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Fiber-reinforced polymeric composites have grown in popularity for use in structural 

materials due to their low weight, high specific strength, high toughness, customizability, and 

versatility. A critical element to the performance of composite materials is how well fiber 

reinforcements adhere to the surrounding polymer matrix. Different applications can benefit 

from different levels of adhesion, so its control is a crucial element in the design of a composite. 

One general drawback to the widespread use of composites is that their production with the 

desired adhesion level is tedious and time-consuming. It was therefore useful to investigate 

which steps of production might be shortened and what effects this might have on composite 

properties. It was found that when controlling for the degree of cure, higher temperature and 

faster curing schedules lead to an increase in fiber-matrix adhesion due to a freezing of internal 

squeezing stresses. However, the superficial increases of interfacial adhesion would return to 

baseline levels, but not below, if the polymer matrix was given time at elevated temperatures to 

anneal, decreasing internal stresses. Additionally, it was found that tertiary cure-accelerating 



 

compounds increased curing speed while having no deleterious effect on adhesion. Lastly, it was 

found that fiber handling agents, or sizings, had no noticeable effect on adhesion. 

Polyolefins have garnered interest for use in fiber-reinforced composites because of their 

low cost, high toughness, high impact strength, and excellent corrosion resistance. However, 

they adhere poorly to most substrates, including carbon fibers, leading to poor composite 

properties. Thus, different techniques to increase polyolefin-carbon fiber adhesion were 

explored. While most produced only modest improvements, the most promising were the 

addition of maleic anhydride block co-polymers to the polyolefin (polypropylene) together with 

the use of 6-azidosulfonylhexyl triethoxysilane to treat carbon fiber surfaces. 

While increases in interfacial adhesion generally improve composite performance, there 

are instances where excessive adhesion can result in undesirable properties such as brittleness. 

Therefore, methods were investigated to tailor interfacial adhesion in carbon fiber-reinforced 

thermoset composites in an inexpensive, scalable manner. Treatment of the carbon fibers by a 

room-temperature vulcanizing (RTV) silicone dispersion in a paraffinic solvent (IsoparTM L) 

produced reductions in adhesion and corresponding increases in toughness in a controlled 

manner depending on the amount of silicone added. “Charpy” impact toughness for 12k carbon 

fiber composite tows was approximately doubled with the addition of silicone to the interface, 

with only limited losses in modulus. 
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Chapter 1. INTRODUCTION  

1.1 DOCUMENT OUTLINE 

The first chapter of this thesis will deliver a brief introduction into the motivation of each 

project completed and will additionally describe some of the phenomena and commonly used 

terms for the materials discussed.  

Chapters two through five will discuss the control of adhesion in different testing 

systems. While all address composite production and interfacial adhesion, each is distinct in its 

own way. Therefore, in place of a total literature review for chapter one, each chapter will 

contain its own literature review regarding the project of focus. 

Lastly, chapter six will provide the motivations and suggestions for any future projects 

that can be of interest to future researchers. 

1.2 OVERVIEW 

Desirable structural materials which are lightweight, strong, tough, and durable have 

been increasingly sought after for the essential modernization and growth of our economy and 

infrastructure. Given that polymeric composite materials (Figure 1.1) meet most of the above 

criteria by minimizing weight and sharing both strength (through reinforcing fibers) and 

flexibility (through suitable matrix properties), they serve as promising candidates for the 

growing demand for better performance. Ideally, composites will continue to permeate different 

facets of industry. However, the pace of future advancements can only occur if further plans for 

the optimization of composite properties, fabrication, and processing are rigorously elucidated. 

The themes of this work are to illuminate and investigate processes for the optimization of 

composite properties in both thermosets and thermoplastics through the lens of interfacial 
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adhesion. While many factors can influence the mechanical properties of fiber-reinforced 

polymeric composites, one of the most critical is fiber-matrix adhesion, and therefore, will be 

given nearly the entirety of attention throughout this thesis.  

 

 

Figure 1.1: Graphic of fiber-reinforced composite. 

 

An important goal for many manufacturers is to pursue increased production speed with 

minimal depreciations in physical properties. The act of curing thermoset polymers for 

composite fabrication and processing can prove to be one of the timeliest, and therefore costly, 

stages for product output. The first set of work aims to study how altered curing schedules for 

thermoset polymer composites alter interfacial adhesion and, by inference, the physical 

properties of the composites. The general effects of higher temperature cures, multi-stage cures, 

curing accelerants, fiber handling agents, and residual stresses are important aspects to study. 

However, to make proper comparisons, it is imperative to relate properties of composites that 

have undergone the same degree of cure or cross-linking, in contrast to earlier studies. Overall, it 

was found that higher temperature curing elicited higher apparent adhesion due to rapid cross-

linking and freezing of internal stresses. Nevertheless, much of the observed increase in apparent 

adhesion dissipated with sufficient thermal relaxation above the glass transition temperature. In 
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addition, it was found that commonly used curing accelerants, while increasing the curing rate, 

did not ultimately cause residual stress accumulation of sufficient magnitude to alter the apparent 

adhesion, regardless of the curing temperature. Next, it was found that isothermal curing, 

compared to traditional two-stage curing, did induce larger residual stresses, which led to higher 

apparent adhesion. Lastly, it was found that typical handling agents had sufficient time during 

the curing process to, presumably, diffuse from the fiber surface into the bulk matrix and 

consequentially did not affect interfacial or adhesive properties. 

While thermosets still lead in popularity for many high-performance applications, there 

has been a growing market need for lower-performance thermoplastic polymeric composites in 

applications such as boats and sporting equipment. Therefore, the second piece of work was 

undertaken to examine methods to enhance interfacial adhesion between polyolefins and carbon 

fiber. It was initially reconfirmed that polyolefin-carbon fiber systems exhibit profoundly low 

adhesion. Methods to enhance adhesion were generally modest but pointed to avenues for future 

research, such as using maleic anhydride paired with appropriate silane coupling agents, pairing 

strong peroxides with vinyl-silanes, and altering the interphase modulus. 

The exploration of methods for tailoring and optimizing interfacial adhesion is equally 

important for improving polymer composites and is addressed in the third set of work. Generally, 

higher interfacial adhesion can lead to improved physical properties, but there are cases where 

excessive adhesion can lead to premature failure and brittle fracture. Furthermore, because 

interfacial debonding can act as a mechanism for stress relief, when removed through excessive 

interfacial bonding, an important avenue for energy release is hindered. 

It was found that varying concentrations of room temperature vulcanizing silicone and 

paraffinic solvent (IsoparTM L) could be applied to carbon fiber surfaces and result in the 
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tailoring and effective control of interfacial adhesion. For single fiber studies, silicone was added 

to fiber surfaces in a layer-by-layer fashion, and interfacial adhesion was directly correlated with 

the number of silicone layers added to the fiber surface. Since interfacial adhesion has been 

shown to affect the mechanical properties of composites, they were therefore of interest to be 

examined. Composites comprised of 12k unidirectional fibers were created and tested for 

mechanical properties. For fabrication, fiber tows were dip coated in solutions of varying 

concentrations of silicone, dried, soaked in an epoxy-hardener mixture, and cured. Different 

mechanical properties were tested, such as tensile, flexural, and impact strength. It was found 

that tensile properties all linearly degraded with increasing amounts of silicone. However, 

flexural properties had mixed results of increases and decreases in mechanical properties as the 

amount of interfacial silicone increased. “Charpy” impact toughness of fiber tow composites was 

tested, and as expected, it was found that increases in interfacial silicone resulted in linear 

increases in impact toughness. The rheological properties of pure cure silicone were tested and 

found that significant values of tan(𝛿) and G” were likely to contribute to such increases in 

impact toughness. 

Lastly, the derivation and use of curing kinetic models for thermoset polymers may prove 

helpful when designing curing schedules. Additionally, their use may give insight into improving 

curing schedules. Traditionally, curing kinetic models require prior knowledge of the reaction 

system itself (i.e., reaction order, speed, geometry, and activation sites). Given the complexity of 

thermoset curing, paired with the relative inaccessibility of the aforementioned reaction 

characteristics, accurate modeling can become an increasingly difficult task. An attempt at 

alleviating such drawbacks has been the introduction of “model-free kinetics,” which removes 

the need for a theoretical reaction model by allowing Arrhenius parameters to take different 
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values as the reaction progresses. Many iterations have been developed since the inception of 

model-free kinetics, where the most recent and commonly used is the “advanced 

isoconversional” method developed by Dr. Sergey Vyazovkin.  

 Overall, the advanced isoconversional technique is an empirical modeling method that 

postulates that regardless of the curing temperature path for a complex reaction, the speed of 

reaction progression will be linearly proportional to the activation energy of that isoconversional 

step. Therefore, a mathematical analysis of multiple empirical temperature sweeps in a 

thermogravimetric analysis device or differential scanning calorimetry device can deliver 

activation energy as a function of reaction completion, regardless of the temperature path. These 

values can then be used for kinetic predictions for any arbitrarily chosen temperature path. 

Even though its use is present in many modeling software packages, there is a relative 

deficiency of succinct explanations for its mathematical underpinnings. Therefore, an in-depth 

walkthrough of the advanced isoconversional method is completed to be a possible reference for 

future researchers. 

1.3 POLYMER PLASTICS 

1.3.1 Thermosets 

Thermoset polymers are considered to be a subgrouping of plastics that start as a liquid 

mixture of monomers and irreversibly transform into a solid after the addition of energy through 

heat, UV, or electron beam irradiation1 through a process known as cross-linking2. Their curing 

times can vary from the order of seconds to days. Typically, thermoset mixtures are comprised of 

a larger molecule, such as epoxies, phenols, esters, and urethanes, and a smaller hardener, such 

as cyclic amines or anhydrides. 
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Figure 1.2: Cartoon of a pre-cured thermoset (left) and a fully cured thermoset (right). The 

orange triangle and red squares represent two different monomers that make the thermoset, 

and black lines represent chemical linkage. 

 

As shown in Figure 1.2 above, after fully reacting, referred to as cross-linking, the 

homogeneous mixture of monomers becomes a polymer chain where every monomer is 

connected through a network of covalent bonds. Theoretically, no two monomers are separated, 

and the ultimate molecular weight of the fully cured polymer approaches infinity.  

The curing process of thermosets is intricate and can undergo many different phases 

depending on the degree of cross-linkage and curing temperature. Conversion temperature 

transformation (CTT)3 or time temperature transformation (TTT) diagrams are often used to map 

each specific region. In general, there are five main phases that the polymer network can take 

during a cure path, and are shown below in Figure 1.3. 

Uncured monomers Cured polymer network
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Figure 1.3: Illustration of conversion temperature transformation graph. 

 

As shown above, the extent of cure or cross-linkage, 𝛼, is represented on the x-axis, and 

the curing temperature, T, is displayed on the y-axis1. As the polymer network approaches a fully 

cured state (𝛼 = 0 → 1), there is a critical extent of conversion, 𝛼!"#, where the polymer 

network grows large enough to transition the material from liquid-like to solid-like. This can be 

rheologically estimated as the point where the storage modulus, G’, grows to equal the loss 

modulus, G”. More precisely, it is defined as the point where the ratio of G” to G’, otherwise 

known as tan(𝛿), becomes independent of rheological testing frequency1.  

The second important transition that a thermoset polymer undergoes is called 

vitrification. When scanning from a low to high ambient temperature, the polymer network will 

undergo a significant change in storage modulus, G’, and transition from a rubber or liquid into a 

glass1. The temperature of this transition is denoted as the glass transition temperature, 𝑇!, and 

can change in value depending on the polymer composition and degree of cure. At the glass 
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transition temperature, polymers achieve greater mobility and rotational freedom4, giving the 

polymer more rubber or liquid-like characteristics. Three distinct glass transition temperatures 

are recognized on the CTT diagrams. The first is 𝑇!,%, which represents the glass transition 

temperature of a completely uncured mixture of monomers (𝛼 = 0). The second value is 𝑇!,!"#, 

and represents the glass transition temperature at which the solid-like behavior of the polymer 

system is approximately equal to the liquid-like behavior (𝐺”/𝐺′ = 𝑡𝑎𝑛(𝛿) ≈ 1). The final value, 

𝑇!,&, is the glass transition temperature of a completely cured thermoset polymer system (𝛼 =

1). Additionally, above a defined temperature, the polymer will begin degrading char. 

 Because they are liquid before any curing has occurred, thermosets are often easier to use 

for manufacturing than thermoplastics (section 1.3.2) and can flow into complex geometries 

before any curing is needed. Compared to thermoplastics, however, they are difficult to recycle5 

and can pose environmental and health challenges. Attempts are currently underway to develop 

bio-based thermosets, however they are still relatively nascent6–8 .  

1.3.2 Thermoplastics 

Thermoplastics are a separate subgrouping of plastics, and unlike thermosets, differ 

because they are purchased in a solid rather than liquid form, and do not require any chemical 

reactions or cross-linkage for their use. Rather, only physical phase changes are required for 

fabrication with them. Specifically, heating above their glass transition temperature, 𝑇!, to 

become pliable. Some common examples of thermoplastics are polypropylene, polyethylene, 

polyvinyl chloride, polyester, polystyrene, nylon, and poly methyl methacrylate. 

The selection of thermoplastics varies widely both in chemical makeup and physical 

properties, depending on the application. They can be single macromolecules or block-

copolymers made from links of multiple different monomer chains9. Additionally, their 
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molecular weight (directly related to chain length) can also vary widely and can affect properties 

such as modulus and 𝑇!. Important parameters used to assess a thermoplastic’s chain length and 

the variance of its chain length are the number average molecular weight, 𝑀', weight average 

molecular weight, 𝑀(, and the polydispersity. These parameters are pictured in Figure 1.4. 

 

 

Figure 1.4: Sample graphic of the number frequency (blue circles) and weight frequency 

(orange squares) distribution of a polymer versus its molecular weight. 

 

As shown above, any grouping of polymers will contain a distribution of chain lengths 

and molecular weights. Additionally, depending on the type of frequency function, the 

distribution can change in shape. Two commonly used relations for categorizing polymers are 

the number-average molecular weight and the weight-average molecular weight, and their 

mathematical representations are shown below10,11. The number-average molecular weight 

describes the average molecular weight for the group of polymers based on the total number of 

polymers in each size bin and is described in Eq. (1.1). 

Number Frequency, !!
Weight Frequency, !"
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𝑀' =

∑𝑁)𝑀)

∑𝑁)
=G𝑋)𝑀) (1.1) 

Where 𝑁) and 𝑀) are the total number and molecular weight of polymer length i, 

respectively. And 𝑋) is the mole fraction of polymer length i. Additionally, 𝑀' can be 

understood as the point which bisects the integral area under the frequency curve into two equal 

parts.  
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Where 𝑀+)' and 𝑀+,- are the minimum molecular weight and maximum molecular 

weight, respectively. 

Second, the weight-average molecular weight is based on the average molecular weight 

of the group of polymers based on the proportion of the total weight of polymers in each size bin. 

Mathematically, the function is described in Eq. (1.3).  

 
𝑀( =

∑(𝑁)𝑀))𝑀)

∑(𝑁)𝑀))
=
∑𝑤)𝑀)

∑𝑤)
=G𝑊)𝑀) (1.3) 

Where the quantity (𝑁)𝑀)) is equal to 𝑤) and is the total weight of polymer length i, and 

𝑊) is the weight fraction of polymer length i. A similar analysis, such as in Eq. (1.2) can be used 

to find 𝑀( by substituting 𝑊) for 𝑋). 

It should be noted that the weight-average molecular weight will always be greater than 

or equal to the number-average molecular weight because weight averages give greater influence 

to larger polymer chains (as pictured in Figure 1.4). Furthermore, the dispersion or variation of 

molecule size for a group of polymers is directly related to 𝑀(/𝑀', which is known as the 

polydispersity index (PDI)12, and will always be greater than or equal one. As the PDI for a 

mixture approaches one, it signifies that all the polymers have a smaller variance in size and 
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approach a monodisperse distribution. Practically, mixtures with a PDI near one will generally 

be more expensive and difficult to manufacture.  

In contrast to thermosets, thermoplastics are more ubiquitous in lower-performance 

products such as Tupperware, water bottles, automobiles, and clothing. The production of 

thermoplastic materials often involves elevated-temperature injection molding and the use of 

hot-presses. However, compared to thermosets, thermoplastics also offer the advantage of being 

recyclable in most cases.  

 Due to being solid at room temperature and highly viscous when melted, thermoplastics 

also pose difficulties for composite production, particularly regarding the complete saturation of 

plastic throughout the fiber reinforcement13–15. However, they have recently received more 

attention for composite production due to the introduction of higher-performance thermoplastic 

polymers, faster production techniques, their recyclability, and the possibility of being blended 

with thermosets16–18.  

1.4 CARBON FIBERS 

Carbon fibers, as their name suggests, are small fibers in the size range of 5-10𝜇𝑚 that 

consist primarily of elemental carbon with small amounts of oxygen, nitrogen, hydrogen, and 

other trace elements19. Their mounting popularity is due to physical properties such as high 

modulus, high strength, and low weight19–23. Structurally, they are comprised of a small 

crystalline network of hexagonal carbon rings, where the nature of the microstructure itself can 

affect properties such as the fiber modulus23. Current industries which use carbon fibers include 

sporting, defense, wind energy, and aerospace21. Even though the demand for carbon fibers has 

been increasing rapidly21, their production is intricate and complex, which can hamper higher 

throughput production.  
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While there are different types of carbon fibers, such as those made from pitch24, fibers 

fabricated from polyacrylonitrile (PAN) are the most widely used today25. The production of 

PAN-based fibers begins with the polymerization acrylonitrile20 to a final molecular weight of 

approximately 100,000g/mol26. Afterwards, the slurry is cleaned, dried into a powder, 

reconstituted into an organic solvent, and spun through extruding holes to make PAN (also 

known as acrylic) fibers. Then, the PAN fibers pass through multiple drawing and cleaning 

stages to further reduce their diameter.  

 After the spinning and drawing stage, the fibers are then heat treated through a sequence 

of different temperatures and environments19,20,26. First, they are oxidized in air with a 

temperature range of 200-300℃. During this step, triple-bonded CN groups covalently react with 

their nearest neighbor to form carbon rings. Finally, the fibers are carbonized in an oxygen-free 

environment at temperatures from 1000℃	to as high as 2000℃, depending on the desired carbon 

content. If even higher carbon content is desired, then carbonization will be followed by 

graphitization, which can occur at temperatures of approximately 2000℃-3000℃. This process 

can be further visualized in Figure 1.5. 

 

Figure 1.5: Block diagram for the creation of polyacrylonitrile-derived carbon fibers 
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After fabrication, the surface of carbon fibers is relatively bare and non-reactive. Given 

that there is a deep relation between carbon surface energy, adhesion, and carbon fiber reinforced 

composite performance27, the fiber will finally undergo surface treatment. Carbon fibers can also 

be electrochemically oxidized in an acid bath with other electrolytes to increase the surface 

energy through oxygen functional groups. 

Finally, PAN carbon fibers are surface treated with either commercial or custom 100-

200nm coatings, often referred to as “sizing”28,29. Sizings can be covered on the fiber surface in 

the form of a solution or emulsion of polymers30. Additionally, the functional groups supplanted 

onto fiber surfaces will vary from system to system, contingent on the application and resin 

system being used. Overall, by increasing the functionality and the polar surface energy of 

carbon fibers28, sizings are hypothesized to aid in resin wettability and promote adhesion. They 

are also hypothesized to protect carbon fibers from handling damage and unwanted reactivity29. 

The intricate production process of carbon fiber manufacturing, coupled with the wide 

array of surface treatments available, makes carbon fibers a valuable tool for current composite 

production and the future of materials research. Furthermore, new frontiers for carbon fiber 

production are also underway to aid with sustainability, decreasing cost, and increasing 

production throughput. Among them are the fibers made from biomass such as lignin and 

cellulose31–34 rather than the traditionally used petroleum products. 

1.5 ADHESION 

The overwhelming majority of work presented in this document is centered around fiber-

matrix adhesion. This is of particular importance because, as discussed in the sections below, 

adhesion, or “stickiness,” between carbon fiber reinforcements and the surrounding polymer 
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matrix can significantly affect the composite’s performance. Therefore, before discussing fiber-

matrix adhesion, it may be found useful to preemptively discuss the broader topic of adhesion.  

Currently, there is no universally accepted definition of adhesion, and different scientific 

sources all describe it somewhat differently. However, all definitions of adhesion describe the 

same themes. For example, Lacombe35 attempts to define adhesion as the degree of the tendency 

for two materials to stick to each other that can be derived from qualitative, semiquantitative, or 

quantitative measurements. Whereas Butt et al.36 quantitatively define adhesion as “the energy 

required to dismantle the interface between two materials.”  

However, adhesion is a complex phenomenon, and it is often observed that derivations of 

the magnitude of adhesion based purely on thermodynamic principles can widely differ from 

adhesion measured through physical experimentation. In other words, there exists a significant 

difference between thermodynamic adhesion predictions and real-world tests. Therefore, Mittal37 

defines two distinct types of adhesion. The first being thermodynamic or reversible adhesion, 

and the second being experimental or practical adhesion.  

Thermodynamic adhesion between two surfaces (A and B) is mathematically defined in 

Eq. (1.4) as the sum of the two free surface energies subtracted by their shared interfacial surface 

energy37.  

