeable CNC agglomeration form as the
CNC content increases. Agglomerates as big as 5 microns can be seen in the images, but

the agglomerate size did not change with CNC concentration, at least for the
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concentrations investigated in this study. Additionally, the low number of voids and their
relatively small size is in agreement with the low void content measured experimentally

(presented in section 4.2).

Figure 4-1: SEM images of S2P composites as a function of CNC content: 0 PHR

(left), 2.5 PHR (center) and 5 PHR (right).

4.3 Density, Glass and Void Content

Table 4-1 shows the densities and constituent content of the S2 glass fiber
CNC/polyester composites as a function of the CNC content. The details outlined in
section 3.1.2 are also applicable for this section. The experimental densities, as measured
via water displacement, range between 1.49-1.59 gg/cc, with 0S2P and 2.5S2P exhibiting
the lowest values. This difference is reflected in the higher void content and lower GF

vol% of those composites, however it is not statistically significant, and it can be
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attributed to experimental error. It is noted that moving forward, results presented should

be examined with the GF vol% in mind.

Table 4-1: Experimental and theoretical density, void and GF content of the E-GF

and S2-GF/ polyester SMC composites as a function of the CNC content.

158+0.01 159+0.01 41.8%+1.4% 25.7%+1.1% 0.48% +0.22%
1.59+0.02 1.61+0.03 42.1% +2.6% 32.0% +9.8% 1.35% +0.70%
1.53+0.02 1.56+0.02 39.1% +2.0% 24.2% +1.5% 2.02% +0.20%
1.49+0.02 152+0.02 34.2% +1.9% 20.6% +1.4% 1.74% +0.29%
1.57+0.03 159+0.03 42.0% +2.8% 26.7% +2.2% 1.48% +0.27%

Density measurements and determination of the GF and void content is necessary to
ensure the different composites are comparable and that differences in properties are a
result of the addition of CNCs. Considering that the addition of CNCs in the resin matrix
could increase the viscosity of the resin, which in turn may alter the resin flow and the
wetting of the fibers and thus the properties of the composites, viscosity measurements,
were conducted using a Brookfield DV-I Prime viscometer, for resin mixtures with 0
PHR, 2.5 PHR CNC and with 5 PHR CNC. The viscosity window that was targeted was
suggested by the resin supplier and it was 8000-11000 cP. Within this optimal viscosity
window, the resin is thin enough to properly wet the fibers, but not too thin that it

squeezes out [13]. Resin mixture with 0 PHR reached the desired viscosity window in
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around 3 hours. The viscosities of the 2.5 PHR and 5 PHR resin mixtures were
expectedly higher, therefore they were allowed to thicken for around 2 hours. The two

resin mixtures with CNC had similar viscosities.

4.4  Mechanical Properties (Tensile, Flexural, and Impact)

The mechanical properties, specifically the tensile and flexural properties and the
impact strength, of the 5 different composites were determined. Tensile and flexural
properties are reported in relative terms to comply with AGY’s corporate practices. The
baseline was set using composites made with E-glass and 0 PHR CNC (OE), as this
composite consistently performed the lowest in mechanical testing. The tensile and
flexural properties are given in Figure 4-2, and Figure 4-3, respectively. The impact
strength for both notched and unnotched coupons is presented in Figure 4-4. Figure 4-4 is
a box plot and directions regarding interpreting the plot were provided in section 3.3.

Examining the tensile and flexural data, we see that the addition of CNCs does
not seem to increase modulus or strength in a statistically significant manner. This is a
deviation from the expected result as theoretical models and previously cited work
showed an increase in the modulus following the addition of CNCs. This might be an
effect of suboptimal CNC dispersion within the matrix. Another possible reason for the
deviation from what was expected might be the slightly variable glass and void content in
the different composites which may offset any positive effect of the CNCs. Additionally,
there is a large overlap of the standard deviations of the tensile and flexural properties of
the different composites, therefore observed differences are not statistically significant.

One point of note was the tensile and flexural performance of composite 5S2P.

Not only was this composite expected to outperform the other composites due to the
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addition of CNCs, but 5S2P possessed marginally higher amount of GF, and had a lower
void content than the other S2P composites. Testing was redone to ensure the
repeatability of tensile and flexural tests, and the same pattern held true. It’s suspected
that CNC particles might have had some agglomeration which has been previously

reported to decrease the strength of the composite [43].

