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Name: Blaze Allan Heckert

Date of Degree: July, 2020

Title of Study: POSS-BASED CARBON FIBER TREATMENT FOR ENHANCED
STRENGTH AND TOUGHNESS OF COMPOSITES

Major Field: Materials Science and Engineering

In this study, two techniques are used to coat carbon fibers with polyhedral oligomeric
silsesquioxane (POSS) as a fiber surface treatment. This process utilizes the unique organic–
inorganic hybrid structure of POSS to develop damage–tolerant composite laminates. This
paper compares POSS—based treatments based on two different approaches. A more tra-
ditional approach via esterification reaction and a novel approach utilizing thiol-ene click
chemistry. Click chemistry reactions achieve very high yields and are performed in a vari-
ety of solvents.

The treated carbon fibers are analyzed using XPS and SEM. The modified POSS used
in the first approach is characterized using NMR and FT-IR. Single fiber tensile tests of
the first approach show a significant decrease in the fiber tensile strength, while the second
approach showed no loss in fiber strength. Interfacial shear strength is determined using
single-fiber fragmentation testing. The first approach showed a decrease of 24% in the
fiber fragmentation length compared to the as-received fibers, however because of the loss
in fiber strength there is a decrease of 6% in the interfacial shear strength compared to
the as-received carbon fibers. The second approach, however, shows a 27% decrease in
the fiber fragment length compared to the as-received fibers, and as a result has an 71%
increase in the interfacial shear strength as compared to the as-received carbon fibers and a
80% increase compared to the first approach.

There has been recent interest in the use of multilayer POSS to further enhance the
interfacial properties of the composite. However, this comes with the challenge of POSS–
POSS agglomeration that will result in nonuniform distribution of properties across the
fiber surface. There has been no attempt to control the POSS–POSS, nor to examine how
the compliance will be altered by additional layers of POSS. To better understand how ad-
ditional POSS layers can alter the compliance of the interface, different POSS networks
were synthesized using hexane-1,6-dithiol as a linking molecule and thiol-ene click chem-
istry. These networks varied by POSS density using different ratios of the dithiol linker
molecule. The properties of these networks were analyzed using SEM and XRF.
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CHAPTER I

Introduction

Carbon fiber polymer composites have become mainstream in aerospace and automotive

industries [1, 2], due to the exceptional properties such as high specific strength and stiff-

ness [3–5]. The fiber-matrix interface has significant influence over the mechanical proper-

ties of composites [6]. A properly constructed interface can enhance the mechanical prop-

erties of a composite by relieving internal stress concentrations [7]. Nonetheless, due to the

relatively chemically inert and smooth surface of carbon fibers [8], the inherent interfacial

adhesion between the fiber and matrix is weak. To address this shortcoming, numerous

methods have been developed to promote adhesion between the fiber and matrix material.

Methods include chemical oxidation [6, 8, 9], fiber sizings [1, 10, 11], and in recent years

the inclusion of nanoparticles within the interphase region [12–14]. In particular, these

nanoparticles have functional groups that can react with the functional groups available in

the matrix molecules [15].

The improvement of both strength and toughness in composite materials is reliant on

the construction of the interface. It is often the case that one of these, either strength or

toughness, is improved at the expense of the other. While a well-bonded interface is critical

to improve both properties, a strong composite typically requires a stiff interface, while

improving the toughness of the composite requires a more compliant domain [16–19]. In

recent years, hybrid molecules that have both rigid and compliant characteristics have been

utilized as a fiber treatment. This work focuses on the development of a carbon fiber surface

treatment utilizing a highly selective chemistry to build controlled networks. The density

of these networks will be used to control the stiffness of the interface and optimize the
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strength and toughness of the composites.

1.1 Literature review of fiber surface treatments

1.1.1 Chemical oxidation

Motivated by the many advantages that come with carbon fiber as the reinforcement phase

in composites, many researchers have explored ways to improve the physicochemical in-

teractions between the fiber and matrix. A variety of treatments have been developed. The

treatments can generally be characterized as dry gaseous plasma treatments, wet chemical

acid treatments, or multi-scale nanoscale filler coatings [6, 8, 9]. All of these treatments

can increase the fiber-matrix adhesion leading to a more robust composite. However, the

harsh environment produced from the gaseous plasma and chemical acid treatments can

cause significant damage to the fibers in the form of pitting and deep etching across the

fiber surface, degrading the mechanical properties of the fibers. As an example, Tiwari et

al. examined the effect of chemical oxidation using sulfuric acid and found a decrease in

fiber tensile strength of 49.2% after 120 minutes of treatment [20]. The results are shown

below in Figure 1.1. Loss in fiber tensile strength limits the mechanical properties of the

resulting composite, especially in the fiber-dominated direction. To address this limitation,

researchers have investigated more complex multi-scale treatments using nanomaterials.

Figure 1.1: Effect of chemical oxidation on carbon fibers. Taken from Tiwari et al. [20].
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1.1.2 Nanoparticle carbon fiber surface treatments

Nanomaterials provide a variety of benefits in the construction of an interface between car-

bon fibers and polymer matrices. Depending on the nanomaterial, it can greatly increase

the compatibility with the resin material, improve the stress transferability and adhesion be-

tween fiber and matrix. All of these significantly improve the overall mechanical properties

of the composite [14]. Common nanomaterials used include carbon nanotubes (CNTs) and

graphene. The high tensile modulus and tensile strength, 1 TPa and 100 GPa, respectively,

of the CNTs and graphene, made them promising materials for lightweight and exception-

ally strong material applications [21–23]. Along with this, CNTs and graphene, when used

as a reinforcing material within the interphase, promote better mechanical interlocking with

the resin material and, when modified before use, can chemically react with both the fiber

surface and matrix material [13, 24, 25]. Bekyarova et al. in 2007 compared the change

in shear strength between oxidized carbon fibers epoxy composites and carbon nanotube

functionalized carbon fiber epoxy composites. The shear strength values are shown below

in Figure 2.1, and the CNT functionalized carbon fiber composites saw enhancements of

20% and 40% for CNT loading weights of 0.2 and 0.5 wt% respectively [26].

Figure 1.2: Shear strength of carbon fiber-epoxy composites with and without CNTs. Taken
from Bekyarova et al. [26].
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This study demonstrated it is possible to achieve a significant increase in mechanical

properties using carbon nanotubes on the functionalized carbon fiber surface. However, as

CNT wt% is increased further, properties are often found to deteriorate. This is due to the

tendency of CNTs to agglomerate at relatively low loading weights. For example, Lau et

al. found that with a two wt% incorporation of carbon nanotubes, there was a decrease in

both the flexural strength and stiffness of the resulting composite compared to that of neat

epoxy [27]. Along with this, carbon-based nanomaterials require prior chemical treatment,

much like carbon fibers. This is because they are also chemically smooth and inert [28,29].

The exceptional stiffness of carbon based-nanomaterials is one of the reasons they have

shown to significantly improve the mechanical properties of composites when used as a

nanofiller reinforcement. This same stiffness may not yield the same overall improvement

when applied to the interface of a carbon fiber-epoxy composite. Deng et al. in 2013

studied the fracture toughness of a composite based on improvements in interfacial tough-

ening [18]. The study reported that an overly stiff interface that is tightly bound to both the

carbon fiber and matrix material significantly reduces the overall impact toughness. It was

explained that a flexible interlayer could accommodate larger deformations and relax stress

concentrations that build at the interface, act as a crack arrester preventing propagation,

and also allow more overall deformation before failure. These mechanisms delay material

damage and prolong the life of the composite.

Finally, there is also a great deal of risk to the researchers while handling carbon-based

nanomaterials. The Center for Disease Control (CDC) has reported that these materials,

including CNTs, could cause adverse pulmonary effects. These effects, when compared to

other fibrogenic materials (silica, asbestos, etc.), were shown to have a similar or greater

potency [30–32].