 𝑊./ = 𝜎. + 𝜎/ − 𝜎./ (1.4) 

Where 𝑊./ is the work of adhesion, 𝜎. and 𝜎/ are the free surface energies of materials 

A and B, respectively, and 𝜎./ is the shared interfacial energy. 

However, practical adhesion is not as easily quantified, and is often test and application 

dependent. This is because during delamination (the uncoupling of two materials), plastic and 
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other deformations must also be accounted for in addition to intermolecular forces38. Therefore, 

the total magnitude of adhesion can be shown in Eq. (1.5) 

 𝐺 = 𝑊./ +𝑊012"3 (1.5) 

Where G is the total fracture energy required to separate two surfaces at their interface, 

𝑊./ is the work of adhesion, and 𝑊012"3 is the remaining additional work dissipated during the 

deformation of the testing samples. Interestingly, it has been shown that because the 𝑊012"3 term 

can be orders of magnitude38 higher than 𝑊./, there is often little information on how 

intermolecular forces affect the total adhesion. Additionally, it is sometimes difficult to 

disambiguate between adhesive (at the interface) and cohesive (through one of the materials) 

failure. Consequently, using different testing methods, even on the same material system, can 

elicit different values of apparent adhesion, all of which are contingent on the modes of failure 

and extent of plastic deformation. Therefore, it is commonly understood that when testing 

adhesion, different testing methods rarely deliver the same values of adhesion, and this leads 

authors such as Hull39 to state that “no single, reliable method of testing thin film adhesion 

exists.” This leads to the necessity of choosing adhesion tests that match the desired application 

of the materials.  

The complexities of adhesion can be more easily comprehended when factoring in its 

different causes. According to Berg40, adhesion has three other mechanisms outside of just 

contact/intermolecular interactions: diffuse interphase adhesion, mechanical interlock, and 

electrostatic adhesion. A sample illustration of these mechanisms can be seen in Figure 1.6. 
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Figure 1.6: Different methods of adhesion through 1) molecular attraction, 2) diffuse 

interphase interlock, 3) mechanical interlock, and 4) electrostatic attraction. (Reproduced from 

illustrations by Berg40) 

  

As described above, adhesion has multiple mechanisms, and two or more often give 

meaningful contributions to the overall adhesion of the system. Therefore, no single method of 

increasing adhesion will work across different systems. However, there are general principles 

that can be used when optimizing the adhesion of a system. 

Wettability is closely related to adhesion41–43 because it determines the intimacy of 

contact between the two surfaces. Thus, while each case requires specific knowledge to best 

maximize adhesion values, high-energy surfaces (such as oxides) generally elicit better 

wettability and adhesion. Additionally, increasing surface roughness (when baseline contact 

angle is already less than 90°) will further increase wettability44. So methods to enhance 

adhesion and increase surface energy can include plasma treatments45,46 or certain silanes. 

Conversely, the opposite is also true where decreases in surface energy and roughness (when 
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baseline contact angle is less than 90°) will decrease adhesion. This can be completed by 

supplanting a layer of low-energy material on the surface of the substrate. 

In summary, adhesion is a complex and multifaceted topic where not only the 

thermodynamic properties of each material but also the physical characteristics of the system 

itself determine the effective or practical adhesion. Moreover, because of its intrinsic test-based 

variability, thermodynamic adhesion is a relatively inaccessible quantity. Therefore, attention 

should be given to the fact that even for identical material systems, different testing methods can 

give different absolute adhesion measurements. Regardless, trends for modifications of adhesion 

should remain consistent across different testing methods. 
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Chapter 2. THE EFFECT OF CURING SCHEDULES ON FIBER-

MATRIX ADHESION IN CARBON FIBER – EPOXY RESIN 

COMPOSITES 

*Sections of this chapter come from the journal publication: 
ElKhoury L, Berg JC. The effect of curing schedules on fiber-matrix adhesion in carbon fiber 
epoxy resin composites. Journal of Composite Materials 2021; 56: 699–712. 
 

2.1 CHAPTER SUMMARY 

Fiber-reinforced polymeric composites are used in a large and growing number of 

applications, all requiring different property sets including the nature of the fiber-matrix 

adhesion to which the present work is addressed. Specifically, the number of curing cycles, 

curing temperature and schedule, degree of cure, use of accelerants, annealing, and the use of 

fiber handling agents are investigated for systems of Hexcel IM7 carbon fibers embedded in 

Epon862 (resin) and Epikure Curing Agent W (hardener) using the single-fiber-fragmentation 

method. The fractional extent of cure is monitored using differential scanning calorimetry 

(DSC), so that comparisons are made at the same degree of cure (99%). Single-stage curing at 

the highest temperature produces the highest apparent adhesion, and the use of accelerants 

significantly increases the curing rate while maintaining the same level of adhesion. Accelerants 

in some cases, however, decrease the plastic yield strength of the specimens. Annealing reduces 

induced residual stress and apparent adhesion, but not below the baseline achieved at lower 

curing temperatures. Plastic yield strength and apparent adhesion decrease for any degree of cure 

lower than 95%, while the use of handling agents shows no effect on adhesion. 
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2.2 INTRODUCTION 

Fiber-reinforced polymeric composites are used in an enormous and growing number of 

applications, all requiring different property sets. The latter depend on the properties of the fibers 

and the matrix, the geometry of the lay-up, and on the nature of the fiber-matrix adhesion, to 

which the present work is addressed. The influence of interfacial chemistry on adhesion47–51 in 

carbon-fiber reinforced thermoset composites has received wide coverage in the literature, and 

the influence of thermoset curing schedules 52–55 on the final properties of the material has been 

investigated. An important observation is that increasing curing temperature can decrease gelling 

time and thus hasten product throughput while also delivering increased strength and 

performance. In particular, literature on the accumulation of residual stresses56,57and thermal 

shrinkage 58–61 in the resin phase due to curing conditions has been compiled, revealing many 

effects of interest. A study by Jakobson et al.62 showed that residual stresses are caused mainly 

by cure shrinkage from the cross-linking of polymers, rather than thermal expansion and 

contraction, while other studies63 suggest that thermal expansion plays a more significant role. 

Regardless, both can therefore result in the “freezing in” of internal stresses. An interesting result 

of such resin shrinkage for fiber reinforced composites can be observed by the phenomenon of 

fiber waviness, which has been both observed and described mathematically.64,65 Since residual 

stresses play a large role in the properties of composite materials and stem from curing 

conditions, it follows that they must influence fiber-matrix adhesion. An unpublished study by 

Kalantar and Drzal66 suggested that curing time and temperature schedules may indeed have a 

significant effect on adhesion in such systems, and other related studies67,68 have also shown that 

curing schedules can have secondary effects on the molecular architecture of thermoset polymers 

resulting in discernable differences in mechanical properties. 
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Studies done by Haider et al.59 and Li et al. 23 showed that curing temperatures themselves 

do not affect the final cure shrinkage of a thermoset material; rather, shrinkage depends directly 

on the degree of cure. Therefore, it is reasonable to assume that all resins brought to the same 

degree of cross-linking would exhibit equivalent residual stress. However, since higher 

temperature cures gel more rapidly, both polymer mobility and time allotted for rearrangement 

towards a stress-free state are restricted, resulting in different degrees of stress accumulation. An 

important study performed by Wang et al.61 elucidated this point by presenting how curing 

temperature and therefore curing speed, directly alter the residual stress state in an epoxy resin, 

and that rapid curing leads to higher internal stress.  

In terms of mitigating the effects of residual stress accumulation, interest has also formed 

around post-cure heating (sometimes regarded as annealing). A study produced by Parlevliet et 

al.63 displayed that post-process annealing of a cured polyurethane (“turane”) significantly 

reduced residual strain by decreasing thermal expansion coefficients and strain-free temperature. 

Additionally, a study from Wang et al.69 has shown that post-process annealing of thermoplastic 

composites may significantly influence apparent adhesion through the process of internal stress 

development, so it appears that the thermal history of polymers should also be taken into account 

in the design process.  

In summary, as thermosets cure, they cross-link and undergo varying degrees of 

transformations, such as changes in modulus, thermal expansion coefficient alterations, 

expansion paired with contraction, resulting in increases or decreases in toughness and/or 

plasticity. Therefore, with the possibility of multiple confounding variables throughout the 

curing process, it is difficult to fully comprehend how curing schedules themselves affect 
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adhesion unless there is outside knowledge of the resin’s apparent degree of cure or cross-

linking.  

Lastly, studies on the effects of resin-to-hardener ratio on cured thermoset properties such 

as residual stresses, adhesion, glass transition, and thermal expansion have been extensively 

explored70–76. In an important contribution to literature, Minty et al.77 investigated the topic of 

how the ratio of amine groups to epoxy groups (Araldite 506 epoxy and triethylenetetramine 

system) affects the above stated physical properties in resin as well as the effect on interfacial 

strength between the polymer and glass fibers. The findings showed that amine/epoxy ratio 

significantly affected thermal expansion coefficients for both epoxy rich and amine rich mixtures 

above and below Tg. Also, while the mixture ratio greatly impacted cured polymer Tg itself, the 

effect on interfacial strength (for amine/epoxy ratios between approximately 0.5 and 2) was less 

affected. This effect on interfacial strength was also corroborated by Petersen et al.76 In 

conclusion, amine/epoxy ratios affect residual stresses and can impact interfacial strength for 

composite systems. 

During high temperature curing, particularly the early stages where fewer molecules are 

polymerized, and overall molecular weight is lower, the possibility for hardener volatilization 

can alter the original amine/epoxy ratio. Consequentially both polymer and composite interfacial 

properties can be affected by the type of curing schedule employed. Since competing phenomena 

such as rapid curing and stress accumulation, coupled with the possibility for stoichiometry 

alterations, a study into how curing schedules (number of stages and temperature) affect 

properties, specifically adhesion, is sought. 

One difficulty in the quantitative interpretation of the results of the above-cited and 

related studies is that attention was not always given to the final extent of cure at which 
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comparisons were made. Since the extent of cure itself has a strong effect on thermoset 

composite properties, a standardized protocol is required in which the ultimate degree of cure is 

monitored and controlled, permitting comparison of different time-temperature schedules only 

between samples at the same degree of cure. The presence of accelerants has also been found to 

have profound effects on the curing process itself 78, but its influence on the level of adhesion 

obtained in samples cured to the same extent appears not to have been reported. 

In addition to the importance of curing schedules to the properties of the composite is 

their importance to the economy of the production process. Curing protocols for some common 

thermosets such as epoxies and phenolic resins may require from 15 min to 20 h. Thus, resin 

curing can pose a costly, rate-limiting step in the manufacture of composite materials. 

Optimizing the curing schedule therefore may significantly reduce the cost of production.  

The present study seeks to examine the effects of curing schedules on adhesion for 

unsized (unless specified otherwise) Hexcel IM7 carbon fiber (d = 5.2𝜇𝑚) - Epon862 (resin) and 

Epikure Curing Agent W (hardener) systems. In contrast to earlier work, the fractional extent of 

cure (𝛼) is set to 99% in all cases, as monitored using differential scanning calorimetry (DSC), 

so that comparisons are made only between specimens at the same degree of cure. Fiber-matrix 

adhesion was measured using the single-fiber-fragmentation method outlined by Drzal.79 

2.3 METHODS AND MATERIALS 

2.3.1 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry was used in this study to determine curing times, total 

enthalpies of reaction, curing kinetics, glass transition temperatures, and other thermal properties 

during controlled heating schedules. In summary, the technique records the difference in heat 

required to maintain a set temperature between two pans, where one is a blank reference, and the 
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other contains the active sample. The endothermicity or exothermicity of the reaction will cause 

such differences in heat and are recorded. When the reaction is complete, there is no longer a 

difference in the heat required to maintain the temperature in both pans. The study was 

conducted using the TA Discovery DSC 2500 and TA Instruments Tzero Pans (TA Instruments, 

New Castle, DE). All tests were conducted with open pans under dry nitrogen. TRIOS software 

by TA instruments was used for analysis of results. For this study, a 5 − 10	g stoichiometric 

mixture of EPON 862 and Curing Agent W (resin + hardener) were combined, well mixed, and 

then degassed for approximately 60 min. Both compounds have very low vapor pressures, so it 

was assumed their stoichiometric ratio remained constant during degassing. Once prepared, 

approximately 3 − 10	mg of the resin was carefully placed into a TZero DSC pan (TA 

Instruments, New Castle, DE), loaded into the TA Discovery DSC 2500, and run with an open 

lid under dry nitrogen. Curing times were evaluated by running each sample in the DSC device 

through its respective curing cycle. The exotherm readouts from the DSC (Watt/g vs. time) were 

integrated over time to give a total energy of reaction vs. time graph which was then transformed 

to a plot of apparent percent cure vs. time by normalizing to the total energy of reaction term. 

The reaction was considered to be complete once the sample had asymptotically approached a 

value near zero. It was assumed that reaction kinetics for curing in the DSC were equivalent to 

those of oven curing used in the preparation of samples for adhesion testing. DSC exotherms 

were interpreted using Eq. (2.1)80. 

 
𝛼) =

Δ𝐻)
Δ𝐻3-'

→
1

Δ𝐻3-'
I 𝐻)𝑑𝑡
1#

%
 (2.1) 

Where 𝛼) is the fractional degree of cure; Δ𝐻) is the cumulative heat evolved to reaction 

time i (J); Δ𝐻3-' is total the heat of reaction (J); and 𝑡) is time point i (min), and 𝐻) is heat flow 

(J/s).  
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The overall plan of experiments is detailed in Table 2.1. First, the curing kinetics were 

mapped out to provide knowledge of degree of cure to make direct comparisons between 

samples. After preparing samples at a standardized degree of cure (a = 0.99), the effects of 

thermal history were investigated, including how the curing temperature and number of curing 

stages might play a role in fiber-matrix adhesion. Given the possibility of residual stress 

accumulation through a variety of compounding factors, annealing was also investigated to 

understand its effects on apparent adhesion. Next, the curing kinetics in the systems with 

accelerants were mapped out. Lastly, systems in which fiber-handling agents (sizings) were 

present were investigated.  
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Table 2.1: Overall plan of study. 

Isothermal cure -Isothermal curing at 𝑇 = 120℃, 140℃, 160℃, 180℃, 200℃ 

-All cures to 𝛼 = 0.99 

Two-Stage cure 1. Ramp 25°C ® 93°C at 5°C/min  

2. Isothermal 𝛼 → 60%	(214	min, 93℃) 

3. Ramp to Tfinal at 5°C/min  

4. Isothermal cure to 𝛼 → 99%	at	𝑇4)',# 	 

Annealing -Post curing for 0.5, 2.5, and 5 hours at 177℃	 

Accelerants -Anchor 1115 (Evonik, Parsippany, NJ) 

-Epikure 3253 (Miller-Stephenson, Sylmar, CA) 

- EPON862/Accelerant ratio of 100: 3 

Degree of cure - Cure to 𝛼 = 0.7, 0.8, 0.9, 0.99 

Effects of handling 

agents 

-IM7-R sized fibers compared to unsized IM7 fibers and 

compared against multiple curing schedules 

-Short Curing Schedule 

1. Ramp 25°C ® 93°C at 2.3°C/min  

2. Isothermal 93℃ (2 hours) 

3. Ramp 25°C ® 121°C at 2.3°C/min  

4. Isothermal 121℃ (8 h) 

-Long Curing Schedule 

1. Room temperature for 3 days 

2. Repeat short curing schedule 

-Short Cure, Post Annealing Schedule  

1. Repeat short curing schedule 

2. Cool to room temperature 

3. 25℃ → 177℃	at	2.3°C/min  

4. Isothermal 177℃ (2.5 hours) 
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2.3.2 Resin preparation 

The two-part thermoset system was comprised of a resin, Miller-Stephenson EPON 862 

(bisphenol F diglycidyl ether, DGEBF) (Miller-Stephenson, Sylmar, CA) and the hardener, 

Epikure Curing Agent W (diethyltoluenediamine, DETDA) (Miller-Stephenson, Sylmar, CA). 

For a stoichiometric mixture, the parts were added in a weight ratio of 100 : 26.4. The fibers to 

be used in the study were un-sized Hexcel IM7 fibers and Hexcel IM7 R-sized fibers (Hexcel, 

Stamford, CT). The two accelerants used with the resin system were Epikure 3253, (2,4,6-

tris(dimethymaminomethyl)phenol) (Miller-Stephenson, Sylmar, CA) and Anchor 1115 

Accelerant (2-propanamine compounded with boron-trifluoride and butyl glycidyl ether) 

(Evonik, Parsippany, NJ). 

2.3.3 Isothermal and two-stage curing  

For isothermal curing, samples were ramped as quickly as possible to the selected 

isothermal curing temperatures of 120℃, 140℃, 160℃, 180℃, or	200℃ to minimize any curing 

during the ramping stage, and then held until the end of the curing time. The oven (Model 825F, 

Fisher Scientific, Hampton, NH) was then turned off, and samples were removed. For two-stage 

curing, samples were ramped from 25°C to 93°C at a ramp rate of 5°C/min and then held at 93℃ 

until 𝛼 = 0.60 (apparent), after which the temperature was ramped once again to the final values 

of 120℃, 140℃, 160℃, 180℃, or	200℃ until a curing degree of 𝛼 = 0.99 was reached. Again, 

the oven was turned off and samples removed. Cooling rates were not directly measured. 

2.3.4 Glass transition temperature 

The glass transition temperature, 𝑇!, of the resins was measured in the DSC by initially 

following the protocol mentioned above to create cured samples. Once the cured samples were 



 27 

cooled to room temperature, they were then ramped in temperature at a rate of 10°C/min until a 

noticeable jump (inflection point) in the heat flow was observed, a point identified as the glass 

transition temperature. An example exotherm is shown in Figure 2.1. 

 

 

Figure 2.1: Example exotherm showing net heat evolved during DSC temperature trace at 

10°C/min for EPON862 with Epikure curing agent W (ratio 100 : 26.4 w/w) following a two-

stage cure with 180°C end temperature. Tg is extracted in the usual way as the temperature 

corresponding to the point of inflection in the exotherm. 

 

2.3.5 Sample Preparation 

A variety of different specimen types were prepared to investigate the effects of different 

curing schedules on fiber-matrix adhesion. In all cases, dog-bone shaped samples for adhesion 

testing, in accord with the Round Robin Assessment of the Single Fiber Fragmentation Test79 

were prepared as follows. Unsized Hexcel IM7 fibers were placed in empty, inverse silicone 
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molds following the dimensions of Figure 2.2 then pre-strained with a weight of 5.5 g to ensure 

that saturation of breaks will occur at 12% strain. Then approximately one gram of resin (Miller-

Stephenson EPON 862 and Epikure Curing Agent W) was mixed (100:26.4 ratio w/w), added to 

the mold (Figure 2.2) and then degassed under vacuum for approximately 60 min. All samples 

were then doctored to ensure they had a relatively uniform amount of resin within each mold. 

Then using differential scanning calorimetry data, each resin was cured to the desired degree of 

completion in the oven.  

 

 

Figure 2.2: Dog-bone testing sample specifications, numbers in mm and thickness is 

1.5mm. Image not to scale. 

 

To investigate how the apparent degree of cure may affect adhesion, samples were 

isothermally cured (as described in the procedure above) and then taken out of the oven at the 

proper times to achieve apparent degrees of cure 𝛼 = 0.7, 0.8, 0.9	and	0.99. 

2.3.6 Internal stress development; annealing 

Since different temperature curing schedules may elicit different internal stresses, 

particularly at the interphase region between the fiber and resin81, its effects on apparent 

adhesion are observable. A set of samples were isothermally cured as described above, cooled to 

room temperature, and then placed back into the oven for post curing/annealing. The annealing 
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treatment increased the temperature of fully cured samples from roughly room temperature to 

177℃	(higher than reported resin	𝑇!, and the highest documented curing temperature according 

to resin manufacturer82) in time intervals of 0.5, 2.5 and 5.0 h. The purpose of using different 

time intervals was to examine how stress relaxation over differing periods of time may have 

occurred. 

2.3.7 Use of Accelerants 

In the preparation of thermoset composite materials, additional components, termed 

accelerants, are added to the resin to reduce the required curing times. While the use of curing 

accelerants for thermoset resins has been studied78,83, their effects on adhesion are yet to be 

extensively reported. Two separate curing accelerants, Epikure 3253 and Anchor 1115 were used 

in this study. 

While there are no specific stoichiometric ratios for adding accelerants, ranges can be 

determined by the manufacturers84,85, using DSC analysis, and using literature heuristics78. The 

ratio of EPON 862 to accelerant was chosen to be 100:3 (w/w). Once selected, the system was 

characterized, and cure times were calculated by using DSC. Otherwise, the samples were cured 

isothermally as described above. 

2.3.8 Single fiber strength testing 

Weibull statistical analysis was employed to determine the un-sized Hexcel IM7 fiber 

strength values. Thirty single fibers were separately mounted and tested in a SAETEC T1000 

tensile device (Instron – previously SAETEC, Norwood, MA). Each fiber was strained until 

ultimate failure, and the stress value was recorded. Each fiber’s tensile strength was rank-ordered 
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from lowest to highest. A probability-of-fiber-failure model was created using Eq. (2.2), the 

Weibull distribution86, and fitted (by modulating 𝜎% and m) to the data. 