1.6 m Tensile Strength  m Tensile Modulus

OE 2.5E 0S2P 2.5582P 5S2P
E-Glass S2-Glass

Figure 4-2: Tensile strength and modulus of E-GF/polyester and S2-GF/polyester
SMC composites as a function of fiber type and CNC content. Results are
normalized with respect to the strength and modulus of the OE composite to comply

with AGY's corporate practices.
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Figure 4-3: Flexural strength and modulus of E-GF/polyester and S2-GF/polyester
SMC composites as a function of fiber type and CNC content. Results are
normalized with respect to the strength and modulus of the OE composite to comply

with AGY's corporate practices.
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Figure 4-4: Impact strength for notched and unnotched E-GF/polyester and S2-
GF/polyester SMC composites as a function of fiber type and CNC content. Impact
energy absorbed by the coupon was divided by the cross-section and reported in

Jlcm?,

Figure 4-4 provides more actionable insights as it suggests that the impact
strength in case of both the S2 and E-glass is proportional to the CNCs content. Only
composite 2.5S2P seems to lag behind the suggested trend, and this is attributed to the
lower glass content in this composite. There is an overlap in the standard deviation
among the different samples. That is, the various results fell within one standard
deviation of the other composites of the same fiber type. However, it is observed that the
average impact strength for both the notched and unnotched specimens increased with
increasing CNC content.

Considering that these composites contain short fibers randomly distributed in

plane, the Halpin-Tsai model, shown in Eq. (4) — Eq. (8) [70], was used to predict the
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elastic modulus of these composites. In the case of composites containing CNCs, the
modulus of the polyester matrix was first calculated using the Halpin-Tsai model and
considering the CNC particles as the reinforcement. The Halpin-Tsai model assumes that
fiber cross-section is circular, that fibers are arranged in a square array, that fibers are
uniformly distributed throughout the matrix, that perfect bonding exists between the
fibers and the matrix, and finally, that the matrix is free of voids. Eq. (4) and Eq. (5) were
used to determine the uniaxial elastic modulus parallel to the fibers, and perpendicular to
the fibers, respectively. Ir and dr are the fiber/reinforcement length and diameter,
respectively. vr is the volume fraction of the fibers, and Er and Em are the elastic moduli
of the reinforcement and the matrix, respectively [70] [71]. Eq. (8) was then used to
estimate the elastic modulus of an FRP with randomly oriented fibers.

GF vol% used was kept constant and it was the average of the experimentally
measured GF vol% of the different composites presented in Table 4-1, which was 25.8%.
Figure 4-5 shows the different values of elastic modulus obtained using the Halpin-Tsai
model. The data is reported in terms of E/Eoe to match with the tensile testing results
presented earlier. If used was 25,400 um (SMC parameter) and dr for S2-glass was 11
pum, and 14.4 um for E-glass. The elastic modulus used for S2-glass was Er = 89.9 GPa.
[11], and for E-glass, Ef = 80.0 GPa [72]. For CNC, I+ =0.116 um, df = 0.004 [51], and Es
=140 GPa [73]. The elastic modulus of matrix used was Em = 3.03 GPa [74]. While it’s
expected that the Halpin-Tsai model overestimates the properties of the composite due to
its idealistic assumptions, it does help outline the potential of CNCs in improving the

elastic modulus by virtue of CNCs increasing the modulus of the matrix. It’s noted that
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this model does not account for any interactions between the CNCs and the matrix

chains.

5
Erandom = §E11 + §E22
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Figure 4-5: Predicted values of the elastic modulus of E-GF/polyester and S2-
GF/polyester composites as a function of fiber type and CNC content. Results are
normalized with respect to the modulus of the OE composite. Obtained using the

Halpin-Tsai and Erandom equations.