These studies have shown that carbon-based nanomaterials can be used to create strong

composite materials. However, the durability can be compromised when these materials

are used as an interfacial treatment on carbon fibers from a lack of flexibility within the
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interfacial region. An ideal material would provide strong interfacial adhesion while hav-

ing a degree of compliance to relax built-up stress concentrations without causing catas-

trophic failure of the material. A relatively new material, known as polyhedral oligomeric

silsesquioxane (POSS), has emerged as a promising nanofiller. If POSS is instead used

to construct an interfacial layer rather than as a filler material in polymer composites its

unique structure may provide both strength and compliance. POSS is also a liquid-based

material and does not have the safety concerns associated with CNTs or other carbon based

nanomaterials.

1.2 Polyhedral oligomeric silsesquioxane (POSS)

Polyhedral oligomeric silsesquioxane (POSS) is a unique hybrid nanomaterial possess-

ing eight organic functional groups that surround an inorganic silicon-oxygen cage-like

core [33–35], as shown below in Figure 2.2. The eight external groups give POSS many

benefits, including compatibility with many matrix materials, sites for further reactions,

and a degree of compliance to the molecule. The silicon–oxygen cage that makes up the

core of the POSS molecule is rigid and would help provide strength to the fiber-matrix

interfacial layer.
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Figure 1.3: Polyhedral oligomeric silsesquioxane with generic functional groups, drawn
using ChemDraw.

Researchers have shown the benefits of including POSS cages into a polymeric com-

posite as a nanofiller. There is an increase in strength, rigidity as well as impact resis-

tance [7, 36]. In 2017 Mishra et al. studied the effect of varying the loading weight and

functional group of POSS inclusion within epoxy resin [37]. They found an increase in

fracture toughness by a factor of 2.3 with the inclusion of glycidyl-POSS, though only an

increase of 1.3 with the inclusion of the trisilanol phenyl-POSS both at a 5 wt% loading.

In 2019, Mishra et al. used the same glycidyl-POSS at 5 wt% loading and found an im-

provement of 70% in the interlaminar fracture toughness [38]. These improvements were

attributed directly to the chemical compatibility of the POSS structure and the enhanced ad-

hesion between the fiber and resin material. However, at higher loading wt%, the strength

of the resulting composite materials were diminished and the failure mode changes from

brittle to ductile. This was attributed to POSS–POSS self-assembly creating areas with a

high degree of compliance. This nonuniform distribution of properties results in limited

benefit to both the toughness and strength of the POSS-nanocomposite.

There have been a limited number of studies that looked at the inclusion of POSS into

the interface of carbon fiber composites, but all have shown significant increases in the
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interfacial properties [12, 39, 40]. Wu et al. chemically grafted amino-POSS to the surface

of carbon fibers, this was done using a series of reactions including oxidation of carbon

fibers and using a bridge molecule to link the POSS to the surface [41]. The interfacial

shear strength and impact resistance increased 41% and 35%, respectively. However, as

mentioned earlier, the chemical oxidation of carbon fibers can reduce the tensile strength

and limit the overall mechanical properties of the composite. This is similar to most studies

that have focused on chemical modification of the carbon fiber or POSS molecule to achieve

a successful functionalization, creating a coating of POSS on the carbon fiber.

The benefits could be exponentially improved upon, however, if multiple POSS molecules

could be connected in a controlled manner [12]. Ma et al. in 2019 utilized a dendrimer type

approach to building multiple generations of POSS along the surface of the carbon fiber.

This approach required modification of both the carbon fiber and POSS molecule before

the first layer of POSS could be graft to the carbon fiber surface. Each new generation re-

quired two-step modification of the next POSS molecule before reaction with the first layer

of POSS. The results of this study showed that increasing the number of layers of POSS led

to an increase in the interfacial properties. The interfacial shear strength of the monolayer

POSS carbon fiber saw an increase of 46% as compared to the as-received carbon fibers,

and with a third-generation POSS an increase of 75% compared to the as-received carbon

fibers. The type of chemistry used by Ma et al. to build the POSS network along the sur-

face of the carbon fiber however is not ideal for a uniform coating. The amine alkylation

reaction used is shown to have poor yields, Werner et al. reports only a 10–30% yield [42].

A more efficient chemistry could result in a far greater increase in the interfacial properties.

One type of chemistry known to be highly efficient and highly versatile is known as

click chemistry. These click reactions were born from the premise that organic synthesis

should focus on highly selective and neat reactions, meaning no or limited side products

formed, and occur under mild conditions. For this study click reactions can provide uni-

form coating, easy cleanup, and minimize degradation of the fiber due to the mild reaction
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environment [43]. Although there are different variants of these click reactions, the reac-

tion between an alkene and thiol is the most viable due to the commercial availability of

octavinyl-POSS. This reaction will be explained in greater detail during the functionaliza-

tion process.

1.3 Motivation for this study

The goal of this research is to improve the strength and toughness of carbon fiber reinforced

polymer composites. This will be accomplished through controlled application of POSS on

the fiber surface. The first POSS coating will focus on utilizing click chemistry to achieve a

more complete coverage of the fiber and limit localized points of failure. A more common

approach to POSS coating, utilizing ester reaction as the method of reaction between fiber

and POSS, will be synthesized along side our click-based chemistry approach. These fiber

treatments are characterized mechanically and chemically to determine the effectiveness

of the treatments. Chemical characterization will be done using XPS which analyzes the

chemical composition of the surface. The surface of the carbon fibers will be examined us-

ing scanning electron microscopy/Energy Dispersive X-Ray Spectroscopy (SEM/EDS) and

allow the effects of the treatments to be monitored visually and surface chemical compo-

sition mapped. The effect of these treatments on the mechanical and interfacial properties

will be examined using single-fiber tensile and single-fiber fragmentation testing, respec-

tively. Lastly, because of the number of functional groups present on POSS, researchers

have begun utilizing multiple layers of POSS as a surface treatment. The results so far

have shown a continual increase in the interfacial shear strength with increasing number of

POSS layers, but few studies utilize more than a third POSS layer. To better understand

how multiple controlled layers of POSS will impact the properties of the composite, sev-

eral POSS–POSS networks were synthesized and the modulus of these networks will be

analyzed using atomic force microscopy (AFM). These networks give some representation

of what to expect as multiple layers are constructed on the surface of the carbon fiber.
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CHAPTER II

Functionalization of Carbon Fiber Surface

There are a variety of click reactions that have emerged over the last century, with the

copper-catalyzed azide and alkyne click reaction having received the most use in areas

such as medical, hydrogel, and dendrimer synthesis, demonstrating the extensive applica-

tion of such reactions [44–46]. However, this set of clickable functionalities is difficult

to produce on carbon fiber and POSS surfaces. The related chemical reaction known as

“thiol-ene” click chemistry is more feasible for the carbon fiber and POSS grafting. Thiol-

ene click reactions occur between a thiol (−SH) and alkene (carbon–carbon double bond).

The reaction can also be initiated by a variety of methods, with simple and quick free

radical reactions making them highly efficient to produce. Through a series of reactions,

it is possible to thiolate the surface of the carbon fiber, to facilitate one of the required

functional groups (−SH), and the commercially available octavinyl-POSS will act as the

other functional group. The simplified reaction is shown below in Figure 2.1. Kuttner

and co-workers, utilized this same thiol-ene photochemistry reaction to link thiolated glass

fibers to polystyrene of different lengths and densities [47, 48]. This work highlights the

feasibility of thiol-ene click chemistry in the modification of fiber surfaces.

Figure 2.1: Simplified Thiol-ene Click Reaction.