 𝑃4,+05"#(𝜎)) ≈ 1 − exp e− f
𝜎)
𝜎%
g
+
h (2.2) 

Where 𝑃4,6789: is the probability of failure model87 (for low strain-to-failure fibers); 𝜎) is 

the tensile stress of specimen i; 𝜎% is the Weibull strength parameter (scale); and m is the Weibull 

modulus (shape). Data were prepared using: 

 𝑃4,"+);3)<,# =
𝑖 − 0.3
𝑛 + 0.4 (2.3) 

Where: 𝑃4,"+;)3)<,# is the probability of failure; i is the fiber number ranked from lowest 

to highest ultimate tensile strength; and n is the total number of tests completed. Failure 

probability results for the IM7 fibers are plotted in Figure 2.3, and the Weibull parameters were 

calculated to be m = 4.62 and so = 4713.32 MPa. 

 

 

Figure 2.3: Weibull plot for unsized IM7 fibers: Probability of fiber failure, Pf vs. stress, 

sf. 
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2.3.9 Adhesion testing 

Single fiber fragmentation was used to study interfacial shear strength. Tensile testing of 

the dog-bone specimens was conducted by using either a Drzal testing rack (Saint John’s 

Computer Machine, St. John, MI) similar to that used by Feih et al.87 or a SATEC T1000 tensile 

testing device. The test subjects a dog-bone sample of the resin, in which a single fiber is 

embedded, to a linear strain. As strain increases, stress transfers from the polymer matrix to the 

single fiber, resulting in fiber breaks. The fiber continues to break until the segments have 

reached a length below which they cannot support sufficient stress to cause a further break. 

Overall, the ultimate average fiber fragment length is inversely proportional to the interfacial 

shear strength (IFSS). Because observed practical adhesion is not solely a thermodynamic 

property, no two testing methods are expected to yield the same adhesion values. However, 

changes in observed adhesion from one system alteration to the next should be comparable 

across testing methods.  

The interfacial shear strength (IFSS) for the system in this study was tested using the 

procedure described by Feih et al.87 with slight modification. The samples, with a gauge length 

of 25.4mm, were strained at room temperature until reaching 12% elongation, which was 

manually tested and later assumed sufficient to reach saturation in the number of breaks. In 

general, eight to sixteen samples were prepared for each case, and usually three to six (but at 

least two) survived to saturation. The samples that reached 12% strain were examined under a 

microscope (Olympus IX70, Tokyo, Japan) using cross polarized light to determine the average 

break length allowing determination of the apparent IFSS value. 
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The theoretical basis for adhesion calculation, as described by Kelly et al.88, assumes 

perfectly-plastic deformation. Adhesion (𝜏, IFSS) for the fiber fragmentation method is given by 

Detassis et al.89 as Eq. (2.4):  

 
𝜏 = 𝐼𝐹𝑆𝑆 =

𝜎4(𝑙<)𝑑
2𝑙<

 (2.4) 

where: 𝜏 is the interfacial shear strength; 𝑙< is the critical fiber length;	𝜎(𝑙<) is fiber stress 

at the critical length, and d is the fiber diameter. In addition, the critical length, lc is taken as90  

 𝑙< =
4
3

𝐿!
(𝑛 + 1) (2.5) 

where 𝐿! is the dog-bone gauge length, and n is the number of fiber fractures confined 

within the gauge length. Lastly, fiber stress for any length can be computed using87, 

 
𝜎(𝑙)) = 𝜎% f

𝐿%
𝑙)
g
=/+

 (2.6) 

where: 𝜎(𝑙)) is the fiber strength with length 𝑙); 𝜎% is the Weibull strength; 𝐿% is the fiber 

gauge length used when conducting single fiber strength tests, and m is the Weibull modulus. 

When all combined Eq. (2.4) will take the form of: 

 

𝜏 =
𝑑	𝜎% f3

=? =+g f4@A@
=
+g f(𝑛 + 1)𝐿%𝐿!

g
=? =+

125𝐿%
 (2.7) 

Where to get units of MPa for 𝜏, the units of 𝑑 are in 𝜇𝑚, 𝜎% is in MPa, and 𝐿! and 𝐿% are 

in mm. 

Importantly, effective adhesion is not exclusively a thermodynamic property; therefore, 

different testing methods may result in different adhesion values for the same system. However, 

changes and trends in adhesion should be similar regardless of the testing methods used. 
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2.3.10 Notes on the single fiber fragmentation technique 

It should be noted that even though the single fiber fragmentation technique (SFFT) as 

presented above is widely used as a standard for testing interfacial shear adhesion in many 

applications, it has also received criticism for oversimplification. For this section, a high-level 

overview of some criticisms will be addressed. If additional detail on single fiber fragmentations 

is needed, please refer to the work by Rutz91, who provided an in-depth discussion on the 

micromechanics and mathematics of fiber fragmentation testing. 

Firstly, the original SFFT model fails to incorporate fiber-matrix debonding and assumes 

the two surfaces are perfectly adhered across the interface with constant shear88,92. Therefore, in 

the event of fiber fracture, the interfacial area is assumed to be precisely that of the surface area 

of the fiber. However, this is not entirely true because delamination or debonding can occur near 

the tips of fiber segments93,94. This assumption also becomes additionally complex when 

considering friction, elasticity, and total strain95. In effect, the fiber-matrix interfacial area may 

be smaller than when calculated solely from the fiber length.  

Secondly, for all fiber segments, it is assumed that stress linearly builds from each end, 

and the next break will randomly occur in the region90 between each endpoint plus a distance of 

𝑙</2, this can further be visualized in Figure 2.4. 
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Figure 2.4: Visualization of stress accumulation in a single fiber segment. Stress builds 

from each end and after a distance of 𝑙</2, enough stress has built in the middle section for a 

break to randomly occur. 

 

 As stated by Ohsawa et al.90, the nature of fiber fracture events dictates that the final 

fiber break lengths will be a random array of lengths between 1/2𝑙< and 𝑙<. Therefore, the 

average fiber length will be 3/4𝑙< (making 𝑙< = 4/3𝑙,B!). However, among other criticisms96,97, 

this assumption fails to recognize the innate material flaws which may cause stress concentration 

factors. Given this, the fibers are more likely to break following a Weibull distribution than a 

random one. An attempt at incorporating the Weibull distribution into determining the critical 

length was completed by Drzal et al.98 and can be seen in Eq. (2.8). 
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 𝑙< =
𝜎%𝑑

Γ o1 − 1
𝑚p

 
(2.8) 

Where Γ(𝑥) = ∫ 𝑡-@=𝑒@1𝑑𝑡&
% , 𝜎% is the Weibull Strength (scale) parameter, d is the fiber 

diameter, and m is the Weibull modulus (shape) parameter. 

Lastly, the SFFT model above does not consider Poisson effects (when materials contract 

perpendicular to the direction of strain) because it does not differentiate between frictional and 

interfacial adhesion95. If a mismatch of the Poisson ratios between the fiber and matrix is present, 

then squeezing or mode-I delamination may occur at the interface. If perfect adhesion across the 

entire fiber length were the case, then Poisson contractions would not have a meaningful effect 

on measured adhesion. However, since delamination or squeezing of the fiber can occur, then 

other forces such as friction99 may begin to have a material effect on the overall observed 

adhesion. 

As stated by Rutz91, despite the limitations that the SFFT may have inherent in its 

assumptions, the methods as described in section 2.3.9 are still widely used throughout academic 

studies due to their relative simplicity. Accordingly, researchers generally use the SFFT for 

comparative studies where only one independent variable is changed across the same fiber, 

matrix, and test system. Given this, reported adhesion values that come from the SFFT are either 

explicitly stated or tacitly assumed to report “apparent adhesion” rather than “absolute 

adhesion.” Practically, this implies that it is difficult to compare adhesion values from single 

fiber fragmentation testing to any other testing system. However, trends for changes in adhesion 

should be evident regardless of the test used. 
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2.3.11 The effect of handling agents 

Handling agents are typically added to the surfaces of carbon fibers to reduce the 

frequency of fiber frays or tangling during the manufacturing and subsequent handling of fiber 

creels. It is thought that the presence of such fiber coatings may have adverse effects on the 

interfacial properties of the composite by interfering with the development of the fiber-matrix 

adhesive bond. To address such issues, manufacturers will sometimes de-size the fibers with 

solvents100 such as acetone, or partially cure the fiber/resin systems at moderate temperatures 

with resin at a high enough temperature and low enough viscosity to elicit diffusion from the 

fiber interphase region to the bulk. To determine whether such costly treatments may be avoided, 

experiments were conducted with both sized and un-sized fibers. Coated (sized) fibers were 

compared to unsized fibers by subjecting them to three different curing schedules. 

To examine how the presence and type of fiber handling agents may affect adhesion, 

IM7-R sized fibers were compared to un-sized IM7 fibers. The “R” sizing is composed of both 

epoxy and polyester material101 and is assumed to be coated on rather than covalently attached. 

Interphase alterations were attempted by following three separate curing schedules, all shown in 

Table 2.1. The “long” cure samples were left at room temperature, allowing for a relatively small 

amount of polymerization to occur while still being at a low enough temperature to reduce 

diffusion of fiber sizing into the bulk resin and possibly cause the handling agent to be 

sequestered to the fiber surface. After three days at room temperature, the samples were placed 

in an oven following the cure cycle in Table 2.1. Results for the extended room temperature cure 

were compared to those that were placed directly in the oven as well as to those which were post-

cure annealed. 
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2.4 RESULTS AND DISCUSSION 

2.4.1 Curing times vs. temperature 

The times required to reach 99% apparent cure for isothermal curing at different 

temperatures are shown in Figure 2.5. Curing time decreases approximately linearly with 

temperature, with the slight deviation from linearity at 160℃ due possibly to either varying 

volatility of the resin hardener (indicated by perceptible fuming and amine odor), 

homopolymerization, or a stepwise change in reaction kinetics for a particular rate-limiting step. 

Samples isothermally cured at 200°C underwent a weight loss of 12.3%, suggesting that 

substantial volatilization of the hardener occurs, leaving homopolymerization to complete the 

cure. 

 

 

Figure 2.5: Curing time vs. isothermal curing temperature. (𝛼 = 0.99). 
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Curing times, again for a final apparent cure of 99% for the second isothermal curing 

stage of a two-stage curing schedule, were determined as shown in Figure 2.6. Differential 

scanning calorimetry results showed that the initial curing phase at 93	℃	took 214 min to reach 

𝛼 = 0.60. 

 

Figure 2.6: Curing time vs. final curing temperature for two-stage cure (α=0.99). The first 

curing stage was 214 min at 93°C (to reach apparent α=0.60) 

 

Again, the linear decrease in curing time with final temperature suggests that the lower 

temperature (93℃) during the first curing stage allowed for sufficient polymerization to reduce 

the volatility of the hardener. Then the second stage of the cure most likely proceeded without 

vaporization of the hardener to the same extent as in isothermal curing. 
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2.4.2 Adhesion vs. temperature for isothermal and two-stage curing processes 

Figure 2.7 shows adhesion results for both the single stage (isothermally cured) and the 

two-stage cured samples. The measured level of adhesion (IFSS) depends strongly on the curing 

temperature, increasing from approximately 89 to 139 MPa as the isothermal curing temperature 

is increased from 120°C to 200°C, similar to results obtained by Kalantar and Drzal66 who used a 

resin system comprised of diglycidyl ether of bisphenol A and diethylene triamine. Additionally, 

the two-stage cure increased adhesion from about 73 to 112 MPa. To control the degree of cure 

and final curing temperature, all samples were brought to 𝛼 = 0.99 and finished their respective 

cures at the same temperature. The dependence of apparent adhesion to the curing temperature, 

as well as the smaller increase of apparent adhesion for the two-stage cured systems compared to 

the isothermal ones may relate to the importance of internal stresses. It is known that internal 

stresses develop during curing and affect properties of thermosets102,103, and may thus constitute 

an important part of the apparent adhesion that is observed. More rapid curing of the resin 

system (as occurs at higher temperatures) leads to higher residual stresses, which can 

considerably increase the resin modulus, leading in turn81, to a more efficient transfer of stress 

from the resin to the fiber across the interphase boundary. Internal stresses result from cure 

shrinkage and coefficient of thermal expansion (CTE) mismatch of the resin and fiber. Another 

important variable is the temperature at which the fiber attaches to the resin. When epoxy–amine 

resins are rapidly cured, less time is available for chain extension through reacting with the faster 

primary active hydrogens relative to cross-linking from secondary active hydrogens. Therefore, 

the resin spends less time as a liquid, and once gelled (attached to fiber), starts to build internal 

stress. As long as a resin system is in the liquid state, no stress is developed. 
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 The reduced effect of residual stresses in the two-stage-cured systems may be due to the 

majority (60% apparent conversion) of the reaction occurring at a lower temperature, leading to 

more time near or above resin 𝑇! to rearrange from high stress to low stress states. 

 

 

Figure 2.7: Adhesion for isothermal curing vs. two-stage curing (Mean ± SD) Blue circles 

represent isothermal curing, and orange squares represent two-stage curing. 
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may not play a major role in the changes in apparent adhesion for this system, if Tg is the stress-

free temperature rather than the temperature of fiber attachment. It appears more likely that the 

increased rate of the cross-linking reactions with temperature, and higher gelation/attachment 

temperature, leads to an increase in residual stress. Lastly, when the resin attaches to the fiber (at 

gelation) above Tg, large residual strains can develop while cooling. Even though the resin is still 

rubbery, sufficient stresses can develop to cause fiber buckling. 

2.4.3 Effects of degree of cure on adhesion 

Even though the effects of degree of cure on thermoset properties have been tangentially 

reviewed in other studies105,106, in-depth analysis of its effects on carbon fiber epoxy adhesion is 

lacking. However, after isothermally curing each fiber-resin system from 𝑇 = 120℃ → 200℃	at 

varying apparent degrees of cure (𝛼 = 0.7 → 0.9), few of the samples exhibited satisfactory 

mechanical properties to undergo interfacial shear strength testing. Specifically, the samples 

exhibited low plastic yield strength, so they were unable to support the required 12% strain to 

reach saturation of fiber breaks. Consequentially, no definitive adhesion results could be 

collected. In contrast, fully cured samples (𝛼 = 0.99) maintained relatively robust physical 

properties and maintained elasticity for much longer strain ranges, allowing for reasonable tests 

to occur.  

2.4.4 Glass transition temperature 

To further examine the cause for the increase of apparent adhesion as isothermal curing 

temperature increases, we examined how the resultant glass transition temperature s𝑇!t of the 

resin changed with different curing cycles. Figure 2.1 shows a sample exotherm from which Tg is 

determined. Figure 2.8 shows glass transition temperatures of isothermal and two-stage cured 
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resins. The 𝑇! for the isothermal curing schedule remained relatively constant throughout the 

different curing temperatures, as expected when curing to the same degree of cross-linking 107,108.  

In comparison, the 𝑇! for the two-stage curing cycle continually increased from one 

temperature step to the next. This result was unexpected, since the two resins have the same 

degree of ultimate cure, but as other studies have shown4,67, thermal history and curing schedules 

can have significant effects on a range of macroscopic properties. This may be due to 

volatilization of curing agent. Also, Tg increases slightly with curing temperature above 180°C 

possibly due to homopolymerization or etherification. Since there is a lack of curing agent, 

epoxy-epoxy or epoxy-hydroxyl bonds are formed. 

 

 

Figure 2.8: Different glass transition temperatures of cured resins. Blue circles represent 

isothermal cure cycle, orange squares represent two-stage cure cycle. 
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Below about 180° C, these reactions are slow. This suggests that the structure of the final 

polymer network and therefore properties such as Tg can be influenced by cure history.  

A comparison of Figure 2.7 and Figure 2.8 suggests that Tg does not correlate directly 

with interfacial strength. There may be two reasons for this. First, as discussed above, increased 

isothermal cure temperatures resulted in an increase of hardener evaporation, creating an epoxy-

rich resin. As noted by Minty et al.77and Petersen et al.76, the epoxy/amine ratio heavily 

influences the Tg of the resin, but has much less effect on interfacial strength, even at 

amine/epoxy ratios as low as 0.5. Secondly, isothermal curing is more likely to induce greater 

residual stresses than the two-stage one. 

It should also be noted that during the curing process, as tracked by DSC, two competing 

processes are taking place: first, the vaporization of the hardener (endothermic), and second, the 

cross-linking between the hardener and epoxy, or epoxy and epoxy (exothermic). Because there 

was no direct knowledge of the extent to which either process had advanced as a function of 

time, we could not decouple one from the other. Therefore, the best that could be done was to 

consider the point at which no change in enthalpy is occurring as the “end” of the combined 

process. At that point, no further increase in cross-linking density or hardener vaporization will 

occur. Because the final enthalpy evolution is asymptotic, a value of 99% was chosen to be the 

best endpoint to use. 

2.4.5 Annealing 

Given the increase of apparent adhesion with curing temperature as shown in Figure 2.7, 

it was sought next to examine how heat treating (annealing) the samples post cure, above 𝑇!, 

might affect internal stress relaxation. Samples were cured isothermally as described above, then 

allowed to cool down to room temperature. Resin shrinkage was evident upon microscopic 
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examination of the cooled specimens, an example of which is shown in Figure 2.9, revealing 

noticeable waviness, as observed by earlier invstigators64,65. Volume changes that are not 

matched between the fiber and matrix may cause stress buildup and axial loading in the fibers, 

which can lead to fiber waviness65. For annealing, samples were then placed in an oven at 177°C 

(above the glass transition temperature) for 2.5 h. Glass transition is commonly understood as the 

temperature region where a polymer network loses glass-like properties and more closely 

resembles a rubber. In the rubbery state, greater molecular motion and rotational freedom are 

allowed4. Therefore, if volume shrinkage were the main reason for stress accumulation, then time 

above resin 𝑇! should allow rearrangement of the polymers from high to low stress 

configurations, ultimately reducing apparent adhesion. 

 

 

Figure 2.9: Fiber sample cured isothermally at 177°C and cooled to room temperature, 

showing the effects of resin shrinkage. 
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As shown in Figure 2.10, the apparent adhesion exhibited in the annealed samples was 

less than that of their non-annealed counterparts. This is attributed to the decrease in internal 

radial compressive stress on the fiber. 

 

Figure 2.10: Adhesion vs. isothermal curing temperature (Mean ± SD). Blue circles 

represent non-annealed, isothermally cured specimens, and orange squares represent annealed 

samples. Annealing was performed at 177°C for 2.5h. 
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appears to have no effect on the apparent adhesion level produced with the lower temperature 

cure, reinforcing the idea that molecular mobility is one of the reasons for reductions of internal 

stress and apparent adhesion in samples prepared at higher temperatures. 

 

Figure 2.11: Effects of annealing time on adhesion (Mean ± SD) for isothermally cured 

systems. Blue circles represent 180℃ isothermal cure, orange squares represent 120℃ 

isothermal cure. 
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significant differences of DSC exotherms, as shown in Figure 2.13, were produced by the 

presence of Epikure 3253. Typical DSC exotherms for epoxy-amine resins contain only one 

distinct peak. In contrast, resin systems containing Epikure 3253 displayed three distinct peaks, 

suggesting that the accelerant promoted separate polymerization reactions. As suggested by 

Burton83, tertiary amines such as Epikure 3253 are most compatible with epoxy-anhydride resin 

systems, in contrast to the epoxy-amine system in this study. 

 

 

Figure 2.12: Isothermal curing time for resin systems (𝛼 = 0.99). Blue circles represent 

EPON 862/Epikure Curing Agent W (100: 26.4), orange squares represent EPON 862/Epikure 

Curing Agent W/Epikure 3253 (100: 26.4: 3), and green triangles represent EPON 

862/Epikure Curing Agent W/Anchor 1115 (100: 26.4: 3). 
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and hydroxyl groups, which would account for the first and third major peak shown in Figure 

2.13. 

In contrast, the resin cured using Anchor 1115 did not exhibit multiple peaks in the 

exotherm. This suggests that Anchor 1115 was well matched with the current resin and hardener 

system and did not lead to large quantities of side reaction products. In addition, the peak 

exotherm for the system with Anchor 1115 shifted to the left by approximately 50℃, indicating 

that the activation energy for the reaction to occur was significantly lowered. Curing with 

Epikure 3253 caused the mechanical properties of the resin to deteriorate substantially, i.e., 

susceptible to plastic deformation at much lower strain. Due to this, most samples were not able 

to exhibit the requisite 12% strain to complete the interfacial shear strength testing protocol. 

 

 

Figure 2.13: DSC exotherms for resin systems undergoing 5°C/min ramp from 25℃ →

325℃. Exotherm plots were cut off before degradation of the polymer occurred. Blue circles 

represent EPON 862/Epikure Curing Agent W (100: 26.4), orange squares represent EPON 

862/Epikure Curing Agent W/Epikure 3253 (100: 26.4: ~3), and green triangles represent 

EPON 862/Epikure Curing Agent W/Anchor 1115 (100: 26.4: ~3). 
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Due to the altered physical properties, insufficient tests were conducted to determine any 

meaningful analysis of interfacial shear strength. Moreover, the few samples that were able to 

reach sufficient tensile strain without showing plastic failure had approximately 60% lower 

adhesion than the non-accelerated systems. Overall, the use of Epikure 3253 resulted in 

significantly accelerated curing times, at the cost, however, of weakening adhesion to the carbon 

fibers and resin properties. This accelerant, therefore, would not be optimal for use in the 

polymeric composite systems studied.  

