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Jian-Ku Shang, Advisor 

The effects of graphite surface modification on fatigue crack growth resistance of 

the graphite/epoxy interface were examined using flexural peel specimens. Edge surfaces 

of pryolitic graphite were treated in an oxygen plasma for various lengths of time and 

subsequently bonded to a toughened epoxy to form flexural peel specimens. Fatigue crack 

growth rates were measured for the plasma treated and untreated specimens as a function of 

strain energy release rate. Fatigue crack growth resistance of plasma treated specimens was 

notably higher than that of untreated specimens, with the fatigue threshold doubled at an 

optimal treatment time. X-ray photoelectron spectroscopy, electron microscopy, and 

surface profilometry studies indicated that both surface chemistry and surface morphology 

of the graphite were changed by the plasma treatment. High temperature annealing was 

used to restore the original surface chemistry while retaining the etched surface 

morphology. Fatigue experiments were then performed on the heat treated specimens to 

separate the chemical and morphological effects on resistance to crack growth. Chemical 

modification turned out to be a secondary effect, contributing less than 13% to the overall 

fatigue crack growth resistance. A micro-mechanical model is proposed which explains the 

relative effects of surface chemistry and morphology on fatigue crack growth resistance 

along the graphite/epoxy interface. 
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Chapter 1 

Introduction 

Over the past fifteen years or so, the use of carbon fiber reinforced composites 

(CFRC) has grown substantially. These materials offer the advantageous properties of 

high strength and stiffness with substantial weight savings over more conventional 

materials such as aluminum alloys. Furthermore, composite materials have the unique 

benefits of tailorability. In other words, it is possible to tailor their properties to meet the 

specific requirements of a particular application. The combination of these characteristics 

make CFRC an ideal choice for use in advanced aerospace structures and are the driving 

force behind their increased employment in recent years [1]. 

Despite the fact that carbon fiber composites have found increasing application, 

many aspects of these materials are still not clearly understood. One of the fundamental 

questions remaining concerns the adhesion between fiber and matrix. In order to utilize the 

strength and stiffness of the reinforcing fibers, it is essential to optimize the bond between 

the polymer resin matrix and the fiber surface. Since the early 1960s, the issue of adhesion 

between fiber and matrix has been the subject of continuing research. In particular, many 

techniques for increasing the strength of the bond between graphite fibers and epoxy 

adhesives have been proposed and tested, both in the laboratory and in service. 

Additionally, a number of models have been advanced in the hopes of explaining why 

some of these techniques work better than others. Such models explain adhesion 

phenomena by suggesting some mechanism which attempts to relate the interplay of the 

three interactions known to exist across the interface: mechanical interlocking, chemical 

binding, and weak attracting forces such as dipole-dipole, van der Waals, and electrostatic 



interactions [2].   However, none of these models has proven adequate to sufficiently 

explain the extent of these interactions. So, the question remains unanswered. 

Another concern relating to the issue of fiber/matrix adhesion is the fact that as 

aircraft become more expensive, their expected service life increases as well. Hence, the 

question of fiber/matrix adhesion under conditions of cyclic loading takes on added 

importance as these materials will be expected to see more and more cycles in their lifetime. 

Unfortunately, fatigue testing of this interface cannot be easily done. The main problem 

with attempting an exhaustive study of the graphite/epoxy interface in fatigue lies in the frail 

nature of the fibers. Because of the properties of the fibers themselves, popular single 

fiber tests, like the fiber pull-out test, are not possible for conditions of cyclic loading. As 

a result, the only fatigue testing done to date has focused on composite laminates as a 

whole, leading to problems in interpretation from complicating factors such as fiber volume 

fraction, laminate orientation, etc., and preventing a detailed analysis of interfacial fatigue 

resistance. In an attempt to avoid these complicating factors, this thesis makes use of the 

newly developed flexural peel technique to investigate fatigue crack growth along the 

graphite/epoxy interface, taking pyrolitic graphite as the substrate to model the carbon fiber 

(CF) surface. This research has been focused on the correlation between fatigue behavior, 

chemistry, and morphology of the graphite/epoxy interface. 