4.5 Thermomechanical Properties

Figure 4-6 shows the glassy and rubbery moduli for the 5 different composites
obtained from 3-point-bending DMA tests. Glassy modulus is reported as the storage
modulus at 60°C, while the rubbery modulus is reported as the storage modulus at 160°C.
16 samples were tested for each composite, but the large overlap of the standard
deviations of the modulus values indicates that the differences observed are not

statistically significant.
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Figure 4-6: Glassy and rubbery modulus values of the 5 different E-GF/polyester
and S2-GF/polyester SMC composites as a function of glass fiber type and CNC

content. No clear trend observed.

Variation in GF vol% prevents meaningful comparisons of the moduli. However,
if the data is normalized by the GF vol%, as in Eq. (9), a more meaningful plot emerges,

which is given in Figure 4-7.

0,
_ EComposite i,Measured X (GF vol A'))average

ECom L ,
posite i,Normalized
(GF UOI%) Composite i (9)

The data in Figure 4-7 was normalized using Eq. (9) in conjunction with the GF
vol% presented in Table 4-1 and the average GF vol% which was 25.8%. The figure
suggests that the addition of CNCs decreases both rubbery and glassy moduli. However,
the difference of both moduli among the different composites was not statistically

significant. Examining Figure 4-8, we can see that the addition of CNCs has increased the
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Tg (defined here as the peak of the tan o) of the composites, with the difference between
Tg of 0S2P and Tg of 5S2P being statistically significant. This is likely a result of the
CNC particles restricting the mobility of the polymer matrix chains, therefore, shifting
the glass transition temperature to higher temperatures. This is also an indication of the
interactions between the matrix and the CNC additive. CNCs’ restriction on matrix chain
mobility has been observed by multiple researchers in the past [75-77]. Increase in Tg is
also an indication of the improved thermal stability of the composites. Table 4-2 shows a
tabulation of the various properties obtained from DMA. The area under the curve for the
tan 0 peaks of the different composite, which was interpreted to be an indication of a
materials’ resistance to impact fracture, did not correlate with the observed impact
strength of the composites as it was expected that the area under the tan & curve to
correspond to the composite impact energy as suggested in literature [61]. However,
values of the area under the curve for the different composites were within 1 standard
deviation of results obtained for the other composites, therefore, the differences between

the areas under the curve of tan 6 were not statistically significant.
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Figure 4-7: Normalized glassy and rubbery modulus values of the five different E-
GF/polyester and S2-GF/polyester SMC composites as a function of glass fiber type
and CNC content. Modulus decreased proportionally with the addition of CNCs

without statistical significance.
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Figure 4-8: Ty, temperature at tan 6 maximum, as obtained from 3-point-bending
DMA tests of the five different E-GF/polyester and S2-GF/polyester SMC

composites as a function of the glass fiber type and CNC content.

Table 4-2: Viscoelastic properties of the five different E-GF/polyester and S2-
GF/polyester SMC composites as a function of the glass fiber type and CNC content.
Obtained from DMA 3-point-bending DMA tests.

ID Temperature Area of Tan 6 Peak  Glassy Rubbery
at Tan o Tan o FWHM Modulus Modulus

Peak (°C Peaks MPa MPa
109 +1.3 8.0 +0.6 77.0 £5.6 7635 +937 2811 +265
113 +1.5 8.0+0.4 76.7 6.7 8405 +632 2837 384
111 +1.4 8.3+0.3 76.9 £2.9 8359 1047 2906 +492
112 +1.1 8.5+0.4 76.2 £3.1 6654 +714 2085 +278
117 1.3 7.4+0.3 77.4£3.7 8758 +646 3323 £283
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK

This work set out to approach improving S2 GFRPs through investigating the
potential of glass fiber sizing modification and the effect of the addition of CNCs into the
matrix. More specifically, the goal of this work has been to evaluate the possibility of
improving the tensile and flexural strength and moduli without losing in impact
properties. This chapter presents conclusions of this work as well as suggestions for

future work.

5.1 Conclusions

In Chapter 3, composites with differently sized S2 glass fibers were manufactured
and characterized. The sizing formulations were also compared using surface analysis
techniques on the as-received fibers. It was observed that one of the glass fiber sizing
formulations resulted in a 37% improvement in tensile strength over a differently sized
S2 GF composite. That same composite (0S2P) also outperformed the least performing
composite (0S2R) by 34% in flexural strength. Composite 0S2S outperformed 0S2R by
25% and 21% in the tensile and flexural moduli, respectively. Impact testing and the
areas under the curve of tan 6 reveal that no decrease in impact strength accompanied
those improvements in flexural and tensile properties. This highlights the potential of
sizing modification for improving the mechanical properties of S2 GFRPs.