This research improves the interfacial properties of carbon fiber polymer matrix mate-
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rials by creating a controlled and uniform coating of POSS based materials. Utilizing the

highly efficient click chemistry, to achieve a more complete coverage of the fiber, will limit

localized points of failure. A relatively new less aggressive oxidation treatment in com-

bination with the mild reaction conditions of click chemistry preserves the fiber strength

during the grafting reaction. In this manner, the current study overcomes the two current

limitations in the coating of carbon fibers using POSS. The treatments are fully character-

ized by XPS and SEM. The effects of these treatments on the mechanical and interfacial

properties are examined using single-fiber tensile and single-fiber fragmentation testing,

respectively.

2.1 Materials and methodology

All chemicals were used as received unless otherwise stated. Carbon fibers used were

HexTow IM-7 (12K, tensile strength 5.65 GPa, diameter 5.2 µm, density 1.78 g/cm3), and

purchased from HEXCEL (HEXCEL, Stamford, Connecticut). Octavinyl-POSS was pur-

chased from Hybrid Plastics (Hybrid Plastics, Hattiesburg, Mississippi). Dimethylfor-

mamide (DMF), Sulfuric acid, nitric acid, 6-mercapto-hexanol, p-Toluenesulfonic acid

(p-TSA) and 2,2-Dimethoxy-2-phenylacetophenone were supplied by Fisher Chemicals

(Fisher Scientific, Pittsburgh, Pennsylvania). Potassium persulfate (K2S2O8) and silver ni-

trate (AgNO3) were purchased from Sigma-Aldrich (MilliporeSigma, St. Louis, Missouri).

Tetrahydrofuran (THF) was supplied by EMD Chemicals (EMD Chemicals, Burlington,

Massachusetts) and the UV hand lamp was purchased through VWR (VWR, Radnor, Penn-

sylvania). EPON 862 and EPIKURE 3274 were supplied by Miller-Stephenson (Miller-

Stephenson, Danbury, Connecticut).

2.1.1 Coating of carbon fibers with POSS via esterification

The reaction between POSS and the carbon fiber surface used in approach one required

the chemical preparation of both the carbon fiber surface and octavinyl-POSS. To enable
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POSS to both chemically bind to the surface of a carbon fiber and play an important role

in enhancing mechanical strength of carbon fiber, the thiol-ene click chemistry was used

to partial hydroxylate commercially available Octavinyl-POSS. In this reaction, shown be-

low in Figure 2.2, 632.3 mg (1.0 mmol) of vinyl-POSS (1), 537 mg (4.0 mmol) of 6-

mercaptohexanol (2) and 51.26 mg (0.2 mmol) of the catalyst DMPA (3) were added to a 10

mL round-bottom flask containing 5 mL of toluene. This reaction mixture was placed under

a UV lamp (365nm) with stirring and continued the UV-assisted thiol-ene click chemistry at

room temperature for 5 hours. The product (4) was separated from unreacted components

and toluene solvent by vacuum distillation, and the isolated product was vacuum dried to

remove traces of toluene solvent.

Figure 2.2: Synthesis of Vinyl-Hydroxyl-POSS using “Thiol-ene” Chemistry.

To functionalize the carbon fibers, an acid catalyzed esterification reaction was done

between the hydroxyl functional POSS (4) and carboxylic acid functional groups along

the carbon fiber surface. The as-received carbon fibers were first unsized by soaking them

in acetone for 24 hours, this removes any manufacturers sizing treatment. The unsized

fibers (5) (500 mg) were then oxidized using a 3:1 sulfuric acid and nitric acid (68-70%)

solution at 60°C for 60 minutes with continuous sonication. Subsequently, the fibers were

repeatedly rinsed with DI water to obtain neutralized fiber. This oxidation process increases

the number of carboxylic acid groups on the surface of the carbon fiber and allows for
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the desired surface modification (6). For the functionalization of this carboxylated carbon

fibers (6) with hydroxyl functional POSS (4), an acid catalyzed esterification reaction was

carried out. In this reaction, 1.10 g of Vinyl-Hydroxyl-POSS product (4, 0.94 mmol) and

300 mg of the oxidized carbon fibers (6) were added to a round-bottom flask containing

50 mL of DMF. The flask was placed in an oil bath with stirring and catalytic amounts of

sulfuric acid was added and left to react at 60°C for 24 hours. The POSS functionalized

carbon fibers (7) were rinsed with fresh DMF to remove unreacted octavinyl-POSS and the

fibers were dried at 100°C for 2 hours. The reaction is shown in Figure 2.3.

Figure 2.3: Synthesis of POSS coated carbon fibers using esterification reaction, noted as
approach one.

2.1.2 Coating of carbon fibers with POSS using thiol-ene chemistry

The reaction between POSS and the carbon fiber surface used in approach two required the

chemical preparation of only the carbon fiber surface. In this approach the octavinyl-POSS

was used as-received. The preparation of the carbon fiber surface occurred through the fol-

lowing series of reactions. The as-received carbon fibers (500 mg) were unsized by placing

them in acetone for 24 hours. This removed any pre-existing chemical sizing treatment.
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The unsized carbon fibers (5) were oxidized using a mixture of 0.1M K2S2O8 and 0.01M

AgNO3 for 60 minutes at 70°C with sonication. The oxidized fibers (8) (CF-COOH), were

removed from the reaction mixture and washed with DI water until neutralized and then

dried at 100°C for 24 hours. The CF-COOH fibers (8) were added to a round bottom

flask containing 6-mercapto-hexanol (1 g) in toluene (100 ml) and catalytic amounts of p-

Toluenesulfonic acid (p-TSA). This is left to react for 24 h at 60°C. The resulting (CF-SH)

fibers (9) were rinsed with fresh toluene and dried at 100°C for 24 hours. This series of

chemical reactions is illustrated below in Figure 2.4.

Figure 2.4: Oxidation and thiolation of carbon fibers.

Octavinyl POSS (10) (2 g) and the CF-SH fibers (9) were added to a round bottom

flask containing 100 ml of DMF at 50°C for 2 hours. The reaction was initiated using 2,2-

Dimethoxy-2-phenylacetophenone (DMPA) and a UV light with an intensity of 365 nm.

This creates thiol radicals that react with the double bonds of octavinyl-POSS, clicking the

POSS to the fiber surface. The resulting (CF-POSS) (11) fibers were rinsed with THF to

remove excess POSS material and dried at 100°C for 24 hours. The chemical reaction and

the final carbon fiber clicked-POSS are shown below in Figure 2.5.
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Figure 2.5: Reaction between thiolated fibers and octavinyl-POSS using thiol-ene chem-
istry, noted as approach two.

2.1.3 Characterization techniques

Nuclear Magnetic Resonance (NMR, Bruker DPX-300 NMR Spectrometer) and Fourier

Transform Infrared (FTIR, Perkin Elmer Spectrum Two) were utilized to characterize the

hydroxylated POSS used for the esterification reaction in approach one. X-ray photoelec-

tron spectroscopy (XPS, PHI VersaProbe) and scanning electron microscope/Energy Dis-

persive X-Ray Spectroscopy (SEM/EDS, Hitachi S-4800 Field Emission Scanning Elec-

tron Microscope) was utilized to analyze the carbon fibers surface chemical composition

and topographical changes throughout the chemical modification process.