1.1 Overview of Thesis Research 

Characterization of the interface between graphite and epoxy is very complex, 

involving surface chemistry, physical chemistry, organic chemistry, adsorption and 

chemisorption, surface structure, and microstructure. Optimization of interfacial adhesion, 

is likewise complex and always involves some type of modification of the CF surface. In 

this thesis, common techniques of surface treatment of graphite fibers for adhesion to 



polymeric adhesives are surveyed first, including both oxidative and non-oxidative 

techniques and etching and coating methods. Also discussed are some recent studies in 

which surface modification techniques were applied to pyrolitic graphite as a means of 

modeling the CF surface. Chemical and mechanical effects from plasma etching of 

pyrolitic graphite edge surfaces for different lengths of time, as well as the effects of 

subsequent heat treatments designed to restore the original surface chemistry are examined. 

The fatigue crack growth rates along the interface between an epoxy adhesive and graphite 

substrates following these surface treatments are then measured as a function of strain 

energy release rate. Results of these tests are explained in terms of both surface 

morphology and chemical interactions based on SEM, XPS, and surface profilometry 

analyses. 



Chapter 2 

Modification of CF Surfaces for Adhesion to Epoxy Resins 

The strength of the interface in graphite/epoxy composites has long been known to 

be of critical importance to the overall mechanical properties of such materials. An 

abundance of literature is available which examine the parameters affecting adhesion 

between graphite fibers and polymer matrix resins. Much of this literature is devoted to 

surface modification techniques of CF to improve adhesion and can be broken down into 

two broad categories: (1) oxidative techniques, in which the focus is the addition of 

oxygen-containing functional groups to the surface of the graphite; and (2) non-oxidative 

techniques, in which other methods of adhesion improvement are sought, such as surface 

roughening or coating with an organic layer more likely to bond with the polymer resin. 

Obviously, these two categories are not mutually exclusive, as many techniques aimed at 

adding oxygen to the CF surface also roughen the material. Also, within these two 

categories are a number of subdivisions including, liquid phase oxidation, gas phase 

oxidation, and anodic etching. These categories and subdivisions will be discussed in the 

following sections, with special emphasis on how such techniques have advanced the 

understanding of the important parameters affecting interfacial adhesion. Finally, surface 

treatments applied to the basal and edge surfaces of pyrolitic graphite substrates to model 

the CF surface[3-9] will be discussed as its own category. 

2.1 Oxidative Techniques 

An extremely inert material, graphite does not bond very well to epoxy 

matrices[10,ll]. Consequently, it has been suggested that the addition of oxygen- 

containing functional groups to the fiber surface would enable strong bonds to develop 



across the fiber/matrix interface and thereby improve interfacial adhesion. In fact, the 

introduction of oxygenated groups at the fiber surface appeared to be an attractive route 

since the earliest stages of CFRC development. In 1973, McKee and Mimeault published 

the first review of work on the oxidation of carbon fibers[12]. Subsequent research[13-15] 

has revealed that carbon can be oxidized both by liquid and gas phase techniques. Both 

types of oxidation are commonly used. 

Since a comprehensive examination of each method of carbon fiber oxidation is 

beyond both the scope and interest of the current study, these techniques are discussed in 

the following sections on a general level, from the perspective of how they relate to an 

overall understanding of controlling factors of adhesion at the graphite/epoxy interface . 

2.1.1 Liquid Phase Oxidation 

A wide range of oxidation agents has been used including nitric acid, hydrogen 

peroxide, sodium hypochlorite, and acidic potassium permanganate. With each of these 

reagents, the basic procedure for oxidation remains the same. Fibers are treated in 

solutions of varying concentration and temperature for a specified amount of time. 

Depending on the type of oxidizing agent, type of fiber, exposure time, and process 

temperature, these treatments can have varying effects on both morphology and surface 

functionality. 

Among the oxidizing agents used, nitric acid is the most common. Working with 

nitric acid treatments (60% for 24 hr at the boiling point), Herrick and co-workers[16,17] 

found a surface area increase from 1 to 136 m /g with a corresponding 12% reduction in 

weight, while oxygen content (measured in terms of carboxyl groups) showed a ten-fold 

increase. In the same experiment, interlaminar shear stress (ILSS) was also found to 

increase from 4400 to 5930 psi with surface treatment. Prolonged exposure to nitric acid 



was found to result significant decreases in fiber strength, likely due to the continued 

etching of the fibers by the acid. At the same time, the use of more dilute acid was 

ineffective in increasing surface functionality. Fitzer and co-workers[18] and Cziollek[19], 

oxidized type I and II PAN-based carbon fibers by refluxing with 65% nitric acid followed 

by extracting in water and drying at 150°C for 48 hours. They found that for both types of 

fibers, surface oxygen content increased with increasing treatment time. Hamin et al.[20] 

used 65% aqueous nitric acid solutions at 120°C for 5 hours followed by cleansing in water 

and drying in vacuum at 150°C for 1 hour to oxidize carbon fibers. Results from their 

work indicated that surface treatment produced fibers with increased concentrations of 

surface oxygen and no significant loss of mechanical properties. The work of Bahl and co- 

workers[21], demonstrated that treating polyacrylonitrile (PAN) based carbon fibers with 