Anchor 1115 on the other hand, while still significantly reducing the overall yield 

strength of the composite, did so to a much lesser degree and therefore adhesion test results 

could be extracted. Secondly, it should be noted that while the presence of Anchor 1115 reduced 

the plastic yield strength of the resin for all curing temperatures, reductions in toughness were 

particularly exaggerated for lower temperature cures. Interestingly, as seen in Figure 2.14, the 

apparent adhesion of the isothermally cured composites with Anchor 1115 did not increase as 

curing temperature increased. While there can be many possible reasons for this, the most likely 

explanation would be that the presence of Anchor 1115 altered the curing volume shrinkage, 

resulting in lower compressive stress development. An example of a cooled fiber specimen in 

resin with Anchor 1115 is shown in Figure 2.15 showing an absence of the waviness present in 

the absence of the accelerant, indicating a decrease in the amount of resin shrinkage. 

As seen in Figure 2.9, composites cured isothermally at a high temperature in absence of 

Anchor 1115 undergo significant cure shrinkage, resulting in a wavy fiber. However, as seen in 

Figure 2.15, composites isothermally cured at similar temperatures with Anchor 1115, although 

still somewhat in evidence, did not result in nearly as much cure shrinkage and wavy fiber 
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structure. The lack of thermal residual stress buildup resulting in lower apparent adhesion should 

be taken into consideration when manufacturing composite systems with this accelerant.  

 

Figure 2.14: Adhesion vs. isothermal curing temperature (Mean ± SD). Blue circles 

represent EPON 862/Epikure Curing Agent W (100: 26.4), and orange squares represent 

EPON 862/Epikure Curing Agent W/Anchor 1115 (100: 26.4: 3). 
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Figure 2.15: Cooled fiber sample in resin + Anchor 1115. 

 

2.4.7 The effect of handling agents 

Lastly, the effects of handling agents on the apparent adhesion of the system were to be 

inspected. Figure 2.16 which compares the unsized IM7 fibers to the IM7-R fibers, shows 

marginal changes in adhesion, if any, between the two sample sets for all three curing cycles.  
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Figure 2.16: Adhesion differences for (Mean ± SD). Yellow bars represent the “short” 

curing schedule, brown bars represent the “long” curing schedule, and blue bars represent the 

“short cure, post annealed” curing schedule. 

 

Thus, for reasonable periods of time at room temperature and for different curing 

schedules, the presence of the “R” handling agent does not clearly affect interphase mechanics 

and apparent adhesion for this resin system. Therefore, it appears that the need for chemical 

treatments to strip the handling agent is unnecessary for this system and these curing schedules. 
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o Measured (apparent) adhesion is proportional to the curing temperature for the 

polymeric composite system used in this study. Higher curing temperatures 

yielded higher adhesion values.  

• Effect of the number of curing stages on adhesion and internal stress 

o Isothermal curing exhibited higher apparent adhesion than the typical two-stage 

curing cycles often used industrially. This is believed to be due to the slower 

polymerizations at lower temperatures in the two-stage curing cycle, delaying 

internal stress accumulation as compared to isothermal curing at the higher 

temperature. 

• Effect of annealing samples post-cure on internal stress states 

o Post-cure annealing resulted in significantly lower apparent adhesion for 

isothermally cured samples. Heat-treating samples at temperatures above the glass 

transition temperature allowed internal stresses to relax, resulting in reduced 

radial pressure on the fiber. Thus, it could be concluded that rapid curing at high 

temperatures and subsequent volume shrinkage upon cooling led to high internal 

compressive stresses that are the primary reason for increased adhesion obtained 

using high curing temperatures.  

o A baseline level of adhesion was achieved at a low curing temperature, 140°C. 

Curing above this temperature, residual stresses cause proportional increases in 

apparent adhesion. Post-cure annealing reduced the residual stress buildup, but 

not to the extent of causing apparent adhesion to decrease below the values of the 

low-temperature cure. 



 54 

o The high initial value of apparent adhesion obtained can be reduced, even without 

polymer degradation, when subjected to high enough temperatures. 

• Effect of the degree of cure  

o Any degree of cure less than that of roughly 95% produced a resin system of low 

plastic yield stress, lower modulus, and reduced toughness, causing premature 

sample failure and low adhesion. 

• Effect of accelerants on curing times and sample properties. 

o Epikure 3253 significantly increased the resin curing speed, however degraded 

physical properties, and reduced adhesion by a factor of roughly 60%. In addition, 

the accelerant caused three separate reactions resulting in phase separation. 

o Anchor 1115 significantly increased resin curing speed and did not decrease the 

apparent adhesion of the system to a large extent. Accumulation of residual stress 

did not occur to the degree of that for the non-accelerated system. Importantly, the 

increase of curing speed with the maintenance of baseline apparent adhesion also 

leads to a significant decrease in resin toughness. This effect can be mitigated to 

some extent by curing the resin at higher temperatures. 

o If curing accelerators are to be used, it is advised to cure at a higher temperature 

to partially mitigate the decrease in plastic yield strength. 

• Effect of fiber handling agents/sizing on adhesion and system properties. 

o Fiber handling agents did not significantly affect adhesion when provided 

sufficient time to diffuse from the fiber surface into the bulk resin. A two-stage 

curing cycle with a lower temperature first stage allowed for sufficient diffusion 

to occur.  



 55 

o Aging at room temperature up to three days post cure did not affect overall 

adhesion in the system. Therefore, any curing that occurs at room temperature for 

this system has negligible effects on the effective adhesion of the handling agent. 

 

  



 56 

Chapter 3. STRATEGIES FOR THE ENHANCEMENT OF 

ADHESION BETWEEN CARBON FIBERS AND POLYOLEFIN 

MATRICES 

*Sections of this chapter come from the journal publication: 
ElKhoury L, Berg JC. Strategies for the enhancement of adhesion between carbon fibers and 
polyolefin matrices. Journal of Adhesion Science and Technology 2022; 0: 1–16. 
 

3.1 CHAPTER SUMMARY 

Carbon fiber reinforced polyolefin (polyethylene, polypropylene, etc.) composites would 

be attractive materials for many applications, including aquatic sporting equipment, if fiber-

matrix adhesion could be brought to acceptable levels. The present work explores a variety of 

strategies for adhesion promotion in these types of systems. The use of conventional (silane) and 

unconventional (titanate and zirconate) coupling agents, matrix additives, surface treatments 

producing interphase modulus graduation, and combinations of the above is examined using 

fiber pullout tests for T700 GC-12k-91 carbon fibers embedded in both polyethylene and 

polypropylene matrices. Only modest enhancements were achieved in all cases using coupling 

agents and other surface treatments, with azidosulfonyl silanes producing interfacial shear 

strengths (IFSS) to levels approaching 15 MPa for low-density polyethylene (LDPE). The use of 

maleic anhydride graft copolymer matrix additives achieved similar results. The combination of 

azidosulfonyl silane surface treatment with maleic anhydride additive produced IFSS values 

approaching 30 MPa.  
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3.2 INTRODUCTION 

Fiber-reinforced composite materials consist of long, load-bearing fibers embedded in a 

polymeric matrix. Their mechanical properties depend not only on the properties of the fibers 

and the matrix but also on the adhesion at their interface81,112–114. In recent years, sports 

equipment and automobile manufacturers and others have taken interest in transitioning from 

thermoset to thermoplastic resins115,116. Polyolefins, such as polypropylene and polyethylene, are 

principally appealing due to their high toughness, low cost, resistance to chemical erosion, high 

impact strength, and rapid manufacturing time. Their chemical inertness,117 however leads to 

inadequate fiber-matrix adhesion in almost all applications. The fiber surfaces (with oxygen-

containing surface groups) can be functionalized using coupling agents, so that with the right 

choice of organofunctional group, there may be the possibility of physical interdigitation or 

reaction with the matrix, providing enhanced adhesion. In their extensive review of silane 

coupling agents used for natural fiber/polymer composites, however, Xie et al.118 reported only 

modest improvements in the mechanical properties of the composites using such strategies, and 

the improvements achieved may be attributed more to improved distribution of the fibers in the 

polymer than to enhanced adhesion. While most studies only inferred the effects of surface 

treatments on adhesion from measured changes in the bulk properties of the composites, Park et 

al.119 measured changes in the interfacial shear strength (IFSS) of single jute fibers in 

polypropylene using the microdroplet micromechanical test. Surface treatments with 

aminopropyl silane (APS) produced only modest increases in IFSS. Any covalent linkage to the 

matrix is precluded by the lack of chemical reactivity of the polymer. Even simple 

interpenetration or interdigitation is difficult to achieve due to the physical incompatibility of 

virtually any organofunctional group with the polymer.  
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Other physical enhancements might be produced by fiber surface roughening (providing 

mechanical interlock). For example, Luo et al.100 tried attaching graphene-oxide to carbon fiber 

surfaces for enhanced physical interlock, but achieved only moderate increases in adhesion. 

Another strategy to improve, or at least to alter, the interaction between fiber surface and matrix 

might be softening of the matrix material adjacent to the fiber, producing a visco-plastic 

interphase. 

Matrix additives, i.e., materials containing functional groups that may be more amenable 

to interdigitation or even chemical interaction by coupling agent organofunctional groups but are 

still adequately miscible with the polyolefin matrices. Felix and Gatenholm120, for example, 

obtained measurable improvements in the properties of cellulose fiber/polypropylene composites 

using maleic anhydride/polypropylene copolymers additives. Liu et al.48 combined a fiber 

coating with epoxy rings on the outer group with polypropylene/maleic anhydride copolymer 

matrix to induce chemical bonding and moderately increased adhesion between carbon fibers and 

the matrix. Bikiaris et al.121 studied a similar phenomenon by treating E-glass fibers with silane 

coupling agents containing terminal amino groups and reacting them with a maleic anhydride-

polypropylene copolymer matrix, again achieving only small adhesion enhancements. In any 

case, there is at present more interest in carbon fibers122, due to their superior mechanical 

properties.  

A more promising approach appears to be the use of compatibilizing agents that are 

capable of chemically attacking the polyolefin backbone. Two such possibilities have shown 

success in producing property enhancements of polymer nanocomposites. These include the use 

of vinyl silanes with the addition of a peroxide initiator123 which decompose at elevated 
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temperatures to form oxy radicals that attack the thermoplastic backbone. Another such approach 

is the use of azidosilane (AZS) coupling agents. 

The current study is concerned with adhesion between a commercial unsized carbon fiber 

(Toray T700 GC-12k-91) and a polyethylene or polypropylene matrix. It seeks to provide side-

by-side direct measurements of adhesion (IFSS) using a single test method, viz., fiber pullout. 

Results for all the physical and physico-chemical methods named above are sought as well as 

those for a number of situations that appear not yet to have been examined. These include the use 

of titanate and zirconate coupling agents, two new matrix additives, combinations of surface 

roughening and interphase formation, and combinations of matrix additives with 

peroxide/vinylsilane and azidosilane treatments. 

3.3 MATERIALS AND METHODS 

3.3.1 Fiber sample preparation 

Commercial carbon fibers T700 GC-12k-91 (Toray Composite Materials America, 

Tacoma, WA), nominal diameter 7 µm, tensile strength 4,900 MPa were used in this study. The 

fibers, which are unsized, are electrolytically oxidized in a proprietary process, and are assumed 

to possess ample carboxyl and hydroxyl groups on their surfaces. Single fibers were extracted 

from a fiber tow and glued to a 1x2 cm manila paper cutout, with approximately 3 mm of the 

fiber protruding from the edge of the paper. A hole was punched through the opposite end of the 

mounted sample to allow it to hang from the force sensor, as shown in Figure 3.1. All samples 

that did not have a nearly 90° angle to the fiber edge were discarded. 
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3.3.2 Interfacial strength testing 

The fiber pullout124 method, using a lab-made testing device shown schematically in 

Figure 3.1, was used to conduct the study. It measured interfacial strengths (IFSS) by embedding 

a single fiber (as described above) into a globule of the matrix, then pulling it out once cooled. A 

mode-II shearing force is imparted to the interface between the fiber and matrix. If the fiber 

cleanly debonds from the matrix before either the fiber or the matrix fails, then maximum 

interfacial strength can be deduced. The device was created using a micro controller (Arduino, 

Somerville, MA), a stepper motor (Sure Step, Automation Direct, Cumming, GA), and a load 

cell (LSB200 Miniature S-Beam Jr. Load Cellsile, Futek, Irvine, CA).  

For testing, a roughly 30 mg ball of polyethylene or polypropylene was placed on a tray 

and heated to elevate the temperature to roughly 25°C above the described glass transition 

temperature. In the rubbery state, greater molecular motion and rotational freedom are allowed4, 

so that a single fiber can be inserted into the plastic at this point. After fiber insertion to the 

desired depth, cooling water (at 0°C) was run through the plate until the testing temperature of 

25°C was reached. The tray was then slowly moved downward until debonding occurred, and the 

force and the embedded length were recorded. A typical force trace of the pullout event is shown 

in Figure 3.2. The embedded length was taken to be the displacement from the onset of force 

accumulation until the force reached zero. The interfacial shear strength (IFSS) is obtained as124 

 𝐼𝐹𝑆𝑆 = 𝜎 =
𝑃𝑒𝑎𝑘	𝐹𝑜𝑟𝑐𝑒
𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝐴𝑟𝑒𝑎 =

𝐹;
𝜋𝑑𝑙 (3.1) 

where 𝐹; is the peak pullout force, d is the fiber diameter, and l is the embedded length. It 

should be noted that for this test to occur properly, the ultimate fiber strength must be higher than 

that of the system adhesion. Therefore, the fiber pullout test is well suited for low-to-moderate 

adhesion systems, as might be expected for polyolefin-carbon fiber composites.  
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Figure 3.1: Schematic of single-fiber pullout device 

 

 

Figure 3.2: Example force vs. displacement curve for fiber pullout test. Carbon fiber with 

VTS surface treatment, embedded in low-density polypropylene. 
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3.3.3 Matrix materials 

Three different polymer systems were used: polyethylene (melt index 25g/10min, Sigma-

Aldrich Inc, St. Louis, MO) (LDPE), isotactic polypropylene (Mn ~ 5,000) (Sigma-Aldrich Inc, 

St. Louis, MO) (LDPP), and isotactic polypropylene (Mn ~67,000) (HDPP). 

3.3.4 Silane coupling agents 

The silanes used were 3-aminopropyl trimethoxysilane (APS), vinylethoxysilane 

homopolymer (VPS), vinyltriethoxysilane (VTS), and 6-azidosulfonylhexyl triethoxysilane, 

(AZS) (Gelest Inc., Morrisville, PA). Protocols for the application of silane coupling agents to 

carbon fibers have varied among different investigators121,125,126, but the method employed in this 

study was as follows. A solution of 100 mL of 190 proof ethanol and 0.5-1.0 mL of silane was 

titrated to a pH of 4.5 using either glacial acetic acid or solid sodium hydroxide and stirred for 20 

min to allow for hydrolysis. Then a roughly 12-in tow of the Toray T700GC-12k-91 carbon 

fibers was submerged in the bath and allowed to react for 60 min. Finally, the fibers were 

removed and oven dried at 110°C for 5 to 10 min. A slightly lower drying temperature for AZS 

treated fibers was used to keep the silane from reacting. All fibers were stored in a cool, dry 

place between tests. The amino and vinyl silanes were chosen because of the possibility of 

interdigitation with the polyolefin and increasing adhesion, although no direct chemical 

interactions with the resin were to be expected. However, the azidosulfonyl silane has been 

shown to directly interact with C-H bonds, thus having the possibility to create a stronger link 

between the fiber and matrix. The azido group can be characterized as an alkyl group attached to 

a nitrene, as shown in Figure 3.3. At elevated temperatures, the nitrene reacts with carbon-

hydrogen bonds, performing an insertion, effectively linking the two materials. Nitrogen gas is 

released, and the final product can be seen with the R’ and R” groups attached, where the R’ 
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group represents a polyolefin backbone, and the R” group represents a silane attached to a carbon 

fiber. After reaction, a stable chemical bridge is presumed to attach the polyolefin to the carbon 

fiber.  

 

 

Figure 3.3: Simplified reaction mechanism for 6-azidosulfonylhexyl triethoxysilane and a 

polyolefin. 

 

3.3.5 Titanate and zirconate coupling agents 

Titanates and zirconates have received little attention for promoting adhesion in 

composites. Typically, they are additives to plastics that tend to migrate to the matrix-filler 

interface spontaneously. The titanates and zirconates of choice for this study were: 

NZ12: Zirconium IV 2,2(bis-2-propenolatomethyl) butanolato, tris (dioctyl) phosphato-O; 

LICA12- Titanium IV 2,2(bis 2-propenolatomethyl) butanolato, tris (dioctyl) phosphato-O; 

NZ09: Zirconium IV 2,2(bis-2-propenolatomethyl) butanolato, tris(dodecyl)benzenesulfonato-O; 

LICA 09: Titanium IV 2,2(bis 2-propenolatomethyl) butanolato, tris (dodecyl) benzenesulfonato-

O, and NZ01: Zirconium IV 2,2(bis-2-propenolatomethyl) butanolato, tris neodecanolato-O, all 

provided by Kenrich Petrochemicals (Bayonne, NJ). The specific chemicals were chosen by 

company recommendation for their presumed compatibility with polyolefins. 
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The process of adding titanates and zirconates to polyolefin powder was to add 20 g of 

LDPP with 2 g of the titanate and zirconate of choice to a blender (Magic Bullet, Pacoima, CA) 

and blend for 2 min. Then the 10 wt% by weight titanate or zirconate polyolefin was once again 

added to the blender with clean LDPP to create a 1 wt% powder that was used as the plastic for 

the testing procedure with carbon fibers as described above. 

3.3.6 Surface functionalization with peroxides  

Peroxide treatment to superficially functionalize and increase adhesive properties of 

polyolefins has been reported125,127–129. The different treatment processes used have not been 

standardized, but typically the surface to be bonded to the polyolefin is first treated with a vinyl 

silane. A peroxide initiator, which decomposes at elevated temperatures creating oxy radicals can 

be coated onto the silanized fiber to react with carbon-hydrogen bonds of the polyolefin. The 

radical simultaneously reacts with the vinyl group, linking it to the polyolefin123,127 creating a 

chemical bridge between the two materials. The process of peroxide initiation in this study began 

by adding vinyltriethoxysilane (VTS) (Gelest, Morrisville, PA) to the surface of the T700 fibers 

as described above. The fibers were then dipped in a room-temperature ethanol solution of 

approximately 5wt% dicumyl peroxide (Sigma-Aldrich Inc, St. Louis, MO). The fibers were 

soaked for 20 min, then extracted and air dried for 24 h at room temperature. At this point, the 

fiber surfaces were presumed to contain covalently bonded vinyl groups and a loosely held, 

evenly distributed layer of unreacted dicumyl peroxide. The treated fibers were then inserted into 

softened polypropylene (HDPP) and tested as described above. 
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3.3.7 Fiber roughening 

Physical roughening is meant to alter the morphology of the fiber surface to increase 

mechanical interlock. The surface of as-received carbon fibers was relatively smooth, with 

shallow axial crenulations. Physical etching was effected using different methods that exposed 

the fibers to harsh environments such as strong acids, bases, and ozone. The first fiber 

roughening process used nitric acid treatment130, in which a small coil of carbon fiber was 

submerged into 200 mL of concentrated nitric acid and refluxed for 2 h. The base of the column 

was submerged in a bath of boiling water to keep the acid temperature at 100°C. The fiber 

bundle was removed and soaked multiple times with room-temperature DI water and dried. In 

the second treatment, a small tow of the fibers was immersed in commercial bleach18 (Clorox 

Company, Oakland, CA) at 100°C for 2 h, rinsed and dried, and in the third method, a fiber tow 

was soaked in a solution of 30% ammonium hydroxide131 at room temperature for 120 h, and the 

fibers were removed, washed and dried. In a final procedure, the fiber tow was placed in a glass 

Petri dish and exposed to ozone by insertion into a low-pressure plasma-ozone cleaner (Deiner 

Electronic, Ebhausen, Germany)132 for 15 min on maximum power. The fibers were brought out 

and sealed in an airtight container. 

3.3.8 Interface softening; formation of an interphase 

The interface between polyolefins and carbon fiber is generally brittle, so that debonding 

occurs through crack initiation and sudden growth. The mechanism of adhesive failure may be 

changed if the interface were replaced with an interphase of finite thickness (generally less than 

1 µm) and consisting of a visco-plastic softened layer of the matrix polymer. Debonding would 

then occur through the gradual deformation of the interphase until its yield stress is reached. 

While the value of this yield stress is unlikely to be larger than the stress required to debond the 
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brittle interface, the structure may exhibit significantly enhanced toughness, so that any small-

amplitude “failure” would be capable of self-healing. To produce a visco-plastic interphase, the 

fiber was first dipped into molten LDPE to form a 1- 2-𝜇m plastic sheath around the surface. The 

coated fiber was then dipped in toluene for approximately 100 s to soften the matrix. Finally, the 

solvent-treated fiber was reinserted into the plastic sessile drop on the fiber pullout device. 