Tensile strength of a single fiber filament was performed on a universal testing machine

(5567, Instron Corporation, Norwood, Massachusetts) according to ASTM C1557-06. A

hole was cut in the middle of a paper testing tab and the monofilament was separated from

the fiber tow using masking tape under magnification. The monofiliament was secured on

one end of the tab and aligned in the center then adhered to the other end of the tab using
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masking tape, then super glue was used to further adhere the fiber to the ends of the paper

tab. The tab was placed in the grips of the testing machine and the sides of the tab were

cut so that only the fiber would undergo loading. A gauge length (l f ) of 40.9 mm and a

cross-head speed of 1 mm/min loading rate was used for all fiber samples. The maximum

load at which the fiber failed was recorded and was used to determine the tensile strength

using the equation 1,

σ f = Pf /A (1)

where σ f is the tensile strength of the fiber, Pf is the load at which the fiber fails, and A is

the cross-sectional area calculated as A = πd2/4 in terms of the fiber diameter, d. The fiber

diameter was determined using scanning electron microscopy (SEM).

There is expected to be a great deal of variation in the tensile strengths among the

fibers.This variation is a result processing, the fiber microstructure and flaw distribution

along the length of the fiber [49]. Weibull probability distribution is often used to represent

this variation in tensile strength. Along with this, the Weibull modulus, m, is used in

the calculation of the interfacial shear strength. To determine the Weibull modulus, the

tensile data collected before is used to generate a Weibull plot, utilizing the common two–

parameter Weibull distribution below in equation 2 and rearranged into equation 3:

p(σ) = 1− exp
(
− lc

l f

(
σc

σ f

)m)
(2)

ln
(

ln
(

1
1− p(σ)

))
− ln

(
lc
l f

)
= m(lnσc − lnσ f ) (3)

Where p(σ) is the probability of failure. lc is the critical fiber fragmentation length,

which is determined during the single–fiber fragmentation tests and l f is the gauge length.

σ f and σc are the fiber strengths at the gauge length and at the critical fiber length, re-

spectively and m is the Weibull modulus. Utilizing a consistent gauge length, equation 3
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becomes equation 4 below:

ln
(

ln
(

1
1− p(σ)

))
= m(lnσc − lnσ f ) (4)

The Weibull modulus, m is derived from a plot of lnσ f versus ln
(

ln
(

1
1−p(σ)

))
where

p(σ) is equation 5

p(σ) =
i

N +1
(5)

where i is the rank of each data point and N is the total number of samples.

The interfacial shear strength (IFSS) was determined using the single–fiber fragmenta-

tion test (SFFT). The single fiber fragmentation test was developed from the Kelly–Tyson

simple force balance formula below in equation 6 for a fiber under static loading conditions

as demonstrated in Figure 2.6.
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Figure 2.6: Forces on a fiber under static loading conditions.

The fiber is held under static loading, we can sum the forces in the x-direction and

derive the below equation 6:

∑Fx = (σ +dσ)
πd2

4
−σ

πd2

4
− τ(πd)dl = 0 (6)

This equation can be simplified and integrated from no load (σ0) to a critical load which

breaks the fiber (σc) and over the length of the fiber (l) in equations 7 and equation 8,

respectively.
dσ

dl
=

4
d

τ (7)
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∫
σc

σ0

dσ =
4
d

∫ l

0
τdx (8)

Assuming that the fiber will break at l/2 and solve for τ the interfacial shear strength

in equation 9

τ =
σcd
2lc

(9)

where τ is the interfacial shear strength, σc is the fiber strength at the critical fiber

length, lc is the critical fiber fragment length and d is the fiber diameter [50, 51]. The

critical fiber length is the length at which the fragments are too short for sufficient load to

be transferred onto them to cause additional failure, also called the saturation point. At this

point the lengths of the fragments reflect the interfacial shear strength of the fiber–matrix

interface. Determination of this point is done via the single fiber fragmentation test.

To prepare samples for the single fiber fragmentation test a single fiber was aligned

along the center of a dog bone shaped mold, shown in Figure 2.7. The fiber was secured at

both ends to prevent movement during the curing process. Appropriate amounts of EPON

862 and the curing agent EPIKURE 3274 were mixed and degassed then poured into the

dog bone shaped mold. This was cured and the coupon was removed from the mold and

polished for better visualization of the fiber.

Figure 2.7: Specimen dimensions for the dog bone shaped coupon.

A tensile testing setup was designed to facilitate the requirements of the single fiber

fragmentation test. Two grips were machined to hold the specimen and prevent slippage
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properly, one of these grips was attached to a motorized linear slide (Oriental Motors,

Taito–Ku, Tokyo, Japan), and the other was mounted to a load cell (OMEGA Engineering,

Norwalk, Connecticut, USA) to monitor the load during testing. The linear slide and load

cell were secured to a table and positioned under a Nikon optical microscope fitted with a

camera. The complete setup is shown in Figure 2.8. During the testing process, as the single

fiber coupon undergoes tensile loading, the load is transferred to the fiber in the form of

shear stress across the fiber–matrix interface. These shear stresses generate a tensile stress

in the fiber. As the applied load is increased, the tensile stresses in the fiber cause it to break

into shorter and shorter fragments. When no further load can be transferred to the fiber, the

breaks stop occurring and saturation is reached. This is when the fragments are too short

for sufficient load to be transferred to the fiber. The breaks in the fibers are examined using

an optical microscope and monitored in real-time to ensure saturation is reached.

Figure 2.8: Single fiber fragmentation testing setup.
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The fiber is monitored as the load is increased until no more breaks are observed and

multiple images captured. Using a calibration grid, the distance between these breaks can

be determined and averaged to find < l >. The critical fiber length is calculated from

the average fiber length as lc = 4
3 < l >. The fiber strength at the critical fiber length is

calculated using the tensile strength determined earlier, with the gauge length of 40.9mm

(l f ) and Weibull modulus (m).

2.2 Results and Discussion

2.2.1 Characterization of modified POSS

The vinyl-POSS was modified using thiol-ene chemistry, a class of highly efficient and

simple chemistry referred to as a thiol-ene click reaction. The reaction is initiated using

2,2-Dimethoxy-2-phenylacetophenone (DMPA) and a UV light with an intensity of 365

nm. The photoinitiated reaction creates thiol radicals that react with the double bonds of

the octavinyl-POSS, clicking the two molecules in a very neat reaction. In order to obtain

partially hydroxylated vinyl POSS, we have used four equivalent of 6-mercaptohexanol to

one equivalent of vinyl-POSS molecules and the reaction was continued for 5 hours. To

characterize this reaction, Fourier-transform infrared spectroscopy (FTIR) was utilized and

is shown in Figure 2.9. The spectra shows the silicon oxygen bonds of the POSS inorganic

cage (1100 cm-1), unreacted double bonds (3030 cm-1) and the terminal hydroxyl group

from the clicked 6-mercaptohexanol (3390 cm-1), indicative of the formation of the desired

product. This set of reactive groups will allow for the bonding of POSS to the surface of

carbon fibers utilizing esterification, and also allow for further layers of POSS to be added

to the interphase region through more thiol-ene reactions.
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Figure 2.9: FTIR Spectra of synthesized vinyl-hydroxyl-POSS.

To further characterize the synthesized vinyl-hydroxyl-POSS, Nuclear Magnetic Res-

onance (NMR) was used to confirm the structure. The Octa-vinyl POSS was dissolved

in CDCl3, while the 6-mercaptohexanol and modified POSS material (4) was dissolved in

DMSO-D6, the spectra are shown in Figure 2.10. The presence of the characteristic peak

at 0.954 ppm confirmed the successful thiol-ene click reaction and indicative of product

formation. In addition, the presence of weak signal at 5.94 ppm indicated the presence of

alkenes, which further confirmed for the partial hydroxylation of vinyl-POSS. Other char-

acteristic peaks were present in the product: F (4.33 ppm) representing the presence of

primary hydroxyl groups, which can be utilized to conjugate carbon fiber. As mentioned

earlier, the peak at G/H (5.94/6.09 ppm) is indicative of the remaining alkene functional

group, which will be important for subsequent click reactions to build multiple POSS layers

for future work. The other peaks in the spectra can all be accounted for within the structure

and represent the protons within the alkane chain, their position is based upon the distance

from the hydroxyl and sulfur groups. These results indicated for the successful synthe-

sis and isolation of pure vinyl-hydroxyl-POSS, the spectra does not show any unexpected
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peaks.