The differently sized S2 glass fibers were also characterized to suggest some
parameters that could be useful for the design of glass fiber sizing. Microscopy revealed
that the highest performing composites had sizing films that are notably more conforming

to the fiber surfaces. This increased conformability was interpreted to be an indication of
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increased interfacial strength, which was underscored by the results of tensile and
flexural tests. Analysis of the surface chemistry of the fibers revealed that the highest
performing sizing formulations had the least amount of C-C single bonding, indicating
more potential for compatible functional groups on the sizing. Additionally, these two
sizing formulations (S2-S and S2-P) had the highest amount of oxygen atoms on the
surface, this was also interpreted as increased potential for interactions between the fibers
and the polyester matrix. Lastly, sizing coverage was not deemed to be essential, as
sizing R had statistically lower amounts of Al atomic %, which indicated increased
surface coverage, while it was expected that increased surface coverage of the sizing
would result in improved mechanical properties, the increased potential for interactions
between the other sizing formulations and the matrix resulted in surface coverage being
less of a deciding factor.

In Chapter 4, CNCs were added into the polyester matrix in different
concentrations. Both E-glass and S2-glass composites were manufactured and
characterized. SEM was used to ensure that no large CNC agglomerates had formed. The
addition of CNCs did not result in significant changes in tensile and flexural testing.
Impact testing suggested that the addition of CNC results in an increase in impact
strength, but differences were not statistically significant. Results of DMA testing did not
reveal statistically different values for the moduli, but it was observed the glass transition
temperature of the composite with 5 PHR resin was statistically higher than that of the 0
PHR resin. This was explained as the CNC whisker-shaped nanoparticles restricting the
mobility of the matrix polymer chains. Lastly, the Halpin-Tsai and Erandom equations were

utilized to predict values of the tensile modulus of the different composites, and it
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showed great potential for the addition of CNCs to S2 GFRPs in terms of increasing the
tensile modulus of the composites.

Holistically, considering the demonstrated potential of sizing modification on
mechanical properties, as well as the observed trend of impact strength increasing with
the addition of CNCs and theoretical frameworks suggesting increased elastic modulus
with the addition of CNCs leads to the conclusion that the most effective approach of
improving the mechanical properties of composites is to exploit the structural hierarchy.
This was done in this work by utilizing or modifying structural elements of different

scales within the composite.

5.2 Future Work

Characterizing the sizing formulation in its liquid state would have opened
additional avenues for the characterization of the sizing formulation. However, due to the
proprietary nature of the sizing formulation, this step was not feasible in this work.
Additional suggestions include running mechanical tests on single fibers to better
compare the effect of the sizing on the mechanical behavior of the fibers. This work was
chiefly concerned with SMC composites, and as such, single fiber tests were not
employed.

Additionally, while the qualitative assessment of the conformability of the sizing
films was beneficial in this study, a quantitative approach might be useful for future
studies. Sageman-Furnas et al. proposed an approach that might be of great help in terms
of quantifying the conformability of sizing films [78]. However, the model mentioned is
suited for spherical coverages which wouldn’t be ideal for the cylindrical geometry of the

fibers.
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Regarding the second portion of this work, it’s recommended to attempt similar
experiments with functionalized CNCs. CNCs could be functionalized to promote
interactions with the matrix and the fibers, thus increasing the interfacial strength and
consequently improving the mechanical properties of the composites. Additionally, the
sizing formulation itself could be designed with CNCs in mind to promote interactions
between the fiber sizing and the CNCs. Another suggestion for future work is to
investigate various ways of incorporating CNCs into composites. More specifically, it’s
suggested to investigate the potential of adding CNCs onto the S2 glass fibers prior to
composite manufacturing. This has been tried previously, but not with S2 glass fibers.
Lastly, this work utilized the Halpin-Tsai equations, and while helpful, the model is
idealistic, and it’s suggested to employ more realistic models. Luo et al. suggested a

modified Halpin-Tsai model that takes the nanoscale of additives into account [79].
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