3.3.9 Matrix additives  

Maleic anhydride graft-copolymers have been used as matrix additives to increase both 

the surface energy and reactivity of polyolefins121,133. Because this material, as shown in Figure 

3.4 contains a polypropylene group, it mixes well with low molecular weight polypropylene, so 

that no phase separation is observed. The maleic anhydride graft-copolymer polypropylene (Mn 

~ 3,900, 8-10 wt% maleic anhydride) (Sigma-Aldrich, St. Louis, MO) was added in various 

quantities to pure LDPP. Once together, they were heated to 185°C in a convection oven, stirred, 

and cooled at room temperature until solid. Nine different testing samples of plastic were created 

with their approximate weight composition of maleic anhydride of: 0%, 0.9%, 1.7%, 3.1%, 

4.1%, 5.1%, 6.2%, 7.0%, and 9.0%. Testing followed the procedure described above. 
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Figure 3.4: Polypropylene maleic anhydride graft copolymer. 

 

While it would be of interest to see a similar study such as referenced above, but with 

maleic anhydride + LDPE or HDPP. However, it was not possible to conduct such studies 

because the MAPP additive was miscible only with LDPP and would not mix with higher 

molecular weight HDPP. Additionally, while MAPE additives did exist, their percent weight of 

maleic anhydride was relatively low, and therefore would not allow for a spread of different 

weight percentages. 

Two other candidate block copolymer additives, Elvaloy PTW and Elvaloy 4170, were 

provided by Dow Chemical Co. (Midland, MI). Elvaloy PTW is comprised of 28 wt% 

butylacrylate and 5.25 wt% glycidyl methacrylate,134 and Elvaloy 4170 contains 20 wt% 

butylacrylate and 9 wt% glycidyl methacrylate,135 both with a polyethylene backbone, in contrast 

to the polypropylene backbone of the maleic anhydride copolymer. To elicit the strongest 

possible increase in adhesion, both copolymers were tested independently and compared to pure 

polyethylene as a control without being blended into pure polyethylene.  
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3.3.10  Combination of silanes with matrix additives 

To further increase chemical linkage from the fiber to polyolefin matrix, silanes were 

applied to the fiber surfaces for their end groups to react with the maleic anhydride additives in 

the LDPP polyolefin matrix121,136. While pristine fibers were taken to be the control, the fibers as 

received already contained some reactive oxygen species, such as carboxyls and hydroxyls137. 

Since maleic anhydride can react with such groups138,139, an increase in adhesion with maleic 

anhydride concentration can be expected, even in the absence of silane treatments. The effect of 

APS treatment was examined because it was expected that its amino terminal group might 

covalently bond with maleic anhydride. The AZS, i.e., 6-azidosulfonylhexyl triethoxysilane was 

chosen because of its purported ability to covalently attack the C-H bonds in the polypropylene 

backbone. The reactivity of the maleic anhydride itself, together with that of the AZS could act 

in parallel to increase adhesion. For testing, fibers were treated with silanes using the methods 

above and then tested with LDPP at varying levels of maleic anhydride, as described in the 

section above. 

3.4 RESULTS AND DISCUSSION 

3.4.1 Baseline results 

In the absence of surface treatments or modifications, the carbon fiber/matrix adhesion 

(IFSS) levels obtained for the three different polymers used were: LDPE 1.9 MPa, LDPP 9.7 

MPa, and HDPP 5.0MPa. The results obtained for various treatments and modifications are to be 

compared with these baseline values. 
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3.4.2 Silane coupling agents 

Results showing the effect of the three silane treatments used are shown in Figure 3.5. 

The vinylethoxysilane homopolymer (VPS) and 3-aminopropyl trimethoxysilane (APS) 

treatments were expected to produce enhancements in adhesion due to interdigitation of the 

organofunctional groups into the polymer matrix, and are seen to have produced only small 

enhancements. The 6-azidosulfonyl hexyltriethoxysilane (AZS), however, with its ability to react 

directly with C-H bonds in the polyolefin itself, increased the IFSS over six-fold to a value of 

approximately 13 MPa. 

 

 

Figure 3.5: Adhesion (Mean IFSS ± SD) of LDPE to as-received T700 GC-12k-91 carbon 

fibers and those treated with vinylethoxysilane homopolymer (VPS), 3-aminopropyl 

trimethoxysilane (APS), and 6-azidosulfonylhexyltriethoxysilane (AZS). 
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3.4.3 Titanate and zirconate coupling agents 

Contrary to silanes, titanates and zirconates do not require hydrolysis and attach to the 

surface of carbon fibers through acid-base interactions. They are thought to be more resistant to 

high temperatures, a concern for composite materials enhanced with silane coupling agents, and 

bond to a wider variety of substrates140. The results for the titanates and zirconates tested with a 

polyethylene matrix are shown in Figure 3.6 where they are labeled with their industrial names. 

 

 

Figure 3.6: Adhesion (Mean ± SD) results for carbon fibers and LDPP mixed with 1% 

titanate or zirconate, identified by their industrial shorthand names. 

 

The results show no significant enhancement in adhesion for any of the compounds 

tested. It appears that even if effective migration and interaction with the carbon fiber surfaces 

occur, the outward-facing functional groups of the titanates and zirconates, have little or no 

interaction with the matrix polymer LDPP. While these compounds were not effective in the 

system studied, they have shown promise with more reactive matrices 141,142.  
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3.4.4 Surface functionalization with peroxides 

The grafting of vinyl silane (VTS) to an HDPP matrix through the use of dicumyl 

peroxide initiator produced the results shown in Figure 3.7. In addition, adhesion between HDPP 

and AZS fibers is shown. While it was anticipated that increases in adhesion with the peroxide 

method would elicit larger increases in adhesion, it boosted adhesion only a modest amount, 

from roughly 5.0MPa to 8.2MPa. 

 

 

Figure 3.7: Adhesion (Mean ± SD) for pristine, AZS, and peroxide treated carbon fibers in 

HDPP.  
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uniform roughness. The plasma/ozone had little to no effect, and the presence of bumps could be 

remnants of sizing or impurities that reacted with ozone to create silicon dioxide or other 

oxidized debris. The ammonium hydroxide treatment enhanced the axial crenulation of the 

fibers. 

 

Figure 3.8: Scanning electron micrographs of (a) pristine carbon fibers, (b) fibers treated 

with nitric acid, (c) fibers treated with bleach, (d) fibers treated with an ozone plasma, and (e) 

fibers treated with ammonium hydroxide. Images were acquired using an Apreo Variable 

Pressure SEM (ThermoFisher Scientific, Waltham, MA), courtesy of the University of 

Washington Molecular Engineering & Science Institute’s Molecular Analysis Facility. 
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Increased surface roughness might be expected to increase mechanical interlock between 

the resin and the fiber for low surface tension fluids such as polyolefins,117 but the results shown 

in Figure 3.9 do not seem to sustain the claim that increased roughness and mechanical interlock 

lead to increased adhesion. This can be attributed to insufficient roughness asperities, and in the 

case of the ammonium hydroxide, the co-linearity of roughness features with the applied stress. 

A modest increase in adhesion was observed only for the bleached surfaces. 

 

 

Figure 3.9: Adhesion (Mean ± SD) results for carbon fibers roughened with different 

treatments embedded in LDPP. 

 

3.4.6 Interface softening; formation of an interphase 
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and a different type of adhesive failure. The type of adhesive was indeed different from that 

obtained without interface softening, as shown in Figure 3.10, which compares the case of a 

pristine fiber/LDPE interface with that of a pristine fiber toluene-softened interphase. The force 

required to cause detachment was approximately doubled, such that the ultimate IFSS also 

increased (by a factor of roughly 2.8), however, the absolute IFSS for such systems was still 

relatively low. Therefore, while this technique could be used for modifying the interphase region 

and reducing its stiffness, it could not be relied upon to significantly change adhesion. 

 

 

Figure 3.10: Measured adhesive force between dry LDPE and the softened LDPE against 

an unsized carbon fiber vs. tray position. Orange squares represent softened matrix, blue 

circles represent non-softened matrix. 
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3.4.7 Matrix additives and combinations of silanes with matrix additives  

The two new candidate matrix additives tested, Elvaloy PTW and Elvaloy 4170, 

polyethylene terpolymers normally used as tougheners, contain butylacrylate glycidyl 

methacrylate groups, offered the possibility of chemically interacting with hydroxyl groups on 

the pristine carbon fibers. While increases in adhesion were observed, as shown in Figure 3.11, 

the final values remained small. 

 

 

Figure 3.11: Adhesion (Mean ± SD) results for pristine carbon fiber and LDPE, and 

different polyethylene block copolymer matrix additives. 

 

Figure 3.12 shows the results obtained using the maleic anhydride matrix additive to 

LDPP at various levels, both without and with various silane surface treatments. It is first noted 

that the adhesion level of the untreated fibers was increased to a level of approximately 20 MPa, 

twice the value in the absence of the additive. Secondly, it is seen that the presence of the amino 

LDPE Elvaloy PTW Elvaloy 4170
0

2

4

6

8

IF
SS

(M
Pa

)



 76 

silane (APS) had no effect on IFSS at any concentration. The most interesting result was that 

obtained for the combination of 6-azidosulfonylhexyltriethoxysilane (AZS) surface treatment 

with the presence of the maleic anhydride matrix additive. IFSS values rose from the baseline 

value of nearly 10 MPa to nearly 30 MPa with the increase in maleic anhydride content. 

 

 

Figure 3.12: Adhesion (Mean ± SD) results for pristine carbon fiber and LDPE, and 

different polyethylene block copolymer matrix additives. Blue circles represent pristine fibers, 

orange squares represent APS fibers, and green triangles represent AZS fibers. 
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3.5 CONCLUSIONS 

This study presents the results of adhesion testing using the fiber pullout technique for a 

commercial carbon fiber, Toray T700 GC-12k-91, embedded in a polyethylene (LDPE) or 

polypropylene (LDPP or HDPP) matrix for a variety of fiber surface treatments and matrix 

modifications. Adhesion levels in the absence of modifications were low, specifically in terms of 

interfacial shear stress (IFSS) values: LDPE 1.9 MPa, LDPP 9.7 MPa, and HDPP 5.0 MPa. 

Surface modifications used were treatments with 3-aminopropyltriethoxysilane (APS), 

vinyltriethoxysilane (VTS), vinylethoxysilane homopolymer (VPS), 6-azidosulfonylhexyl 

triethoxysilane, (AZS), and two titanate and three zirconate coupling agents. With the exception 

of the AZS treatment, all enhancements were modest, ranging from negligible to factors up to 

two. Similarly, modest enhancements were achieved for fiber surface roughening and for the 

production of a softened interphase. These results suggest that whatever increases in adhesion 

achievable through purely physical interdigitation or interlocking are unable to produce adhesion 

levels needed for adequate strength of a carbon fiber reinforced polyolefin composite. AZS 

treatment, on the other hand, was able to achieve an increase in IFSS for the fiber/LDPE system 

from about 2 to 13 MPa. This significant enhancement can be traced to the chemical linkage of 

the azidosulfonyl group of the silane with the backbone of the polymer. The bonding of the 

matrix to vinylsilane-treated fibers through the use of peroxide initiators, however, produced 

only modest improvements. The use of maleic anhydride matrix modifiers to LDPP produced an 

increase of adhesion over that of the untreated fibers from 9.7 to about 20 MPa, but their use in 

combination with most silane treatments produced no added benefit. The most promising result 

was achieved with the maleic anhydride matrix additive in combination with fiber surface 

treatment with AZS (6-azidosulfonylhexyl triethoxysilane), which increased the IFSS to nearly 
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30 MPa. It may be concluded that while strategies for improving purely physical interactions will 

be unable to produce adequate enhancements in fiber-polyolefin matrices, there are promising 

techniques for achieving this goal through chemical attack and attachment to the polymer 

backbone. 
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Chapter 4. THE TAILORING OF INTERFACIAL ADHESION AND 

ITS EFFECTS ON MATERIAL PROPERTIES FOR CARBON-FIBER 

REINFORCED POLYMERIC COMPOSITES 

*Sections of this chapter come from the journal publication: 
ElKhoury L, Berg JC. The tailoring of interfacial adhesion and its effects on material properties 
for carbon-fiber reinforced polymeric composites. Journal of Adhesion Science and Technology 
2023; 0: 1–22. 
 

4.1 CHAPTER SUMMARY 

Carbon fiber reinforced polymeric composites have long been of interest owing to their 

remarkable properties of high strength, toughness, and low weight. Part of their appeal comes 

from their customizability to fulfil a large number of applications. Controlling the degree of 

interfacial adhesion between the fibers and polymeric matrix is one of the important ways of 

optimizing composite properties for desired applications. The present study examines a simple 

technique for modulating adhesion, its measurement using single-fiber fragmentation, and its 

effects on the tensile, flexural, and impact properties of the corresponding fiber tow composites. 

Adhesion was modified by coating untreated Hexcel IM7 fibers to various levels with room 

temperature "vulcanizing" silicone dissolved in the mixed alkane solvent IsoparTM L. The matrix 

polymer was Epon862 with an Epikure curing agent W. Fiber tows consisted of 12k fibers, and 

were tensile, 3-point bend, and "Charpy" impact tested to evaluate their mechanical properties. 

Interfacial adhesion was reduced from 101 MPa to near zero, while impact toughness was more 

than doubled. The tensile modulus decreased only up to 25%, while the flexural modulus 

decreased by approximately 50%. Ultimate flexural strength and flexural modulus decreased. 

Energy to failure had no meaningful changes. 
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4.2 INTRODUCTION 

Carbon-fiber reinforced polymeric materials are widely used in many applications due to 

their superior mechanical properties such as high modulus, excellent weight adjusted strength, 

high toughness, and robust fatigue lifetime, all dependent at least in part on the adhesion between 

the fibers and the polymer matrix. While it has long been recognized that static (or strain-rate 

independent) strength properties are optimized when adhesion is maximized, 47–50,145–147 strain-

rate dependent properties, such as impact toughness, have a more complex relation to interfacial 

adhesion148–155. Impact toughness (energy needed to cause failure from sudden impact) and 

plasticity of the interfacial region directly affects the ability of the composite material to 

withstand sudden, dramatic changes in loading conditions.81 The level of adhesion in composites 

also affects the way that interfacial fractures occur47. Maximum adhesion can elicit brittle 

fracture and sudden material failure due to crack tip migration from fiber breaks directly to the 

surrounding resin matrix while a system with relatively lower adhesion can blunt impacts by 

absorbing some energy at the fiber-matrix interphase resulting in mode-two debonding, i.e., 

delamination. Such "interfacial softening" is often used to alleviate spontaneous failure in 

composite materials such as bullet-proof vests, armor plating, and sporting equipment.156 

For example, Concept2, Inc. (a top tier rowing oar and sports equipment company) has 

been focusing recently on improving the impact toughness of rowing oars, which are comprised 

mainly of carbon fiber reinforced thermoset polymer composites (Kevin Stevenson, Concept2, 

Inc., September 14th, 2022, personal communication). One of the main motivations derives from 

the recent increase in popularity of open ocean rowing races where blades and oar shafts 

commonly impact other oars, boats, docks, buoys, and submerged objects. One method used to 

address the poor impact toughness was to use carbon fibers of lower modulus, thus lowering the 
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total modulus of the composite itself. The drawback to this is that more fibers must be used to 

sustain typical loading conditions, increasing the weight of the oar. The effort to optimize the 

properties of composite rowing oars to meet impact toughness requirements is ongoing. 

In another example, Jensen et al.152 described E-glass fiber-matrix adhesion modification 

using different silane coupling agents to affect interfacial chemistry and different fiber roughness 

to affect frictional forces. While the usual tradeoff between strain-rate independent properties 

and impact strength existed, they found that by coupling fiber roughening with a mixture of 

"compatible" and "incompatible" silane surface treatments, they were able to maintain adequate 

structural properties while improving impact properties. Chen et al.157 presented a method to 

create carbon fiber–epoxy interphase regions that increase adhesion by dip coating them in 

dopamine solutions creating polydopamine films. Other studies have shown a variety of other 

techniques to alter adhesion and the interphase such as, roughening of the surfaces through grit-

blasting158, adding core-shell particles to glass fiber surfaces159,160 , the grafting of amino-POSS 

onto fiber surfaces148, using mixed groupings of silanes to elicit optimal adhesion161, growing 

carbon nanotubes on carbon fiber162, or the grafting silicon dioxide nanoparticles.  

Examples of adhesion modification in other types of systems yield similar results. 

Javanshour et al.164 examined the use of thermoplastics to modify the interphase of flax-epoxy 

composites. Flax fibers were treated by coating them in biobased cellulose acetate of 3μm 

thickness, allowing more extensive plastic deformation in the interphase region. While slightly 

decreasing static properties such as flexural strength, substantial improvements for large impacts 

were also revealed. In similar work, Gassan et al.165 and Koolen et al.166 studied the effects of 

modulating the fiber-matrix interphase region using a silicone (a softer thermoset polymer) to 

coat flax fibers to create an interphase region for flax-polyurethane and flax-epoxy composites. 



 82 

Both studies altered the silicone layer thickness by dipping fibers in a toluene solution with 

increasing silicone weight percentages. Gassan et al.165 examined how the silicone interphase 

would affect stress transfer from the matrix to the fibers under different hygroscopic conditions. 

Among other findings, they revealed that the coating did not have noticeably deleterious effects 

on stress transfer. Koolen et al.166 more traditionally studied how such interphases would affect 

strain-rate dependent properties such as impact toughness, finding that while static properties 

such as flexural strength and modulus dropped, impact toughness increased by a factor of two, 

and fatigue properties also improved. In another example, Luo et al.100 controlled fiber interphase 

thickness by using a layer-by-layer technique (LBL) to alter graphene oxide and 

polyethyleneimine coatings on carbon fibers for polyolefin composites.  

Previous work165 has shown that the addition of a soft fiber-matrix interphase layer may 

be helpful for the improvement of impact strength properties. However, it has also been studied 

that there is an inherent tradeoff between interfacial adhesion and impact toughness167–170. 

Interestingly, even though the tradeoff in properties is proportional to the amount and thickness 

of the soft, interphase coating, it has also been shown that optimal amounts of coating exist 

where increases of impact toughness are achievable while minimizing the reductions in other 

strain-rate independent properties169,171,172, underscoring the need for methods that can discreetly 

deposit polymer onto the fiber surface. Furthermore, not only the thickness of the interphase 

affects the overall properties of the composite, but also the modulus of the interphase as well. In 

a review paper, Labronici et al.171 found that interphase layers with roughly one-tenth the 

modulus of the continuous matrix phase exhibit optimal properties173. Therefore, not only the 

amount but also the type of polymer can be used as an effective control for tailoring interfacial 

properties. 
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While the tailoring (increasing or decreasing) of adhesion in composites to achieve 

desired property profiles has been investigated, the results for carbon fiber reinforced polymers 

are not entirely satisfactory. The most widely-used method is fiber surface modifications using 

silane coupling agents126,140,174, which are expensive and often difficult to bond to these 

substrates126,175. Other methods that have been examined have also been costly and tedious to 

complete. Even though the method of modifying composite properties through the addition of a 

soft, polymer interphase has been studied and discussed in the paragraphs above, such studies 

miss some aspects that may contribute to the total knowledge of this technique. Namely, they 

tend to focus on the relation of mechanical properties to interlaminar shear strength, which 

displays aggregate fiber-matrix adhesion rather than the more fundamental, single-fiber-matrix 

interfacial adhesion. Additionally, most of these studies tend to use high quality reagents for the 

deposition of a soft, polymer interphase. The proposed work plans to study the relationship 

between silicone deposition, single-fiber-matrix adhesion, and mechanical properties, all while 

presenting some practicality by using materials that can be purchased cheaply and in bulk rather 

than from a chemical vendor. Readily available sealant, viz., a room-temperature-vulcanizing 

(RTV) silicone, dispersed in the hydrocarbon solvent IsoparTM L, is evenly coated in a controlled 

manner to varying levels onto Hexcel IM7 carbon fiber surfaces before their incorporation into a 

matrix of Epon862 with an Epikure curing agent W. The study first seeks to quantify the 

adhesion strength (IFFS) using standard single fiber fragmentation tests as described by 

Drzal79,126. For single fibers, the silicone is coated layer-by-layer, thus progressively altering the 

interphase region. The effect of the varying adhesion levels on composite mechanical properties 

is examined using fiber tows for which the silicone was applied by dip coating them into 

solutions of varying concentration. The study investigates the impact, flexural and tensile 
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properties of the fiber tow composites to determine the degree of their correlation with the level 

of interfacial adhesion. Finally, rheological data were collected for the cured silicone to 

determine its various storage and loss properties under select conditions. 

4.3 EXPERIMENTAL METHODS AND MATERIALS 

4.3.1 Single fiber strength testing 

Single fiber strength testing was completed in the same manner as in section 2.3.8. For 

additional information, please refer to page 29.  

4.3.2 Single fiber-matrix adhesion testing 

Single fiber-matrix adhesion testing was completed in the same manner as in section 

2.3.9. For additional information, please refer to page 31.  

4.3.3 Single fiber diameter measurements through wetting force analysis 

Even though the analysis for interfacial adhesion used the fiber diameter value reported 

from the Hexcel data sheet, and corroborated through SEM imaging, fiber diameters were also 

calculated through wetting measurements – which are typically referred to as the "wetted 

perimeter/ diameter." In theory, the wetted perimeter/diameter will have a greater value than 

those found through microscopy. This is due to inherent crenulations and roughness present on 

most surfaces, which cause a slightly larger surface area when compared to a smooth surface. 