Figure 2.10: 1H NMR Spectra of the vinyl-hydroxyl-POSS coated carbon fibers.

2.2.2 CF surface chemical composition and topographical analysis using XPS and

SEM

The as-received IM-7 carbon fibers were left in acetone for 24 hours, to remove any man-

ufacturer sizing treatments. These unsized fibers were used as the starting point for both

approaches. XPS was used to characterize the changes in chemical composition of the

fiber surface. In the first approach, acid oxidation was used followed by ester reaction

with the modified POSS and the results are shown below in Table 2.1. It can be seen that

the oxidized fibers had an increase in the oxygen content from 6.2% to 16.7%, a 170%

increase. The reaction between the hydroxyl groups on the modified POSS and the car-

boxylic acid groups present on the carbon fiber surface was done using catalytic amounts

of sulfuric acid. The chemical composition shows a silicon content of 4.2% and a further
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increase in the oxygen content to 20.4% due to the silicon-oxygen cage of the POSS mate-

rial. These results indicate successful chemical reactions of both the oxidation and POSS

coating through the reaction between hydroxyl and carboxylic acid.

Table 2.1: Surface composition analysis of carbon fibers using approach one

Samples Elemental content (%)

C O Si S O/C

As-received 80.7 16.3 3.0 - 0.20

Unsized 90.3 6.2 1.1 - 0.07

Oxidized CF 79.7 16.7 2.1 - 0.21

POSS-Coated CF 73.1 20.4 4.2 0.1 0.27

The compositional changes of the carbon fibers coated using methods 2 is shown in Ta-

ble 2.2. The oxidation of the carbon fibers using the aqueous solution of K2S2O8 and

AgNO3 showed a significant increase in the oxygen content from 6.2% to 15.4%. This

method of oxidation, although not as aggressive as acid oxidation, produced very similar

oxidation levels. The oxidized fibers were then reacted with 6-mercaptohexanol to yield

thiol-functionalized carbon fibers. The XPS analysis shows the resulting increase in sulfur

content, 12.3%. These thiol groups expressed on the surface of the carbon fiber were then

reacted with the double bonds of the octavinyl-POSS utilizing thiol-ene chemistry. These

fibers were again analyzed using XPS and resulted in an increase in both the silicon and

oxygen elemental percentages. This is a result of the silicon-oxygen cage of the POSS

material. The surface chemical analysis of the modified fibers demonstrates the successful

use of thiol-ene chemistry as a method for grafting POSS to the surface of carbon fibers.
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Table 2.2: Surface composition analysis of carbon fibers using approach two

Samples Elemental content (%)

C O Si S O/C

As-received 80.7 16.3 3.0 - 0.20

Unsized 90.3 6.2 - - 0.07

Oxidized CF 80.7 15.4 - - 0.19

Thiolated CF 74.4 12.8 - 12.3 0.17

POSS-Coated CF 66.5 20.6 3.8 4.6 0.31

The fiber surface was visually analyzed using SEM and the final POSS coated fibers

were analyzed using the EDS function of the SEM. The IM-7 as-received carbon fiber

surface and the unsized fibers are shown in Figure 2.14. The as-received fibers show little

surface features, most likely due to a sizing treatment used by Hexcel. The fibers were

unsized using acetone, and by stripping the fiber surface, the sizing material is removed

and the bare fibers are exposed.

Figure 2.11: As-received IM-7 carbon fibers (left) and unsized carbon fibers (right).

The unsized fibers were then oxidized utilizing two different methods, the common

method of H2SO4/HNO3 and a less aggressive method utilizing AgNO3/K2S2O8. The
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results of these two treatments on the surface of the fiber are shown in Figure 3.1. On the

left the common H2SO4/HNO3 method shows some blistering of the fiber surface and some

flaking of the fiber surface. The method utilizing AgNO3/K2S2O8 shows no blistering or

flaking of the surface, and the surface is relatively unchanged visually when compared to

the unsized fibers.

Figure 2.12: Effect of H2SO4/HNO3 oxidation on the carbon fiber surface (left) and effect
of AgNO3/K2S2O8 on the carbon fiber surface (right).

Finally, the fiber surfaces after treatment with both POSS coating treatments are shown

below. Image 2.13a shows the results of POSS-coating using esterification reaction be-

tween the modified POSS and oxidized carbon fiber. The image shows a large region of

bare fiber and other areas with a thick POSS-coating. This nonuniform coating on the fiber

surface could result in poor interaction with the matrix material and cause a weaker overall

composite. On the right, thiol-ene chemistry was used to react the as-received octavinyl-

POSS material with the thiolated carbon fibers. The results of the thiol-ene reaction shows

a very uniform coating of POSS. The coating appears to almost fully coat the surface while

avoiding agglomeration of excess POSS. This uniform coating should result in more uni-

form properties along the fiber–matrix interface. The presence of POSS was confirmed

using EDS, areas containing silicon are highlighted in green. The upper images represent-

ing the first attempt at POSS-coating show large areas of bare fiber, not containing the

POSS-coating. However, the lower images, which utilized thiol-ene click chemistry as the
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method of coating, show a very uniform distribution of silicon containing POSS.

(a) SEM image of POSS coating using ap-
proach one

(b) Approach one POSS coating examined
using EDS, the green represents areas con-
taining silicon

(c) SEM image of POSS coating using ap-
proach two, thiol-ene click chemistry

(d) Approach two POSS coating examined
using EDS, the green represents areas con-
taining silicon

Figure 2.13: SEM and EDS images of POSS approach one and two, with the presence of
silicon highlighted in green in the EDS images

2.2.3 Mechanical characterization of carbon fiber treatments

2.2.3.1 Single–fiber tensile testing

The fiber strength was obtained using single–fiber tensile testing. The results of the single

fiber tensile tests were then used in the determination of the Weibull modulus. The number

of tensile tests used in the determination of the Weibull modulus was 10 samples from each

fiber conditions. This number of tests means that there could be discrepancy in the accuracy

of the Weibull modulus. Swolfs et al. reported that to obtain less than 10% variation several

hundred fibers would have to be tested [52]. However it is not uncommon for researchers to
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use samples sizes in the range of 5-60 fiber samples tested [53–55]. While it is established

that more tests results in a more accurate Weibull modulus, comparing the experimental

data to a best–fit line and achieving relatively high coefficients (R2) has been used to gauge

reliability in the Weibull data [55]. The mean tensile strengths, Weibull modulus and R2

values are shown below in Table 2.3. The results show that the first approach in treating

the carbon fibers and the oxidation method used caused a substantial decrease in the fiber

strength. The aggressive acid oxidation used in the first method resulted in much greater

variability in the fiber strength causing a sharp decrease in the Weibull modulus. The

second approach which utilized a much less aggressive oxidation method did not exhibit

a loss in fiber tensile strength. In both approaches, the fibers saw an increase in tensile

strength after reacting with POSS. It is believed that POSS helps mitigate the effects of

surface flaws along the fiber, resulting in improved tensile properties. All samples showed

relatively high coefficients (R2) and demonstrated reasonable conformity between the best-

fit line and experimental Weibull modulus data.