This value is useful because it can be used to measure the degree of surface roughness and is also 

necessary to calculate surface energies through wetting measurements.  

For testing, single fibers were laid flat on a small strip of manila paper and then taped 

down to prevent movement. After, the strips were cut into small squares with the fiber protruding 
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at one end. Next, single fibers were taped onto a copper hang-down wire attached to a Cahn 

microbalance (Cahn Scientific, Irvine, California). A small pool of Hexamethyldisilane (HMDS, 

𝜎 = 16 mN/m) was positioned below the fiber. For testing, force measurements were taken with 

the fiber out of solution and inserted in the solution. The difference in downward force measured 

on the electro balance was contributed to surface tension forces (where the negligible 

contribution of buoyancy is discarded), which can be seen in Eq. (4.1). 

 𝐹↓ = 𝑃𝜎𝐶𝑜𝑠(𝜃) 	
DE:FG89H	
�⎯⎯⎯⎯⎯� 	𝜋𝐷𝜎𝐶𝑜𝑠(𝜃) (4.1) 

Where 𝐹↓ is the downward force on the fiber, P is the wetted perimeter of the solid, D is 

the fiber diameter (assuming that carbon fibers are cylindrical), 𝜎 is the probe liquid surface 

tension, and cos(θ) is the contact angle made between the fiber and the probe liquid. The 

equation can be rearranged, and fiber diameter can be calculated knowing the surface tension of 

HMDS and assuming that cos(θ) = 1 (corresponding to a total wet out) given the incredibly low 

surface tension of HMDS. A force readout used for calculation can be seen in Figure 4.1 
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Figure 4.1: Example of downward surface tension wetting force measurements on a carbon 

fiber. The blue triangles represent when the fiber is out of the liquid. And orange circles 

represent fibers inserted in the probe liquid. The difference of the average value of both sets 

(shown as the dashed lines) is calculated to determine 𝐹↓. 

 

For the carbon fibers used in this experiment, the average wetted diameter was found to 

be 7.2 ± 1.7 μm (mean ± SD) compared to the reported value of 5.2μm. 
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silanol groups. Next, the silane and siloxane polymer undergo a condensation reaction, thus 

causing chain linking and extension176. 

To avoid excessive deposition of silicone on the fiber surface as well as to have a finer 

degree of control for coating thickness, fibers were coated with varying numbers of layers of the 

same silicone solution. For sample preparation, single fibers were strung on a thick paper strip 

and taped down to maintain their position. All samples were brushed with a cotton swab with the 

silicone solution on the front and back part, where each brushing was defined as one coating. The 

samples were placed in the oven (Model 825F, Fisher Scientific, Hampton, NH) set to 100°C for 

10 min to evaporate the trace solvent, leaving only silicone. These steps were repeated until the 

desired number of coatings was reached. 

4.3.5 Scanning electron microscope imaging 

All electron microscopy samples were mounted on aluminum stands and adhered using 

black carbon tape. No conductive coating was necessary to perform imaging of single fibers, and 

4 nm of platinum sputter coating was applied to image the cross sections of fiber tows. Apreo 

Variable Pressure SEM (ThermoFisher Scientific, Waltham, MA) was used at 2 kV and 13 pA. 

All samples were laid flat in SEM and images were taken in high vacuum conditions. 

4.3.6 Fiber tow composite sample preparation 

Similar to the work of other researchers177–179, fiber tow composite samples were 

prepared by infusing the treated fiber tows with the epoxy resin mixture described in the 

materials section. After silicone treatment, as described below, significant amounts of fiber 

bridging were caused from the silicone during the drying process. Therefore, the fiber tows were 

first massaged to dislocate as many fiber bridges as possible. Next, the resin and hardener were 
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mixed and degassed. Afterwards, the fibers were slowly dipped into the resin mixture and 

tamped down with a metal spatula to ensure maximum fiber-resin contact. Then, the samples 

were pulled out through a 1.5mm aluminum die to aid in uniformity while removing excess 

resin. Lastly, the uncured tow composites were hung on a non-stick rod and weighed down with 

5 g weights on each side. Once ready, all samples were cured in the oven by increasing from 

room temperature to 93°C at 2.3°C/min, set at 93°C for 2 h, then ramped again from 93°C to 

121°C at 2.3°C/min and set at 121°C for 8 h.  

4.3.7 Fiber tow surface treatment 

For experiments involving fiber tow testing, the fibers were coated with silicone in a 

slightly different manner because of the inability to coat fiber bundles with a brush in a layer-by-

layer fashion. Therefore, to deposit differing amounts onto the bundles, silicone IsoparTM L 

solutions were made with silicone weight percent ranging from a control value of 0% to a 

maximum value of 5%. The solutions were then stored in sealed containers. A 50-cm strip of 

fibers was dipped into solution and then pulled out and carefully squeezed between two fingers 

to remove any excess liquid. They were then hung on a rod and placed in an oven at 100°C for 5 

h. The amount of silicone deposited on the fiber tows was also measured by calculating the 

weight difference between untreated and post-treated, dried fibers.  

How the level of silicone sizing affected (if at all) the tow diameter was also a pertinent 

detail. It was assumed throughout this study, and verified through inspection, that the tow 

composites take a cylindrical shape with a circular cross-section. The average value for multiple 

width measurements with electronic calipers was used for future measurements. It is nearly 

impossible to create samples with perfect cross-section uniformity, so each set of diameters was 

based on no less than eight measurements. 
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4.3.8 Fiber volume fraction in tow composites 

Two main methods for determining the volume fraction of reinforcements in polymeric 

composites have been acid digestion180 and thermogravimetric analysis181–183. The volume 

fraction of fibers in a cured tow composite for this study was determined by thermogravimetric 

analysis (TGA). For all tests, small samples were placed in a ceramic pan and inserted into a TA 

Instruments Model Q200 TGA (TA Instruments, New Castle, DE). During testing, air was blown 

over the samples at a rate of 50 mL/min, and the temperature was increased from room 

temperature to 530°C at a rate of 20°C/min, then soaked for 60 minutes at 530°C. At this point, 

the test was considered complete. Then weight measurements from TGA, combined with the 

fiber and cured resin density values provided by their manufacturers,82,184 were used for the 

calculation of fiber filling fraction.  

4.3.9 Fiber tow impact testing 

Impact testing for fiber tows was done by slightly modifying ASTM E2248 − 18, 

"Standard Test Method for Determining the Charpy Impact Resistance of Notched Specimens of 

Plastics." 185 The main reason that the ASTM could not be followed exactly was due to slight 

differences in sample geometry and material makeup. Specifically, this ASTM is used for 

notched plastics, rather than composite filament tows, which could not be notched in a reliable 

manner. Nevertheless, the steel striking hammer which was used for the testing was made by 

following the layout as put forth in ASTM E2248-18. 

The testing apparatus, shown schematically in Figure 4.2 was comprised of a stiff 

aluminum rod with a striking hammer attached at the tip. The base of the pendulum was attached 

with a ball bearing to a raised, horizontal bar. Beneath the horizontal bar were two cylinders 

perpendicular to the base, with a clipping apparatus used to attach and hold the testing filament 
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while not imparting undue stress concentration factors. The span between testing holders was set 

to be 40 times that of the sample set's average diameter. All samples were held in place by 

tightening them with a torque wrench set to 5.65 Nm. A protractor was attached to the pendulum 

to record both the initial and final angle, which later was used to measure the energy absorbed in 

impact. The total mass of the kinetic pendulum was 271.1 g, and the center of mass (found by 

balancing the rod on a thin blade) was 380 mm away from the axis of rotation.  

 

Figure 4.2: Schematic of the pendulum impact-testing device for composite fiber tows. The 

tip of the weighted hammer converges at a 30° angle to a ~1mm. 

 

Testing was done by raising the pendulum to a defined angle (10° from the vertical) and 

then dropping it. After dropping from a standstill and becoming perpendicular to the floor, the 

hammer impacted and broke through the fixed composite tow sample and then continued 

traveling to a final height. The difference between the initial and final potential energy of the 
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pendulum (also accounting for frictional losses) was defined as the impact toughness. An energy 

balance was used to find the difference in potential energy (while also taking frictional losses 

into account). The schematic for which can be seen below in Figure 4.3. 

 

 

Figure 4.3: Pendulum schematic used for the energy balance to calculate impact toughness 

of composite fiber tows. 

 

In Figure 4.3, a pendulum is held at an initial angle, θ1, and is then dropped with an initial 

velocity of zero to rotate counterclockwise, pass through the testing sample, and then end with 

the final angle θ2. These angles can be used along with center of mass measurements to perform 

energy balances:  

 𝑃𝐸= = 𝑃𝐸J + 𝑓#0KK(𝜃1) + 𝐸)+;,<1 

 

(4.2) 

 𝑃𝐸) = 𝑚𝑔𝐻) = 𝑚𝑔𝐿<+ sin(𝜃)) (4.3) 
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Where PEi is the potential energy of the pendulum at point i, 𝑓#0KK(𝜃1) is the energy loss 

due to friction as a function of the total degrees of rotation for each test, and Eimpact is the energy 

absorbed by breaking the composite tow sample. m is the total mass of the weighted pendulum, 

and g is the gravitational constant. To find the energy loss value in the system due to friction and 

air resistance, the testing setup was run without any composite tow in the holder, leaving the 

Eimpact value to equal zero. Multiple trials were run with varying θ1 values (10°, 20°, 30°, 45°) to 

determine an average θ2 value so the 𝑓#0KK(𝜃1) term from Eq. (4.2) can be calculated. Once 

completed, all future tests can use a combination of Eqs. (4.2) and (4.3) to determine the Eimpact 

value for a set of samples. 

4.3.10 Fiber tow tensile testing 

Tensile properties of the fiber tow composites were analyzed with guidance from ASTM 

D4018-17186. To measure how the amount of silicone on the fibers and therefore magnitude of 

fiber-matrix adhesion, would affect tensile properties, all sets of fiber tows were soaked in 

silicone IsoparTM L solutions of varying concentration and then fully dried. The tows were made 

into four sets of fibers soaked in IsoparTM L with 0%, 1%, 2.5%, and 5% silicone by weight. To 

dampen the stress concentration factors at the gripping section of a tensile device, the tow ends 

were tabbed at both ends by sandwiching them between two 2x5cm corrugated cardboard sheets 

using cyanoacrylate (Super Glue Corporation, Ontario, CA), leaving a gauge section of 

approximately 10 cm in length. However, individual gauge lengths were measured with 

electronic calipers to ensure the most accuracy. Once prepared, the samples were pressed 

together between two flat plates at moderate pressure until fully cured (30 – 60 min).  

Tensile testing was effected using an Instron Model 5585 (Boston, MA), and relevant 

calculations were performed with the accompanying BlueHill® 3 software. Samples were loaded 
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into two separate clamps and strained at a rate of 1 mm/min until failure. All composite tow 

testing sets had a minimum of five samples where the measured variables were: strain-at-failure, 

tensile modulus, energy to failure, and ultimate tensile stress.  

4.3.11 Fiber tow flexural testing 

The effect of interfacial adhesion on tensile properties has been widely investigated using 

single tow composite testing, but the study of flexural properties using three-point-bend tests on 

fiber composite tows is less explored. Although complicated by mixed-mode strain, it may still 

present qualitatively useful results. The effect of interfacial adhesion on flexural properties was 

investigated by using three-point-bend with inspiration from ASTM D7264187. As in the tensile 

tests, the tows were made into four sets of tows soaked in IsoparTM L with silicone 

concentrations of 0%, 1%, 2.5%, and 5% by weight. Since the sample sets had slightly different 

average diameters, the testing span for each set was changed to maintain a 40:1 span-to-diameter 

ratio. The testing spans, rounded to the nearest mm, were: 35 mm, 36 mm, 39 mm, and 41 mm. 

The length of every specimen was 1.2 times the size of the three-point-bend span. The measured 

variables were flexural modulus, ultimate flexural stress, flexural strain at failure, and energy to 

failure.  

4.3.12 Silicone rheological testing 

The rheological characteristics of an interphase in composites may be reflected in their 

mechanical properties188–190. For example, Jafari et al.191 concluded that higher values of the loss 

tangent (tan𝛿) would result in greater impact toughness in polymer matrices. Thus, the existence 

and magnitude of the loss modulus and loss tangent of the cured silicone coatings used in this 

study were investigated using oscillatory rheometry. A globule of silicone was placed on the flat 
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plate tool of a model MCR300 rheometer (Anton Paar, Graz, Austria) and flattened to a 1 mm 

thick puck with a diameter of 25 mm. The testing section was set to a temperature of 100°C for 

four hours to cure the silicone. After 4 h, the plate was brought down to a temperature of 20°C 

and maintained for the rest of the test. Next, a PP25 flat-plate attachment was set flush on top of 

the cured silicone puck to start measurements. 

Next, a frequency sweep was conducted to determine G' and G," the storage and loss 

moduli, respectively, of the cured gel. The gel was oscillated through a range of frequencies 

starting at 6 Hz and ending at 500 Hz, ramping at a rate of 83 Hz/min. The loss tangent was 

computed as the ratio of G"/G'. 

4.4 RESULTS AND DISCUSSION 

4.4.1 Interfacial adhesion (IFSS) 

Interfacial adhesion between the treated fibers and epoxy thermoset was tested to 

examine the possible effects of the silicone coating. Overall, it was found that for each increasing 

layer of silicone coating, there was a proportional decrease in interfacial adhesion (IFSS), as 

shown in Figure 4.4. The IFSS obtained decreased linearly with the number of coatings from a 

value of approximately 101 MPa for the uncoated fibers down to near zero for the fibers with ten 

coatings of silicone. 
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Figure 4.4: Interfacial shear strength for single carbon fibers in cured epoxy resin as a 

function of the layers of silicone coating (Mean ± SD). 

 

The structure of the fiber breaks also changed as the number of silicone coatings 

increased. The untreated fibers, when fractured, produced long and thick dumbbell shaped 

cracks, but as the adhesion was reduced (amount of silicone increased), the fractures became 

smaller and less prominent, as seen in the optical micrographs of Figure 4.5. Changes in the 

shape of fiber/resin breaks are indicative of alterations to adhesion. As reported by Feih et al.87 

systems with high interfacial adhesion lead to damage and large cracks into the surrounding 

resin, whereas systems with lower adhesion do not damage the surrounding resin to such a 

degree. 
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Figure 4.5: Images of fiber/matrix fractures used for single fiber fragmentation testing. The 

images on the top row labeled "A, B, and C" stand for fibers with one, five, and ten layers of 

silicone, respectively. Additionally, red circles are placed to give attention to fiber breaks. The 

images on the bottom row (D, E, F) represent the same fibers when viewed through cross-

polarized light. 

 

When reinforced epoxy matrices are observed through cross-polarized light, areas with 

large strain and stress gradients, such as interfacial debonding and fiber-matrix cracking sites, 

display bright spots resulting from birefringence192. This birefringence was observed in the 

present study, as shown in Figure 4.5 as bright blue spots, which highlight fiber breaks and/or 

fiber-matrix debonding. While the complex phenomena of fiber-matrix debonding have been 

extensively examined in other studies99,193–196, in general, systems with high adhesion show small 

and punctuated birefringence patterns while systems with lower adhesion show elongated 

birefringence patterns along the surface of the fiber. These elongated patterns are typically 

caused by the fiber pulling away from the matrix while not necessarily cracking, and are referred 

to as delamination. As seen in Figure 4.5, System D has very little debonding, whereas System F 
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is brightly lit along the whole fiber. It is clear that the amount of silicone coating on the fibers 

had a direct relation to the level of interfacial adhesion and to the nature of the debonding event. 

4.4.2 Fiber volume fraction in tow composites 

Thermogravimetric analysis was used to determine the volume fraction of each 

constituent of the fiber tow composites. Temperature was ramped at 20°C /min and held at 

530°C for 60 min, which was shown to be high enough temperature to oxidize all the remaining 

epoxy matrix while still low enough to protect the carbon fibers from any mass loss (Figure 4.6). 

The final asymptotic weight percent value for this experiment was 50.6%. The fiber volume 

fraction for untreated (free of silicone) carbon fiber composite tows was found to be 40.9%. 

 

 

Figure 4.6: TGA results for fiber tow composite and its constituents. Blue circles represent 

TGA results for plain carbon fibers. Orange squares represent pure, cured epoxy. And green 

triangles represent results for carbon fiber-epoxy tow composite 
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4.4.3 Effects of silicone treatment of fiber tows 

The weight percentage of silicone on the dried fiber tows soaked in varying 

concentrations of silicone solutions shown in Figure 4.7 increased linearly with the concentration 

of the solution. When soaked in pure IsoparTM L, minimal weight gain was observed, showing 

that essentially all the solvent had evaporated. When soaked in a 5% concentration of silicone in 

IsoparTM L, nearly a 3% weight gain of silicone was measured on the fiber tow. All other 

intermediate points were linearly proportional to the concentration of the silicone solution. It was 

also observed that, as the amount of silicone in the soaking solution increased, the diameter of 

the cured tow composite also increased. Composite tow diameters were 0.87 mm, 0.90 mm, 0.98 

mm, and 1.03 mm for fibers soaked in solution with 0 %, 1%, 2.5%, and 5% silicone by weight, 

respectively.  

 

 

Figure 4.7: Weight percent of silicone for dried fiber tows soaked in varying 

concentrations of silicone solutions. 
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These average diameters were used for calculations of mechanical properties. Cross 

sections of the fiber tows with no treatment and with treatment with an IsoparTM L solution of 

5%w silicone are shown in Figure 4.8 below: 

 

 

Figure 4.8: Scanning electron micrographs of sections of (left) untreated (no silicone) fiber 

tow composite cross-section and (right) fiber tow composite soaked in IsoparTM L solution of 

5%w silicone. 

 

As shown, the cured epoxy matrix evenly spread on the untreated fibers, leading to 

cohesive failure, while the composites with silicone deposited on the fiber surface showed 

primarily adhesive failure, leaving most fibers bare and unbonded to the matrix.  

4.4.4 Fiber tow impact testing 

As expected, increases in impact toughness with increases of silicone at the fiber-matrix 

interface were observed, as presented in Figure 4.9, which shows a linear trend for impact 

toughness increase with the extent of silicone surface treatment. Initially, fibers soaked in a 

solution of pure IsoparTM L had an impact toughness of 168mJ. When treated by soaking in a 

solution containing 5%w of silicone in IsoparTM L, the impact toughness increased to a value of 

366mJ, a more than 2x increase.  
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Figure 4.9: The effect of silicone soaking solution concentration on composite tow impact 

toughness (Mean ± SD). 

 

4.4.5 Fiber tow tensile properties 

It has been shown in previous work197 that reductions in adhesion typically result in the 

degradation of many strain-rate independent properties, such as modulus and ultimate tensile 

strength and toughness, so it was expected that an increase of silicone in the interfacial region 

would also lead to reductions in these composite properties. Results for ultimate tensile stress 

(UTS), strain-at-failure, energy to failure (toughness), and tensile modulus, shown in Figure 

4.10, show that as the amount of silicone increased on the carbon fiber tows, all tensile properties 

degraded. For fibers with no silicone, the ultimate tensile strength started at a value of 2.29 GPa, 

and fell to a final value of 1.06 GPa for samples soaked in a 5% silicone solution. The strain-at-

failure also decreased from a value of 2.84% for fibers with no silicone to 2.2% for fibers soaked 

in a 5% solution. Furthermore, the energy to failure (tensile toughness) decreased from a value of 
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2.04 J for fibers with no silicone to 1.2 J for fibers soaked in a 5% solution. Lastly, tensile 

modulus decreased from a value of 90.9 GPa for fibers with no silicone to 67 GPa for fibers 

soaked in a 5% solution. The treatment showed a gradual linear decrease in tensile properties 

with the increase of silicone in the tows. 

 

 

Figure 4.10: The effect of silicone soaking solution concentration on composite tow tensile 

properties. (top left) Effect on ultimate tensile stress, (top right) effect on strain-at-failure, 

(bottom left) effect on energy to failure, (bottom right) effect on tensile modulus (Mean ± SD). 

 

When pushed to failure, fiber tows with no silicone had abrupt and chaotic failure events. 

The breaks were clean and flat, signifying brittle fracture. Conversely, when fiber tows soaked in 

5% silicone solution were pushed to failure, the process was much different. Fracture events 

appeared to fray the tow rather than producing a clean, brittle break, as shown in Figure 4.11.  
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Figure 4.11: (A) Fiber tow composite with no silicone fracture after tensile testing. (B) 

Fiber tow composite soaked in a 5%w solution of silicone in IsoparTM L fracture after tensile 

testing. (C) comparison of fracture tips for fiber tow composites soaked in pure IsoparTM L and 

composites soaked in 5%w solution of silicone in IsoparTM L. 