Table 2.3: Results of single–fiber tensile testing

Fiber Condition Mean Tensile Strength (GPa) Weibull Modulus R2

As-Received 3.9±0.7 5.5 0.85

Unsized 3.8±0.4 8.3 0.88

Oxidized (H2SO4/HNO3) 1.4±0.6 2.9 0.97

Oxidized (AgNO3/K2S2O8) 3.9±0.5 6.1 0.90

Approach 1 POSS-Coating 2.9±0.4 5.5 0.99

Approach 2 POSS-Coating 4.4±0.8 5.2 0.93

2.2.3.2 Single–fiber fragmentation test

The single fiber dog bone shaped coupons were subjected to loading intervals of 15 seconds

or approximately 25N, at a loading rate of 0.01mm/second. The test was paused for 60 sec-
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onds after each 25N interval and the length of the fiber was evaluated under magnification

and breaks could be recorded. This cycle was repeated until saturation occurred, at this

point fiber breaks could be easily seen under microscope and images were captured and

analyzed. A typical loading plot and images of fiber breaks (breaks circled to emphasize)

is shown below in Figure 2.14. The distance between these fiber breaks was determined

using a calibration grid and the software "ImageJ" [56].

Figure 2.14: Typical loading data for single fiber fragmentation test and image of the fiber
breaks (breaks circled) as the specimen is under load.

Multiple coupons were prepared for each of the different fiber conditions, as-is, unsized,

oxidized (H2SO4/HNO3), oxidized (AgNO3/K2S2O8), POSS-coating using approach one

and finally POSS-coating using approach two utilizing thiol-ene chemistry. The specimens

of each treatment were tested to a point of fiber break saturation. The fiber lengths are

recorded, and the critical fiber length lc determined for each test. The final lc values were

averaged to achieve a final critical fragmentation length, compiled in Table 2.4.

Generally speaking, a greater adhesion between fiber and matrix results in a shorter

fiber fragment length. The unsized fibers showed a significantly larger fragmentation length

compared to the as-received fibers. This is due to the inert and smooth surface that is typ-

ical of bare carbon fibers. As the unsized fibers were oxidized in both approaches it can

be observed that the fiber fragment lengths were similar to the as-received carbon fibers.
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The oxidation that uses H2SO4/HNO3 has a much shorter fragmentation length than the

oxidation using (AgNO3/K2S2O8). However, due to the decrease in fiber strength the in-

terfacial shear strength is actually higher in the oxidation method using (AgNO3/K2S2O8)

. The POSS coated fibers result in a further decrease in fragment length which means the

adhesion between the fibers and the matrix is better. In the first approach, fiber fragmen-

tation lengths decreased 24% compared to the as-received fibers. The second approach,

fiber fragmentation lengths decreased 27% as compared to the as-received fibers indicating

a greater increase in the interfacial shear strength. The fiber fragmentation length cannot be

used to directly measure the adhesion between the fiber and matrix. However, it is used in

the calculation, of the interfacial shear strength using the force balance equation, τ = σcd
2lc

.

The last variable to be determined is the fiber strength at the critical fiber fragment length.

The critical fiber length and the Weibull modulus which was calculated earlier are used

to calculate the fiber strength at the critical fiber length, σc. The IFSS was found for all of

the different fiber conditions and is also listed in Table 2.4. The results of these tests show

that the as-received and oxidized fibers had very similar interfacial shear strengths. The

first approach to POSS coating of carbon fibers showed little difference to the as-received

or the oxidized. Although the fiber fragmentation length of the first approach to POSS

coating were smaller than either of the oxidized or the as-received fibers, the interfacial

shear strength was not improved. This is due to the significant decrease in the fiber tensile

strength, which negatively impacts the interfacial shear strength. The second approach used

in coating the carbon fibers with POSS, however, utilized a much less aggressive oxidative

treatment. This maintained the fiber strength. The critical fiber length obtained from this

approach is also much shorter. The result of both the maintaining of the fiber strength and

the reduction in the critical fiber length resulted in an 71% increase in interfacial shear

strength compared to as-received fibers.
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Table 2.4: Fragmentation length and interfacial shear strength (IFSS) for the various fiber
conditions.

Fiber Condition Critical Fiber Length (µm) IFSS (MPa)

As-Received 550±119 41.0

Unsized 660±141 25.1

Oxidized (H2SO4/HNO3) 462±94 35.6

Oxidized (AgNO3/K2S2O8) 557±84 35.2

Approach 1 POSS-Coating 443±63 38.4

Approach 2 POSS-Coating 400±51 70.1

2.3 Conclusion

This work examined the use of click chemistry as a mechanism for better and more thor-

ough chemical grafting of polyhedral oligomeric silsesquioxane to improve the interfacial

properties. This method of POSS-coating (approach two) was then compared to literature

and a proposed alternative method (approach one). Approach one used a methodology that

differed only slightly from common literature approaches and was used to compare ap-

proaches and verify our testing setup. The chemical process of the modified POSS used

in approach one was successfully characterized using NMR and FT-IR. The fibers from

both approaches were fully characterized using x-ray photoelectron spectroscopy, which

monitored the surface composition. The results were as expected, confirming our proposed

chemical modifications of the fibers. The surface changes were characterized using scan-

ning electron microscope and images show how the fiber surface changes as a result of

chemical treatment and show the results of the two different POSS treatments on surface

coverage and uniformity.

The mechanical properties of the carbon fibers were characterized using single fiber

tensile tests. The results showed that the more aggressive oxidation method used in the

30



first approach had a detrimental effect on fiber strength. The second approach, however,

utilized a less common and less aggressive oxidation treatment, as a result no change in

fiber strength was recorded. Lastly, the interfacial properties were characterized using sin-

gle fiber fragmentation test. This is considered one of the best methods for determining

the micro-mechanical properties of composite materials. The tests were conducted and

analyzed for each of the fiber conditions. The first approach showed almost no change in

the interfacial shear strength. This can be attributed to the decrease in fiber strength, and

lower yielding esterification reaction that was used as the coating method. The secondary

approach showed an interfacial shear strength improvement of 71% as compared to the

IM7 carbon fibers. This increase is much greater than values found in literature that follow

a similar approach to our first POSS treatment.This implies that the use of thiol-ene chem-

istry and mild oxidation provide increases in fiber–matrix interaction that far surpass other

methods to date.
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CHAPTER III

Multilayer POSS treatment to control interface compliance

3.1 Introduction

It has been long understood that the properties of the interphase region play an important

role in the mechanical stiffness, strength, and toughness of fiber-reinforced polymer ma-

trix composites [57, 58]. In general, a well-bonded fiber-matrix interface coupled with a

stiff interphase region leads to higher overall composite stiffness and strength. This is be-

cause of enhanced load transfer mechanism. However, the role of the interphase region in

governing the strength and toughness of composites is complex and often involves com-

peting mechanisms. For example, Eskandari et al. showed that a stiffer interphase leads to

greater compressive strength in fiber-reinforced composites [16]. This was confirmed by

Needleman et al. for the case of a carbon nanotube reinforced polymer matrix compos-

ite [17]. It was shown that an interphase with higher elastic modulus and yield strength

led to increased composite stiffness and strength. However, Eskandari also showed that an

interphase with higher elastic modulus and yield strength could promote debonding at the

fiber–matrix interface leading to degraded composite properties. Related to this, Cheese-

man and Santare had shown that the interphase stiffness can either promote or suppress

cracking at the fiber–matrix interface depending on the type of fracture [59].

In contrast to significant evidence that a stiffer interphase region promotes overall

composite stiffness, there is experimental data that supports the use of a compliant in-

terphase to promote composite toughness through introducing energy dissipation mecha-

nism. Ranade et al. showed that an ultra-high molecular weight polyethylene (UHMWPE)

coating enhanced the fracture toughness of glass particle filled epoxy composites. The
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UHMWPE coating had a lower yield strength than the polymer matrix and led to extrinsic

toughening mechanisms by interphasial yielding. However, the introduction on a softer

interphase caused a decrease in overall flexural modulus [19]. An alternative approach for

simultaneously improving the strength and toughness of composites is by grafting hyper-

branched or hierarchical polymer chains on to the fibers, as reviewed by Karger-Kocsis et

al. [60]. For example, Deng et al. grafted diblock copolymers on carbon fibers to simulta-

neously enhance toughness and strength in carbon-fiber reinforced epoxy composites [18].

Our current study has demonstrated the use of POSS as a carbon fiber surface treatment

to greatly enhance the interfacial properties. This effect is greatly affected by the POSS

density and bonding between the fiber surface as we have demonstrated previously. The

use of a multilayer POSS coating could be used to enhance the properties of the composite

even further [12]. Ma and co-workers performed such a study on the effects of multiple lay-

ers of POSS on the surface of carbon fibers. The results of this study showed that increasing

the number of layers of POSS led to an increase in the interfacial properties. The treatments

saw an initial increase of 46% compared to the as-received but by the third POSS layer, the

interfacial shear strength had increased to 75% compared to the as-received fibers. Ma

and co-workers attributed the increased to the chemical interactions, mechanical interlock-

ing and resin wettability, similar to other research on grafting polymers on reinforcement

fibers [18, 48].

The interfacial shear strength appears to increase from each additional layer of POSS.

However, Mishra et al. in 2017 reported the formation of POSS–POSS agglomerates [37].

These agglomerates would form compliant domains along the fiber surface and result in

nonuniform properties at the interface. Therefore, if multiple layers of POSS are to be

used, it becomes necessary to limit these agglomerates formation and promote a uniform

multilayer coating. This could result in greater increase in interfacial properties than what

was seen from Ma and co-workers.

To date there has not been an attempt to control the POSS–POSS networks to ensure
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uniform properties across the fiber surface but also control the compliance to tailor the

properties of the interface. To this end, this study focuses on generating 3D hierarchical

POSS–POSS networks and determine their properties as a function of structure. In the

future these POSS–POSS networks would be used as treatments on carbon fibers in com-

posites.

3.2 Materials and methodology

Octavinyl-POSS was purchased from Hybrid Plastics (Hybrid Plastics, Hattiesburg, Missis-

sippi). hexane-1,6-dithiol, 2,2-Dimethoxy-2-phenylacetophenone were supplied by Fisher

Chemicals (Fisher Scientific, Pittsburgh, Pennsylvania). Tetrahydrofuran (THF) was sup-

plied by EMD Chemicals (EMD Chemicals, Burlington, Massachusetts) and the UV hand

Lamp was purchased through VWR (VWR, Radnor, Pennsylvania). EPOFIX resin and

EPOXFIX hardener were purchased from Struers (Struers, Copenhagen, Denmark).

3.2.1 Synthesis of POSS–POSS network

The control of the compliance of these POSS–POSS networks is explored by generating

networks of POSS with different cross-linking densities. This will allow us to predict the

expected compliance based on the number of POSS–POSS bonds. The steric hindrance

will play a role in the number of POSS–POSS connections that are possible as the number

of POSS layers are increased. The 3D model of POSS is shown in Figure 3.1. Due to this,

when POSS is bound to the surface of the carbon fiber, it would not be possible for all of

the eight functional groups to participate in the reaction that will make up the second layer.

Based on Figure 3.2 it can be hypothesized that at a maximum, only four of the possible

seven free reaction sites will react with the next layer of POSS.
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Figure 3.1: 3D model of POSS.
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The addition of a third layer, it can be expected that the number of POSS would decrease

further due to the entanglement from other POSS molecules. The second layer of POSS

will likely react with at most two other POSS but some may not contribute at all to building

the third layer. This is shown in Figure 3.3 where you can see in the third layer, highlighted

by a green box, there are multiple POSS in the second layer that have no POSS reacted

with it to make up the third layer. Instead we see that the POSS furthest from the initial

layer are able to react with only a few other POSS.
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To examine the effect of these different POSS densities, four POSS network densities

will be synthesized using the following ratios of POSS to the dithiol linker, hexane-1,6-

dithiol, 1:0.5, 1:1, 1:2.5 and 1:5. The generic reaction scheme is shown below in Figure 3.4,

and the concentration of dithiol will be altered to represent different POSS densities.

Figure 3.4: Synthesis of POSS–POSS network.

3.2.2 Characterization techniques

Determining the steric hindrance effect caused from the bulky nature of POSS was done

using x-ray fluorescence spectroscopy (XRF). XRF is used for the elemental analysis of

the POSS–POSS networks. The known structure of the two reactant materials allow us to

determine the number of POSS that have reacted. This is done by determining the ratio of

silicon to sulfur atoms in the material. The octavinyl-POSS contains eight silicon atoms

and the hexane-1,6-dithiol has two sulfur atoms, therefore, by using the XRF to determine

the ratios of silicon to sulfur we can estimate the number of POSS–POSS connections.

Using this and our known starting ratios used to synthesize each network, we can determine

the effect of steric hindrance. Sample requirements for XRF mean that the POSS–POSS

networks had to be ground into a fine powder. Unfortunately the 1:5 ratio network, which

was the most compliant, was unable to be ground into a powder. The other three samples

were ground into a fine powder and placed into a specimen holder ready for XRF.

The determination of the elastic modulus of our synthesized POSS–POSS network will
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be done using atomic force microscopy (AFM). AFM can determine the elastic modulus

directly once calibrated using a known material typically an epoxy-based material. The

epoxy-based material selected is known as EPOFIX, will be used to hold our POSS–POSS

material and serve as the calibration material. This requires that the elastic modulus of the

EPOFIX material be determined accurately. Samples of EPOFIX epoxy were made by mix-

ing EPOFIX resin and EPOFIX hardener, and poured into molds to make cylindrical sam-

ples whose dimensions follow ASTM D695 in order to determine the compressive stress

of the material. Prior to testing, samples were speckled for analysis by Digital imagine

Correlation (DIC), DIC was used in to determine the full-field strain values of the EPOFIX

material, the results of the compressive and DIC tests are shown below in Figure 3.5. This

provided the most accurate information to calibrate the AFM and thus provided the most

accurate elastic modulus of our POSS–POSS material. The elastic modulus of the EPOFIX

was determined to be 2.28 GPa, after an average of three samples were tested. This allowed

us to prepare the samples by embedding them into the EPOFIX, and calibrating the AFM

to analyze the elastic modulus of the POSS–POSS networks accurately.
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Figure 3.5: On the left is the graph of the compression test used to determine the stress
on the sample, on the right is the DIC image, DIC was used to determine the strain on the
sample.

3.3 Results and discussion

3.3.1 Determination of the number of POSS–POSS connections within the networks

The results of the XRF for the POSS to dithiol ratios, 1:0.5, 1:1, and 1:2.5m, help determine

at what point we see saturation of the POSS–POSS connections, which can be affected

by the steric hindrance. The octavinyl-POSS contains eight silicon atoms and the dithiol

linking molecule contains two sulfur atoms, therefore for each increase in the ratio we

expect to see a proportional decrease in the silicon to sulfur content. The results of the three

POSS–POSS networks are shown in Table 3.1. In the first network (1:0.5) it is expected

that not all of the POSS molecule will react with another POSS due to the lack of dithiol

linker. It is seen that the ratio of silicon to sulfur is 4.0, which is lower than the expected

eight silicon to one sulfur (two sulfur multiplied by the 0.5 ratio). However, as we double

the ratio from 0.5 to 1 POSS to dithiol, the ratio of silicon to sulfur decreases by half as

expected. Lastly, when the POSS to dithiol was increased further to 2.5, the ratio only
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decreased by half and signified the steric hindrance effect. This suggests that although

there is eight possible functional groups on POSS for connections to form, the bulky nature

of POSS is already limiting these connections at a ratio of only 1:2.5 (POSS to dithiol)

suggesting this effect will play a large role in formation of additional layers of POSS on

the surface of the carbon fiber.