 

4.4.6 Fiber tow flexural properties 

While increasing the amount of silicone on the fibers resulted in predictable decreases in 

tensile properties, the flexural properties for the fiber tows showed mixed results. Some 

properties, such as flexural modulus and ultimate flexural stress, decreased with the addition of 

silicone. The presence of the silicone had little effect on the energy to failure, and flexural 

toughness. Finally, the strain-at-failure had a weakly positive correlation with the amount of 

silicone at the interface, as shown in Figure 4.12. For ultimate flexural strength, samples with no 

silicone had a value of 1.54 GPa, which decreased to a value of 0.55 GPa for samples soaked in a 

5% silicone solution. The flexural strain-at-failure increased from a value of 1.7% for samples 



 103 

with no silicone to a value of 2.3% for samples soaked in a 5% silicone solution. The energy to 

failure showed little difference after the addition of silicone. Samples with no silicone started at a 

value of 23 mJ to cause failure and samples soaked in a 5% silicone solution needed 25mJ on 

average. 

 

Figure 4.12: The effect of silicone soaking solution concentration on composite tow 

flexural properties. (top left) Effect on ultimate flexural stress, (top right) effect on flexural 

strain-at-failure, (bottom left) effect on energy to failure, (bottom right) effect on flexural 

modulus (Mean ± SD). 

 

Lastly, the flexural modulus decreased from a value of 98 GPa for samples with no 

silicone to 48 GPa for samples soaked in a 5% silicone solution. Overall, it was observed that 

silicone treatment, and thus the reduction of fiber-matrix adhesion, had mixed effects on flexural 

properties. Interestingly, the results seemed to suggest that flexural strain at failure can increase 
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with the reduction of interfacial adhesion. This property may be used to advantage for systems 

where flexibility needs to be increased, and ultimate strengths are less important.  

For tensile and flexural testing, fiber tows with no silicone produced abrupt failure 

events. Pieces of the testing often would fully separate and have clean fractures. Conversely, 

fiber tows with high amounts of silicone failed in a much more gradual manner. Often, they 

would not separate at all, but rather remain intact with a dramatic drop in flexural modulus. The 

tradeoff between strain-rate dependent and independent properties through the modulation of 

interfacial adhesion should be considered when designing a composite.  

4.4.7 Rheological testing 

An initial amplitude sweep showed that at up to 2.3% strain, the specimens remained 

within the linear visco-elastic range, so the subsequent oscillatory frequency sweep was confined 

to this amplitude range. The results of the subsequent frequency sweep up to 500 Hz are shown 

in Figure 4.13. Both storage and loss moduli, G' and G", respectively, increased with frequency 

up to 300Hz, beyond which the loss modulus, and hence tand, decreased slightly. The relatively 

high value of tand at approximately 0.3 for high strain rates suggested that the silicone polymer 

may aid in impact absorption. 
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Figure 4.13: Frequency sweep for cured silicone puck. Frequency values ramp linearly 

from 6Hz to 500Hz at a rate of 83Hz/min and an amplitude of 1% strain. (Left): Storage 

modulus, G' (blue circles), and Loss modulus, G" (orange squares); (Right): tan𝛿 = G"/G'. 

 

In addition, although higher G" values have been theorized to correlate with impact 

toughness for composites, it has been shown198 that higher G' values are also important for the 

structural integrity of a polymer. In the present case, both the G' and G" exhibit growth with 

strain rates, suggesting the suitability of the silicone coating used. 

4.5 CONCLUSIONS 

This work contributes to a method for modulating interfacial adhesion in carbon-fiber 

reinforced polymeric composites simply and predictably by creating fiber-matrix interphases of 

varying amounts of an inexpensive silicone sealant (Liquid Nails, Akzo Nobel Paints LLC, 

Strongsville, OH) dispersed in the paraffinic hydrocarbon solvent IsoparTM L (ExxonMobil 

Chemical, Irving, TX). The sealant is composed of a cross-linking agent (methyltri (2-

butanoneoximyl) silane), a polymer (dimethyl polysiloxane), and a silica filler. Cross-linking and 

hardening of the thermoset occur when the silane (cross-linking agent) reacts with water from the 

atmosphere and hydrolyzes to form silanol groups followed by silane-siloxane condensation 

causing chain linking and extension176. 
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Single fiber-matrix adhesion tests were conducted using Hexcel IM7 fibers with a matrix 

of EPON862 and Epikure W hardener. The silicone interphase was applied layer-by-layer to 

achieve different levels of coating. With each increasing layer of silicone, the interfacial 

adhesion (IFFS) decreased linearly from 101MPa for untreated fibers, to near zero for ten layers. 

Direct optical observation showed the structure of the fiber breaks also changed as the number of 

silicone coatings increased. The untreated fibers, when fractured, produced long and thick 

dumbbell shaped cracks, but as the adhesion was reduced (amount of silicone increased), the 

fractures became smaller and less prominent, suggesting energy dispersal through fiber/matrix 

delamination rather than crack propagation perpendicular to the fiber direction.  

The effect of controlled adhesion reduction on the impact toughness of composite 

samples made from the same materials as used in the single fiber tests was investigated. Tows of 

12,000 fibers treated with solutions of the silicone sealant of varying concentration at a fiber 

volume fraction of approximately 40 vol% were tested using a modified ASTM E2248 − 18, 

"Standard Test Method for Determining the Charpy Impact Resistance of Notched Specimens of 

Plastics." A testing apparatus constructed and used to break through composite specimens found 

that the energy absorbed (proportional to impact toughness) increased linearly by more than a 

factor of two as the level of fiber silicone treatment increased. These results were consistent with 

the findings from rheological testing which found that the silicone interphase material, over a 

wide range of frequencies, maintained a significant value of its loss modulus, indicating an 

ability to absorb and dissipate energy.   

The tensile properties, such as ultimate stress, strain at failure, energy to failure, and 

modulus of the fiber tows described above show a linear decrease with the level of silicone fiber 

surface treatment, and flexural properties of the tow composites had mixed results where the 
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ultimate flexural stress, and flexural modulus decreased in value, the energy to fracture stayed 

constant, and the strain to failure slightly increased. 
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Chapter 5. ISOCONVERSIONAL METHOD FOR THE MODELING 

OF COMPLEX REACTION SYSTEMS 

5.1 INTRODUCTION 

5.1.1 Background 

The modeling of chemical reactions has long been employed to predict the behavior of 

chemical systems and has proven to be useful in a variety of applications. Overall, the process 

uses previously gathered empirical reaction data to deduce a set of constants fundamental to the 

nature of the chemical system. Therefore, once all constants have been identified, they can in 

theory, be used to predict the reaction rate and system behavior for any arbitrarily chosen 

condition, such as temperature and pressure. This information can be particularly useful for 

calculating the viability of conditions for desired reactions and aid in reducing economic costs by 

removing the need to use any physical materials.  

In general, the time dependency of reaction progression, 𝛼, is defined as the product of 

two parameters, seen in Eq. (5.1)199 

 𝑑𝛼
𝑑𝑡 = 𝑘(𝑇)𝑓(𝛼) (5.1) 

Where the first function, known as the Arrhenius expression200, and can be seen in Eq. 

(5.2). 

 𝑘(𝑇) = 𝐴𝑒L@
M$
NOP (5.2) 

Where T is temperature, A is the pre-exponential frequency factor, 𝐸, is the activation 

energy of the reaction, R is the gas constant, and T is the temperature of the system. The other 

part of Eq. (5.1), called the reaction function,𝑓(𝛼) , is related to the concentration of reactants, 

and can take many theoretical or empirical forms given the system dynamics.  
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Traditionally, reaction progression for relatively elementary systems can be modeled 

using rate-law relationships. Additional tables for other common reaction models have been 

compiled and used with some success201–204. The accuracy of these models to predict 

hypothetical reaction behavior ultimately depends on the accuracy of the parameters for the 

system, namely the reaction model, 𝑓(𝛼), the Arrhenius pre-exponential factor, A, and the 

activation energy, 𝐸.. Finding these values consists of using empirical reaction data gathered 

through experimentation, and then fitting the parameters in Eq. (5.2) until the model best 

represents empirical data. This method was originally completed by Borchardt and Daniels204. 

An overlaying assumption of this method requires that the activation energy, 𝐸., remains 

constant and independent of the reaction progress, 𝛼(𝑡). Thus, for complex and multi-step 

reaction systems, multiple models must be generated and solved numerically as a system of 

equations, which can rapidly become difficult to complete. In addition, as stated by Kandelbauer 

et al.205, the assumption of Arrhenius parameters and activation energy remaining constant is 

often valid only for straightforward reaction systems. Whereas for more complex, and realistic 

processes, the overall 𝐸. may also incorporate contributions from other parts in a web on 

reactions.  

Most often, generalized reaction models are used to encapsulate entire series of reactions. 

So even though each individual reaction may have a defined set of constant Arrhenius 

parameters, the generalized reaction model can become too complex to flatten into one single 

relationship. Therefore, in most scenarios, the assumption of the overall activation energy, 𝐸. , 

remaining constant for the entire process becomes unrealistic. Additionally, for complex systems 

the reaction model, 𝑓(𝛼) itself, can become difficult or impossible to define analytically even 

with precise knowledge of the system itself.  
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To circumvent the drawbacks of these traditional methods, current techniques, named 

“model-free kinetics” attempt to bypass the need of a reaction model, 𝑓(𝛼), and relax the 

assumption of activation energy remaining constant throughout the entire reaction. This can be 

useful for multi-step and complex reactions such as combustion and polymerization. 

5.1.2 Use in thermoset curing 

Thermosets are a subset of polymers that harden by chemical linkage, otherwise known 

as cross-linking2. Many thermoset systems are comprised of two separate chemicals but can 

reach three or more elements. Some common examples of thermosets are epoxy, amine, phenol, 

and even bio-based cross-linking agents and resins53,206,207. Curing takes place when enough 

energy is added to the system by means of heat or electromagnetic radiation to overcome the 

activation energy for cross-linking to initiate. Given the wide array of chemical compositions, 

curing times for thermoset systems can range from the order of minutes to hours and even 

days208–213.  

However, from an outside perspective, curing schedules seen in literature or manuals can 

appear to be arbitrarily chosen, consequently making it difficult for researchers to determine the 

extent of cure completion for a system without external knowledge. Therefore, modeling of such 

systems has been employed in an attempt to predict the extent of cure as a function of time, 𝛼(𝑡), 

for any given curing schedule.  

However, due to complex reaction mechanisms that take place during the cross-linkage 

of thermoset monomers, simplistic modeling becomes less feasible for more accurate use. This 

chapter will attempt to discuss the past and current “model-free” methods used for such systems. 

Additionally, it will thoroughly explain the theory and treatment of data using the most current 

method known as the “advanced isoconversional integral method.” 
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5.1.3 The isoconversional principle 

In the proceeding section, underlying assumptions of “model-free” kinetics will be 

discussed. Even though these principles will not directly be used when employing the advanced 

isoconversional method, it may be found useful for some readers who find that the current corpus 

of literature lacks sufficient explanations of all aspects and underpinnings in the background of 

model-free kinetics.  

Overall, model-free reaction kinetic methods rely on the isoconversional 

principle199,203,205,214–217, which was originally put forth by Dr. Sergey Vyazovkin. In its most 

simplistic form, the principle assumes that when multiple different reactions of the same system 

are completed by following different heating paths, all the reaction rates for each experiment, 

(𝑑𝛼/𝑑𝑡), at a constant conversion value (hence isoconversional), will depend solely on the 

temperate at which the chosen level of conversion was reached. Furthermore, the change of 

isoconversional reaction rates across different experiments will vary with temperature by a value 

proportional to the activation energy for that isoconversional value.  

Using the isoconversional principle, instead of relying on a single reaction model, Eq. 

(5.1), to be valid for the entire span of the reaction (i.e. 𝛼 = 0 → 𝛼 = 1), it is assumed that 

multiple variations of Eq. (5.1) , can be transformed into a set of relations for all conversion 

values218 in the form of Eq. (5.3). 

 e
𝑑𝛼
𝑑𝑡 = 𝐴Q𝑒

L@M&NOP𝑓(𝛼)h
QR%,Q',Q(,…,=

 (5.3) 

Where 𝐴Q is the isoconversion Arrhenius pre-exponential factor. And 𝐸Q is the 

isoconversional the activation energy. The utility of this method becomes evident by not 

requiring any previous knowledge of the system’s reaction model, 𝑓(𝛼), as it will only be a 

numerical value for each conversional step. 
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A mathematical derivation of the isoconversional principle goes as follows205. Eq. (5.1) 

can be simplified into Eq. (5.4) by substituting Eq. (5.2) into Eq. (5.1). 

 𝑑𝛼
𝑑𝑡 = 𝐴Q 	𝑒

L@M&NOP𝑓(𝛼) (5.4) 

Then, by taking the natural log on both sides and expanding using log rules, Eq. (5.5) is 

obtained. 

 ln f
𝑑𝛼
𝑑𝑡g = ln(𝐴Q) −

𝐸Q
𝑅𝑇 + lns𝑓

(𝛼)t (5.5) 

Next, partially differentiate each side by 𝑇@= while holding 𝛼 constant to obtain Eq. (5.6) 

 
�
𝜕 oln o𝑑𝛼𝑑𝑡pp
	𝜕𝑇@= �

Q

= �
𝜕(ln(𝐴Q))
𝜕𝑇@= �

Q
−
𝐸Q
𝑅 + �

𝜕slns𝑓(𝛼)tt
𝜕𝑇@= �

Q
 (5.6) 

Because 𝛼 is held constant, and because they are not a function of temperature, 𝑓(𝛼) and 

𝐴Q 	will reduce to zero when partially differentiated by 𝑇@=. However, given that the reaction 

rate, (𝑑𝛼/𝑑𝑡), does vary with temperature across different experiments, it does not reduce to 

zero. Leaving the final expression as Eq. (5.7). 

 
�
𝜕 oln o𝑑𝛼𝑑𝑡pp
	𝜕𝑇@= �

Q

= −
𝐸Q
𝑅  (5.7) 

It should also be noted that the reaction rate with dependence to time can also be 

transformed into the reaction rate with dependence to temperature by following Eq. (5.9). During 

experimentation, the same chemical system is split into multiple sets where each is tested by 

following different heating paths, shown in Eq. (5.8).  

 𝑇(𝑡) = 𝛽𝑡 + 𝑇% (5.8) 
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Where 𝑇(𝑡) is the temperature profile as a function of time, 𝛽 is the ramping rate, and 𝑇% 

is the initial temperature. After differentiation and substitution to the left-hand side of Eq. (5.1), 

the relationship between both differentials is presented below.  

 𝑑𝛼
𝑑𝑡 = 𝛽

𝑑𝛼
𝑑𝑇 (5.9) 

5.1.4 Example of the isoconversional principle 

The following segment will illustrate the isoconversional principle. While not necessary 

for use in the Advanced Isoconversional Method, it may prove helpful for some readers. For this 

example, a thermoset resin was used. 

Initially, the resin was prepared and separated into five different differential scanning 

calorimetry (DSC) pans. Then, each sample temperature was ramped and reacted until 

completion at different, heating rates, 𝛽	(𝐾/𝑚𝑖𝑛). Typical heating rates range from 1 to 15 

(𝐾/𝑚𝑖𝑛). After solving for the extent of conversion as a function of temperature (refer to section 

5.2.1) plots similar to Figure 5.1 can be produced.  
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Figure 5.1: Plot of the extent of reaction (fractional conversion) versus temperature for five 

separate tests of a thermoset system. The dashed lines represent isoconversional values, and 

the five points represent their intersection with each experimental DSC ramp. 

 

In the above figure, different isoconversional lines are drawn, and the five points 

represent their intersection with each DSC temperature ramp. According to the isoconversional 

principle as explained in the section above, the difference in slopes at each point should be 

related to their corresponding temperature and activation energy. 

After reformatting and calculating all necessary values, Figure 5.2 can be produced. 
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Figure 5.2: Relationship between ln(𝑑𝛼/𝑑𝑇) and 1000/𝑇 plotted along isoconversional 

lines. Each point for each set represents a separate experiment with a different heating rate. 

 

As shown above, the natural log of the reaction rate with respect to temperature (keeping 

in mind that a transformation from temperature to time can be made using Eq. (5.9)) is inversely 

dependent on temperature. Additionally, the slope of each line is proportional to the activation 

energy of the reaction for that specific fractional conversion. This result shows excellent 

agreement with the isoconversional principle and Eq. (5.7). 

Overall, the above example, which uses experimental data, may be useful for readers who 

are new to model-free kinetics and require additional material to fully grasp the isoconversional 

principle. 

5.1.5 Previously used isoconversional method models 

Initial model-free methods closely followed the derivation to Eq. (5.7) above to calculate 

the activation energy and are classified as “differential methods.” Friedman219 was among the 
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first to publish on this method and used a combination of Eq. (5.5) and (5.9) to obtain Eq. 

(5.10). 

 ln f𝛽
𝑑𝛼
𝑑𝑇g = lns𝐴Q𝑓(𝛼)t −

𝐸Q
𝑅𝑇 (5.10) 

For this method, different temperature ramps are run in the DSC and isoconversional 

values are linearly interpolated and plotted. The y-intercept of the linear regression for each 

isoconversional set is proportional to the product of the reaction model and Arrhenius pre-

exponential factor, lns𝐴Q𝑓(𝛼)t, and the slope is proportional to the conversion-dependent 

activation energy. 

Unfortunately, this method has some drawbacks as detailed by Vyazovkin and Golekeri 

and Luss220,221, namely that derivative methods may be unstable due to the use of instantaneous 

rates. As a result, integral techniques have become more popular due to their inherent 

stability205. The basis of such techniques can be seen below in Eq. (5.11) 

 
𝑔(𝛼) = I

𝑑𝛼
𝑓(𝛼) = I𝐴Q exp f

−𝐸Q	
𝑅𝑇 g𝑑𝑡

1

%

Q

%

 (5.11) 

Where 𝑔(𝛼) is regarded as the integral form for the reaction model. Methods such as 

Flynn-Wall-Ozawa222,223 (FWO), Coats and Redfern224 (CD), and Kissinger-Akahira-

Sunose225,226 (KAS) all use Eq. (5.11) as the basis of their methods used to solve for 

isoconversional activation energies, 𝐸Q. While useful, these methods have been less adopted 

than the Advanced Isoconversional Technique, which will be discussed below.  
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5.2 OBTAINING ADVANCED ISOCONVERSIONAL METHOD PARAMETERS  

5.2.1 Solving for degree of cure 

Generally, the extent or reaction or completion for any system is denoted with the symbol 

𝛼. While there any many methods to deduce the extent of reaction, the two primary methods 

used in the analytical techniques, differential scanning calorimetry (DSC) and thermogravimetric 

analysis (TGA), can be seen in Eq. (5.12))80 and Eq. (5.13)227, respectively.  

 

 
𝛼(𝑡) 	=

𝛥𝐻(𝑡))	
𝛥𝐻101,#

=
∫ 𝐻(𝑡)𝑑𝑡1#
%

∫ 𝐻(𝑡)𝑑𝑡1)#!$*
%

 

 

(5.12) 

 
𝛼(𝑡) =

𝛥𝑚(𝑡))
𝛥𝑚101,#

=
𝑚)')1),# −𝑚(𝑡))
𝑚)'1),# −𝑚4)',#

 (5.13) 

 

Where Δ𝐻(𝑡)) is the enthalpy of reaction from time zero up to time 𝑡) (J), Δ𝐻101,# is the 

total enthalpy released for the entire reaction (J), and 𝐻(𝑡)) is the heat flow at time 𝑡) (J/s). 

Secondly, Δ𝑚(𝑡)) is the mass loss of a sample during heating from time zero up to time 𝑡), and 

Δ𝑚101,# is the total mass loss the entire heating. 

5.2.2 Solving for 𝐸Q 

The following subsection will elucidate the methods to solve for 𝐸Q by referencing, 

expanding, and adding additional context to work by Campbell et al.199. The general form for any 

reaction can be described in Eq. (5.4) as the product between 𝑘(𝑇), the temperature-dependent 

kinetic constant, and 𝑓(𝛼), the unknown reaction model.  
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 𝑑𝛼
𝑑𝑡 = 𝑘(𝑇)𝑓(𝛼) = 𝐴Q 	𝑒

L@M&NOP𝑓(𝛼) (5.4) 

It is assumed that for small slices of reaction conversion, 𝐸Q 	𝐴Q and 𝑓(𝛼) all remain 

constant, therefore, 𝑘(𝑇) and 𝑓(𝛼) are independent and can be integrated through separation of 

variables. The integral form of this function, referred to as 𝑔(𝛼), can be seen in Eq. (5.14). 

 
𝑔(𝛼) = I

𝑑𝛼
𝑓(𝛼) = 𝐴Q	 I 𝑒T

@M&
NO(1)W𝑑𝑡

1&

1&+∆&

	
Q

Q@∆Q

 (5.14) 

Furthermore, the right-hand side can be shortened by using Eq. (5.15) to achieve the final 

form of Eq. (5.16). 

 
𝐽Q = I 𝑒T

@M&
NO(1)W𝑑𝑡

1&

1&+∆&

 

 

(5.15) 

 𝑔(𝛼) = 𝐴Q𝐽Q (5.16) 

Because 𝑔(𝛼) is independent of the temperature path required to reach a specific reaction 

conversion, then it can be stated that all 𝑔(𝛼)) are equal, and therefore,  

𝑔(𝛼))Y' = 𝑔(𝛼))Y( = 𝑔(𝛼))Y- = 𝑔(𝛼))Y# = 𝑐𝑜𝑛𝑠𝑡., where 𝛽) represents a specific heating path. 

By substituting 𝐽Q into the above equations, then 𝐴Q𝐽Q,	Y' = 𝐴Q𝐽Q,	Y( = 𝑐𝑜𝑛𝑠𝑡. and can be 

rearranged into the form of 
Z&,	0'
Z&,	0(

= 𝑐𝑜𝑛𝑠𝑡. From prior knowledge, because the minimum of the 

sum of any variable and its reciprocal will always be equal to two, 𝑚𝑖𝑛 �𝑥 + =
-
� = 2 (see Figure 

5.3), then it must also be true that 𝑚𝑖𝑛 �
Z&,	0'
Z&,	0(

+
Z&,	0(
Z&,	0'

� ≅ 2. Given the above information, the 

activation energy, 𝐸Q, will finally be solved for through error minimization until the relationship 

above is closest to two. 
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Figure 5.3: Plot showing that the global minimum of 𝑥 + =
-
 is equal to 2 

 

As seen above, this analysis requires at least two different ramping rates, 𝛽), to be valid. 

However, to increase the model accuracy, three to five different ramping rates are often used for 

analysis. Therefore, the minimization function ultimately takes the form of Eq. (5.17).  

 
𝜙Q(𝑛) = 𝑛(𝑛 − 1) ≅ 𝑚in �GG

𝐽Q,	Y#
𝐽Q,	Y1

'

[\)

'

)R=

� (5.17) 

Where n is the number of different ramping rates. For example, if three separate ramping 

rates are used (e.g., 𝛽 = 3,5,7	𝐾/𝑚𝑖𝑛), then Eq. (5.17) will become 𝜙Q(3) = 6 ≅

𝑚𝑖𝑛 �
Z&,	0'
Z&,	0(

+
Z&,	0(
Z&,	0'

+
Z&,	0'
Z&,	0-

+
Z&,	0-
Z&,	0'

+
Z&,	0(
Z&,	0-

+
Z&,	0-
Z&,	0(

�, where 𝜙Q is the function to be minimized 

closest to a value of six by modulating its corresponding 𝐸Q value.  

This minimization process will occur for every conversional step, where the typical step 

size is Δ𝛼 = 0.05	𝑜𝑟	0.10. After completion, a final array of all activation energies, s𝛼) , 𝐸Q#t for 

(𝛼=]Q , 𝛼J]Q , 𝛼A]Q , … , 𝛼=), can be compiled and used for predictions in the next section. It should 
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be noted that the activation energy corresponding to 𝛼 = 0 cannot be calculated given 

mathematical constraints and can be taken as equal to 𝐸=]Q. 

5.3 KINETIC PREDICTIONS 

The goal of the previous section was to perform three to five different DSC or TGA 

heating ramps on the same system and compile an array of activation energies with their 

corresponding extent of conversion, s𝛼) , 𝐸Q#tQR%→=	. 

Recall from the previous section, since 𝑔(𝛼))Y' = 𝑔(𝛼))Y( and 𝐽Q#,Y' = 𝐽Q#,Y(, then it 

must also be true that 𝐽Q#,Y#	 = 𝐽Q#,O(1), where 𝑇(𝑡)	is any chosen temperature path in which the 

ultimate goal is to acquire (𝛼, 𝑡) predictions. Fully expanded, this takes the form of Eq. (5.18). 

 
I 𝑒

_ @M&
NO(1)2%3.

`
𝑑𝑡

1&,	2%3.

1&+∆&,2%3.

= I 𝑒
T @M&
NO(1)56782!

W
𝑑𝑡

1&,392:.	

1&+∆&,	392:.

 (5.18) 

Where, n is the number of steps, Δ𝛼 is 𝑛@=, 𝑡Q,;3"5. is the time at percent cure, 𝛼), for 

desired temperature profile, 𝑡Q,"-;. is the time at percent cure, 𝛼), from a previously recorded 

empirical experiment. 𝑇(𝑡)<20K"' temperature profile for the desired kinetic prediction, and 

𝑇(𝑡)"-;. is the temperature profile of any previously recorded experiment. All 𝐸Q values were 

determined in the previous section. Note that the LHS of Eq. (5.18) can be data from any of the 

temperature sweeps.  

In practice, all the above values are known or defined except for 𝑡Q,;3"5.. Therefore, a 

system of n equations with n unknowns, following the form of Eq. (5.18) can be set up and 

solved (assuming that 𝑡QR% = 0), where the limits of integration are the variables are to be 

numerically calculated. The result is an array of kinetic predictions for the time required to reach 

a specific degree of cure.  
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5.4 OVERALL SUMMARY OF THE ADVANCED ISOCONVERSIONAL METHOD 

The following is a condensed set of instructions to be referred to when completing the 

Advanced Isoconversional Technique for making kinetic predictions. They are not meant to stand 

alone and require the theoretical background described in the sections above. 

1. Using DSC or TGA to gather preliminary data: 

A. On the system to be tested, create three to five identical samples, and run them 

through a temperature sweep in a DSC/TGA using different, linear ramping rates 

B. For DSC, gather the heat flow (W/g) vs. time data. For TGA, gather mass loss vs. 

time 

C. Using Eq. (5.12) or Eq. (5.13), compile 𝛼	𝑣𝑠. 𝑡𝑖𝑚𝑒 data for all temperature sweeps  

2. Solving for the 𝐸Q 	𝑣𝑠. 𝛼 array: 

A. Use Eq. (5.15) to create a minimization function in the form of Eq. (5.17) for each 

conversional step, (𝛼 = 0, Δ𝛼, 2Δ𝛼, 3Δ𝛼,… , 1) 

§ Note that typically Δ𝛼 = 0.05	𝑜𝑟	0.10 

B. Solve for 𝐸Q# through modulation to minimize each equation in the form of Eq. (5.17) 

C. Compile a list of all s𝛼) , 𝐸Q#tQR%→=	 

3. Using activation energy data to perform kinetic predictions: 

A. Choose any desired temperature profile for kinetic predictions, 𝑇(𝑡)<20K"' 

B. Compile a system of n equations n unknown 𝑡Q# values in the form of Eq. (5.18) 

§  Note that 𝑡QR% = 0 

§ Any previous empirical experiment can be used for the LHS of Eq. (5.18) 

§ Use previously recorded 𝐸Q# for each corresponding isoconversional step 

C. Solve the system of equations for all 𝑡Q# values 
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D. Use 𝑡Q# values to create an array of (𝛼, 𝑡);3"5 for the chosen temperature profile 
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Chapter 6. FUTURE WORK 

6.1 EXPERIMENT 1: POLYYNYL BUTYRAL FOR THE MODULATION OF 

INTERFACIAL ADHESION 

6.1.1 Motivation 

As discussed in Chapter 4, the tailoring of interfacial adhesion can play a critical role 

when designing composites to most optimally fit loading conditions. This was completed 

through the addition of discrete amounts of silicone polymer into the interphase region of a 

carbon fiber-reinforced epoxy composite. While this technique showed promising results, it has 

one notable drawback. Namely, some key industries regard silicone as an unusable component 

for composite production because it can cause contamination and affect adhesive properties in 

other parts. Due to this, silicone is often avoided near some composite production facilities. 

Thus, the motivation of this project is to expand the dip-coating or layer-by-layer technique for 

the tailoring of interfacial adhesion to all industries by choosing a new adhesion-tailoring coating 

polymer.  

The interfacial adhesion modification techniques discussed in Chapter 4 can still be used 

in certain settings if the polymers used for the interface coating are viewed as more acceptable 

for such applications. Therefore, the polymer chosen for future experimentation should meet the 

following criteria. 1) The polymer should be acceptable to use in high-performance composite 

manufacturing facilities. 2) The polymer should be low enough molecular weight to easily 

dissolve in an inert solvent, such as paraffins, ethanol, toluene, or xylene. 3) Should have 

meaningfully different properties compared to the bulk matrix as to allow for the modulation of 

properties through the deposition of discrete amounts. 4) Should be able to adhere to the fiber 

surface. 
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6.1.2 Setup 

While many polymers may satisfy the above criteria, an appealing option is Polyvinyl 

Butyral (PVB) and can be seen in Figure 6.1. This includes many reasons, such as its high 

adhesion to most substrates, high impact resistance, flexibility, ease of dissolving in solvents, 

ability to form thin films, and its availability to purchase with differing amounts of vinyl alcohol 

groups which can modulate acid functionality.  

 

 

Figure 6.1: Chemical structure of Polyvinyl Butyral block-copolymer, which is composed 

of vinyl butyral groups, vinyl alcohol groups, and vinyl acetate groups. 

 

As seen above, PBV is a versatile polymer because it can be acquired with differing 

ratios of each copolymer, shown as m, n, and u above. Given this, the interfacial properties of 

composites can be changed though not only the amount of PBV added to the interphase but also 

the ratios of each copolymer.  

For experimentation, it is first recommended to study the micromechanics of the system 

with and without the addition of PBV. As a control, it is recommended to determine the baseline 

adhesion of pristine fibers with the surrounding matrix. Next, successively higher quantities of 

the polymer can be added to the interphase region (either through layer-by-layer painting or dip 
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coating) to determine the degree of adhesion modulation of the system as a function of the 

polymer coating amount. Secondly, it will also be of interest to determine how the fiber-matrix 

adhesion responds to the type of PBV used for interfacial modification. For example, the amount 

of polyvinyl alcohol and total polymer molecular weight. 

After mapping the responsiveness of the system to both the amount and type of PVB, it 

would next be of importance to determine how PBV would affect the macro tensile, flexural, and 

impact properties. Therefore, new larger composite samples can be created in the same fashion 

as in 0, through the winding of panels, or through interlamellar deposition for composite layups. 

 

 

Figure 6.2: Possible testing systems for the addition of PVB to fiber-reinforced polymer 

composites. (A) Addition of PVB to unidirectional fiber tow composites through dip coating. 

(B) Addition of PVB through fiber dip coating to a carbon fiber composite panel. (C) 

Interlamellar addition of PBV to pristine composite panels. Black and gray sections represent 

carbon fiber composite, and blue sections represent the addition of PVB. 

 

 As discussed in previous sections, impact toughness and static strength properties are 

inversely correlated in most cases. In other words, the promotion of one of the properties 

(A) (B) (C)
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generally leads to the degradation of the other. However, because PBV is an adhesion promotor 

as well as a shock absorber, there is an interesting opportunity for increases in both impact and 

static strength properties. All possible testing systems shown above in Figure 6.2 will vary 

slightly with the addition of PVB. System “A” is the least complex and will best show how 

unidirectional composite properties are affected by the addition of PVB to the interphase. System 

“B” also shows how the addition of PVB to the interphase will affect certain properties but will 

additionally allow for more design complexity that can more accurately represent composite 

structures used for practical purposes. System “C” is of most interest because it can be employed 

as a method to increase impact toughness through the addition of thin layers of PVB between 

sheets of carbon fiber composite panels – which is already popular in certain fields, such as 

producing impact-resistant windshields228. Additionally, this method will have no direct effect on 

fiber-matrix adhesion because it does not require the pre-coating of fibers with PVB. Lastly, a 

combination of “B” and “C” can be used for even more degrees of control. 

Overall, the process of using PVB to enhance carbon fiber polymer composites has many 

possible iterations, such as changing the molecular weight of PVB used, polyvinyl alcohol 

content, the amount of PVB used to coat fibers, and the amount of PVB to add in interlaminar 

layers. 

6.2 EXPERIMENT 2: RELATING MATRIX CURING SPEED AND INTERPHASE 

PROPERTIES THROUGH ATOMIC FORCE MICROSCOPY 

6.2.1 Motivation 

As discussed in Chapter 2 and Chapter 6, the modulus and thickness of the interphase 

region play a vital role in the overall performance of composite materials. Therefore, the study of 

interphase properties is critical to describe composite micromechanics mechanics more 
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completely. Previous studies229,230 have used atomic force microscopy (AFM) to examine the 

stiffness and depth of the interphase region. Specifically, Qi et al.229 studied how curing speed 

affects interphase stiffness and thickness through AFM measurements. In their experiment, 

bisphenol A diglycidyl ether (DGEBA) was mixed with either a conventional hardener or a 

quick-curing hardener, where the difference in curing times was roughly a factor of 16x. The 

group then used two different AFM techniques (adhesion and stiffness force) to measure the 

depth of the interphase region and ultimately suggested that shorter curing times resulted in 

shorter interphase regions. According to their paper, no other groups had yet studied how curing 

times affected interphase properties. Even though they showed that two different types of 

measurements can successfully measure interphase depth with little disagreement, however, the 

cause of the shortened interphase depth was less clearly elucidated. This is because a different 

hardener was used for each experiment, thus causing a different chemical makeup for the matrix. 

Therefore, this experiment makes it difficult to determine the influence that chemical makeup 

and curing time each had on the interphase depth. Perhaps, a more conclusive study would use 

the same epoxy-hardener system and alter curing time solely through changes in curing 

temperature.  

As discussed in Chapter 2 shorter curing times caused by increasing curing temperatures 

resulted in higher levels of interfacial shear strength. Even though the overall phenomenon was 

observed, only inferences of the causal mechanism were made, such as differences in time above 

the glass transition temperature and in thermal expansion mismatch paired with curing shrinkage 

from cross-linking. It is suspected, but not proven that the interphase depth itself may be 

influential in interfacial shear strength. Therefore, an important study would be to further build 
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where both pieces of research could use more detail, namely, by measuring the interphase depth 

as a function of cure time/temperature and then relating it to interfacial shear strength. 

6.2.2 Setup 

The goal of this project would be to determine the relationship between fiber-matrix 

interphase properties (depth and modulus), speed of resin curing, and interfacial adhesion. 

Ultimately, a correlation of interphase depth and modulus with interfacial shear strength can be 

created, which will give a deeper understanding to fiber-matrix micromechanics for constitutive 

models.  

To start, a resin-hardener system must be selected, and curing times must be mapped for 

three to five different isothermal curing temperatures (as done in section 2.3.1 or section 5.2.1). 

To ensure that all other variables are held constant, samples should be cured to the same degree 

of conversion, 𝛼 = 0.99. After curing, the oven will be shut off with the door slightly ajar to 

allow for slow cooling back to room temperature.  

Next, single fiber samples will be fabricated consistent with the steps taken in section 

2.3.5. Afterwards, interfacial adhesion tests can be completed with the single fiber fragmentation 

technique as described in sections 2.3.8 and 2.3.9. To study the interphase depth and properties, 

gauge section segments of single fiber fragmentation dog-bone samples can be cut and polished, 

creating a small sample through the cross-section of the fiber. Before cutting, dog-bone samples 

may also be soaked in liquid nitrogen to promote brittle fracture and a clean surface. Once 

prepared, an AFM scan can be completed across the fiber into the matrix. A sample AFM scan 

through the cross-section of the fiber into the matrix can be seen in Figure 6.3. As shown below, 

the depth and modulus of the interphase region can be scanned for each sample and then used to 

observe its relation to interfacial shear strength. 
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Figure 6.3: (Left) Cross-section AFM scan of single fiber composite sample. (Right) 

Corresponding graph of modulus as the AFM scan goes from fiber to interphase to matrix. 

 

In summary, work in Chapter 2 observed the relationship between curing speed and 

interfacial adhesion when the chemistry of a system was held constant. Work by Qi et al.229 

determined the relation between curing speed and interphase depth for two separate resin 

systems. In an attempt to connect the conclusions of each paper, the goal of this project is to 

describe the relation between interfacial shear strength, interphase depth, and curing speed. 

6.3 EXPERIMENT 3: MEASURING MODE-1 FIBER-MATRIX ADHESION 

6.3.1 Motivation 

As discussed throughout all sections above, interfacial adhesion plays a critical role for 

the performance of fiber-reinforced polymer composites. Consequently, several tests have been 

created to measure interfacial adhesion, such as single fiber fragmentation, fiber pull-out, fiber 

push-out, and micro-droplet. All such testing methods are thoroughly described by Rutz91. 

Cured Matrix
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AFM Scanning Direction
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However, even though these strategies are well known and show some utility, they only measure 

shear, or mode-II, adhesion which can be seen in Figure 6.4.  

 

 

Figure 6.4: Animation describing different modes of loading conditions 

 

While the degree of mode-II adhesion is important for describing certain fiber-matrix 

properties, such as delamination, it does not fully encapsulate all loading and failure conditions 

that fiber reinforcements may encounter. Namely, when fibers are subjected to transverse stress. 

More commonly, fiber-reinforced composites encounter mixed mode loading conditions (such as 

pulling and shearing at the same time) in which the measurement of interfacial shear strength 

(mode-II) is not sufficient to fully describe the mechanics of the system. Currently, there appears 

to be a deficit of mode-I fiber-matrix adhesion tests throughout academic literature, and the 

realization of such a test can prove to be helpful in trying to fully understand the micromechanics 

of composites. 

6.3.2 Peel testing setup 

In theory, there are multiple ways to measure mode-I adhesion. Among them, peel tests 

have been popular and may come in many forms. Two possible tests that can be transferred to 

(Mode II) (Mode III)(Mode I)
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use for micromechanics are 90° peel tests (ASTM D6862-11)231 and 180° peel tests (ASTM 

D903 − 98)232. Even though the accompanying ASTM manuals describe usage cases where 

testing samples are larger materials such as flat plates and strips of plastic, their general 

principles can still be used as a guide while crafting a new mode-I micromechanics test. Figure 

6.5 below shows a possible design for the single fiber peel test. 

 

 

Figure 6.5: Schematic of single fiber peel test. Image not drawn to scale. 

 

In the schematic above, a single carbon fiber will be partially embedded on a slab of 

cured resin and then pulled at an angle, 𝜃, with force F to slowly peel it away from the resin. In 

theory, this test will measure the required peeling force for the interfacial area, which can then be 

related to mode-I adhesion values. However, there are a few key factors that may impact the 

feasibility of such a test. First, the adhesive strength between the fiber and the resin may not 

exceed the ultimate tensile strength of the carbon fiber itself. Second, the fiber must be precisely 

stationed on top of the resin as to be only partially submerged. Otherwise, the resin would fully 

surround the fiber, and peel tests will measure cohesive rather than adhesive failure. 
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Additionally, the level of fiber submersion in resin must be precise so the contact area can be 

reliably measured when used for adhesion calculations. 

6.3.3 Transverse tension test 

Given the difficulties of the methods above, a separate test must be used that is neither 

limited by the ultimate tensile strength of the fiber nor the extreme precision needed. A viable 

alternative to measure mode-I interfacial adhesive strength would be to embed a single fiber in 

cured resin where its orientation is perpendicular to the loading direction. A sample of this 

testing setup can be seen in Figure 6.6.  

 

 

Figure 6.6: (Left) Gauge section of single fiber embedded in a large block of cured resin – 

referred to as fabrication brick. Red dashed lines represent where cuts would be made in the 

brick to create single fiber tensile samples. (Right) Gauge section of single fiber tensile 

samples. Note that the entire testing sample will have the shape of a dog-bone tensile 

specimen, as seen in Figure 2.2. Image not drawn to scale. 

 

To perform a mode-I adhesive strength test, as shown in the figure above, multiple 

fabrication and testing steps must be completed. To start, a two-part inverse mold should be 

Fabrication brick Tensile testing sample
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machined for making the “fabrication brick” in Figure 6.6. To avoid adhering to the walls of the 

inverse mold, it should be made of metal coated with a releasing agent or Teflon. Additionally, 

the inverse of the mold should have the shape of an elongated dog-bone tensile testing specimen, 

where the dimensions of the gauge section should be proactively calculated to allow for proper 

adhesion testing to occur (i.e., the cross-sectional area should be designed to achieve needed 

tensile stress for testing and delamination). Finally, the two-part mold must have two small holes 

in the center for single fibers to be strung across, as well as have a water-tight seal to curb 

leakage of the liquid thermoset while curing. 

For sample creation, the mold will be filled halfway with the thermoset resin, then a 

single fiber will be placed across and through the two small holes. Then, the top half of the mold 

will be placed above and filled with the rest of the resin. High-temperature tape or sealant can be 

used to stop resin flow and plug the two small holes where the fiber protrudes.  

After the sample is cured and released from the mold, it will then be cut across its length 

(seen as red dotted lines in Figure 6.6) to create multiple small testing slabs. Each slab must be 

carefully polished on each side to ensure smoothness, optical clarity, and a uniform gauge 

section. 

For testing, the carbon fiber segment in each sample will be viewed under a microscope 

while being strained at each end. The tabs of the tensile sample will be attached to a straining 

device, and similar to previously completed work233,234, the stress or strain at which the sample 

delaminates from the cured matrix (coupled with the relevant stresses from thermal shrinkage) 

can later be related to the work of adhesion. Failure events can be located either by acoustic 

analysis, or by direct viewing under cross-polarized light. For acoustic analysis, debonding 

events may be perceptible, as shown in work by Nguyen and Berg234. Additionally, debonding 
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events may be perceptible under cross-polarized light through birefringence patterns located at 

the poles of each fiber.  

In conclusion, devising a micromechanics test on single fibers to determine mode-I 

(sometimes referred to as transverse) adhesion may be helpful for future researchers and 

engineers because composites often undergo mixed mode loading conditions, and knowledge 

solely of mode-II adhesive strength may not fully encapsulate such loading conditions. 

Therefore, the more commonly tested interfacial shear strength (mode-II) may not correlate as 

well to the overall performance of the composite. Overall, having mode-I and mode-II adhesive 

strength values will give composite engineers a more detailed portrayal of composite systems 

and can contribute to more accurate designs. 
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