Table 3.1: Results of XRF used to determine the number of POSS–POSS connections.

POSS to Dithiol Ratio [Si] [S] [Si]/[S]

1:0.5 80 20 4.0
1:1 67 33 2.0

1:2.5 49 51 0.96

3.3.2 Determination of elastic modulus of POSS–POSS networks

The different POSS–POSS materials were embedded into the EPOFIX and cured over

night. These specimens were sectioned off and polished starting at 400 grit up to 1200

grit to ensure a smooth surface for AFM. The samples were placed in the AFM unit and

the tip was placed far from the POSS sample and calibrated using the EPOFIX until a con-

sistent modulus of roughly 2.28 GPa was found at several areas across the sample. Once

the calibration was complete, the AFM tip was placed onto the POSS–POSS material and

scanned in several areas using the earlier calibration parameters. The Average force data

from each force map are shown in Table 3.2. These results show how increasing in ratio of

dithiol linker, and as a result the number of POSS–POSS links within the network, impacts

the elastic modulus of the material. This demonstrates that by controlling the degree of

POSS–POSS connections it is possible to control the stiffness of the interface.
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Table 3.2: Results of atomic force microscopy to determine the elastic modulus of different
cross-link densities of POSS–POSS networks.

POSS to Dithiol Ratio Elastic Modulus (GPa)

1:0.5 2.06±3.8

1:1 1.65±0.6

1:2.5 0.95±0.3

1:5 0.42±1.3

The AFM data shows how these POSS–POSS networks can be tuned to achieve a cer-

tain compliancy in the interphase. Next, it is necessary to determine what level of com-

pliancy is optimal for the epoxy matrix and IM-7 carbon fibers. Several researchers have

attempted to model the properties of composites, including the interphase properties. These

are typically done through molecular dynamic (MD) simulations to predict the interaction

between the polymer matrix and carbon fiber surface or simply focus on characterizing a

particular interphase rather than attempting to determine what is optimal based on a par-

ticular fiber and matrix material [61–63]. Eskandari et al., however, developed equation

10 for predicting the optimal shear modulus of the interphase region,(Ci), based on the

properties of a selected fiber and matrix material [16]. This will allow us to determine the

optimal shear modulus for our select epoxy and carbon fiber system, then compare to our

experimental data.

(Ci)2 +

(−Cm +C f )

(
1+ r2

i
r2

f

)
r2

i
r2

f
−1

Ci −C fCm = 0 (10)

Where Cm and C f are the shear modulus of the matrix and the fiber, respectively. ri

and r f and the radius of the interphase and the fiber, respectively. SEM was used earlier

to determine the diameter of the fibers, 5.25µm, and gives a r f of 2.6µm. Babu et al.
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determined that the width of interphase in carbon fiber reinforced epoxy is approximately

250 nm thick, we can add that to the fiber radius to get a ri of 2.85µm [64]. To determine

the shear modulus of the fiber and matrix, assuming isotropic behavior, equation 11 can be

used.

C =
E

2(1+ν)
(11)

Where C is the shear modulus, E is the elastic modulus and ν is the Poisson’s ratio.

Kallivokas et al. examined the EPON-862 resin system that was used in this work and

found it has a elastic modulus of 2.56 GPa and a Poisson’s ratio of 0.35, resulting in a Cm

value of 0.95 GPa [61]. Lastly, a data sheet from Hexcel on the IM-7 carbon fibers show an

elastmic modulus of 276 GPa and a Poisson’s ratio of 0.34, these numbers were confirmed

by Melo et al. [65, 66]. This results in a C f value of 103 GPa.

These values can be plugged into the above equation from Eskandari et al. resulting in

the quadratic equation 12. Solving for Ci gives us the optimal interphase shear modulus of

0.09 GPa.

(Ci)2 +1112.5Ci −97.9 = 0 (12)

To determine the shear modulus of our POSS–POSS networks, denoted Cp, a Poisson’s

ratio of 0.5 is assumed and the elastic modulus E was determined prior using AFM. The

shear modulus of the POSS networks were determined using equation 11 and the results for

each ratio of POSS to dithiol are shown below in Table 3.3. The results show a continued

drop in Poisson’s ratio as we increase the number of POSS–POSS connections.
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Table 3.3: Shear modulus of the different POSS–POSS networks.

POSS to Dithiol Ratio Elastic Modulus (GPa) Shear Modulus (GPa)

1:0.5 2.06±3.8 0.69

1:1 1.65±0.6 0.55

1:2.5 0.95±0.3 0.32

1:5 0.42±1.3 0.14

3.4 Conclusion and future work

This work demonstrates the ability to control stiffness of the interface by varying the ratio

of POSS to dithiol linker. The ability to control the stiffness of the interface can result in

overall changes to the properties of a composite. The data shows that the as we increase the

ratio of dithiol, subsequently increasing the number of POSS–POSS connections, the mate-

rial becomes more compliant. However, steric hindrance as a result of the bulky structure of

POSS will limit the number of POSS–POSS connections that can be made. This steric hin-

drance may also lead to unreacted dithiol molecules present in the layers of POSS. These

freely moving carbon chains can increase the compliance of the interfacial area. There-

fore to limit this, it was important to determine at what point we could expect to see the

effects of steric hindrance. Our results show that already at a ratio of POSS to dithiol of

1:2.5, we see some effect of the steric hindrance. This can be used as a way to further in-

crease compliance or used to more accurately synthesize these POSS layers on the surface

of the carbon fiber. A optimal shear modulus was determined for the interphase layer and

although low at 0.09 GPa, it gives some idea to the number of POSS layers that will be

required based on our POSS–POSS experimental data.

In a follow–up study, there are some limitations in the study that should be addressed.

These limitations start with the number of tensile tests used in the determination of the

Weibull modulus. The Weibull modulus plays a role in the interfacial shear strength calcu-
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lation, therefore a more accurate Weibull modulus would result in more confidence in the

interfacial shear strength calculation. The same can be said of the number of single–fiber

fragmentation tests that were performed. Sample preparation for these single–fiber frag-

mentation tests is extremely difficult, making large data sets difficult to obtain. There is

also a high number of samples that are unusable due to fiber movement during the curing

process. Several dozen of each fiber condition were made, however, there were only five

test specimens that were analyzed using our testing setup. While towards the end of this

study, I had fine tuned the microscope and sample preparation process, this experiment is

still extremely tedious. In a future study it would be beneficial to analyze a large batch

of samples for each fiber condition, this should be easier with the setup and procedure al-

ready in place. Another area that could be addressed in this study are the SEM images,

the contour of the fiber make surface analysis through SEM difficult. A more experienced

individual may be able to improve the quality of these images with enough time or possibly

coating the fiber with a conductive material. The next study should focus on extending

the analysis of the multilayer POSS experiments in the AFM and XRD. The data gath-

ered helps show how POSS density impacts the compliance of the material, however, more

analysis is needed to understand the mechanics behind this should be explored. Finally, a

multilayer POSS–coating of the carbon fibers should then occur and analysis of the me-

chanical and chemical properties should be repeated and compared to this study of a single

layer treatment. The optimal shear modulus determined in this study is quite low. The opti-

mal shear modulus determined in this study used number from literature, it would be more

accurate to determine the needed data directly from the carbon fiber and epoxy used in our

study. This may result in more accurate determination of an "optimal" interphase region.

The changes in compliance in this study were based on POSS density within a network, as

opposed to layered on the surface of a carbon fiber. When POSS is layered on the surface

of the fiber, the elastic modulus may vary from the experimental data of these networks. It

will be important to repeat these studies on fibers coated with multiple layers of POSS.
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