50% nitric acid for 50 minutes provided the best results. This treatment produced fibers 

which had undergone some surface smoothening and had significant increases in oxygen- 

containing functional groups at the surface. Longer treatment times resulted in higher 

oxygen concentrations, but the overall mechanical properties, such as tensile strength, 

suffered with further exposure. 

Bansal and Chhabra[22] and Bansal et al.[23], oxidized PAN-based carbon fibers 

in mild oxidizing agents such as aqueous solutions of hydrogen peroxide and potassium 

persulfate. Oxidation was performed by immersing the fibers in closed bottles of these 

solutions for 24 hour periods. Both types of treatment resulted in increased concentrations 

of surface oxygen-containing groups that were proportional to the amount of fiber etching. 

Using a 15% peroxide solution near boiling for 14 hours, Yip and Lin[24] oxidized several 

different types of carbon fibers. Their findings included appreciable rises in surface 

roughness and oxygen content of the fibers as well as increases in transverse tensile 

strength (TTS) of their resulting composites.   These increases were attributed to the 



formation of micropores, cracks, etch pits, lamellar oxide layers, and elimination of trapped 

carbon atoms and weakly absorbed oxygen. 

2.1.2 Anodic Etching 

A specialized form of liquid phase oxidation, anodic etching makes use of the 

excellent conductive properties of carbon fibers. In anodic etching processes, the carbon 

fibers act as an electrode across which a bias may be passed. Using dilute 

concentrations, a wide variety of electrolytes may be used, including both alkaline and 

acidic media. Since the anodic etching process is quite mild (resulting in less than 2% 

weight loss of the fibers), no significant change in the surface area of the fibers occurred. 

Nevertheless, numerous studies have been done which indicate that this technique can 

produce significant changes in the amount and type of functional groups on the fiber 

surface. 

A number of investigations were done in the 1980s by Sherwood and co- 

workers [25-29] which systematically studied the effects of various electrolytes and 

anodizing potentials on the chemistry of CF surfaces. Using concentrations as low as 10% 

electrolyte in aqueous solution, they found that the number of surface oxygen-containing 

groups increased with increasing potential. Applied voltage not only affected the amount of 

functional groups, but it had a direct effect on the type of surface species as well. At lower 

potentials, ketones dominated the surface, while -C-0 concentration increased with 

increasing potential. Results also indicated that acidic electrolytes produced more dramatic 

changes than alkaline solutions at the same potential and that the majority of functional 

groups were added at corner and edge sites, rather than along basal surfaces. Similar work 

with sulfuric acid, sodium hydroxyl, and ammonium carbonate done by Verbist and 

Lefebvre[30] supported these conclusions. In these studies, applied anodic potentials were 



kept below 2.0V to avoid strong fiber damage, which is often accompanied by the 

evolution of CO and C02 during treatment. Treatment times of 1 minute at the highest 

applied voltage produced the greatest increases in functionality for all three electrolytes. 

Also, the relative concentrations of functional groups at different potentials were much like 

those found by Sherwood. 

More recent studies by Wang and Sherwood[31,32] have attempted to relate the 

effects of electrochemical oxidation of carbon fibers to their reactivity with polymeric 

resins. These studies show that fibers treated in this manner react chemically with resin 

materials, but attempts have not yet been made to quantify these reactions in terms of 

adhesion strength between fiber and matrix nor with transverse strength properties of 

composite laminates as a whole. 

Baillie and Bader[33] performed a comprehensive investigation into the effects of 

anodic oxidation on adhesion to epoxy matrices for PAN-based carbon fibers in an 

ammonium-bicarbonate electrolyte at various current densities. Results indicated that 

debonding stress increased with potential up to 25C/m2, after which it leveled off. Strength 

increases were attributed to the removal of a weakly-bonded surface layer on the fiber, 

thereby making it possible for acid groups to anchor to the fiber surface. As the 

concentration of these acid groups increased, the failure mode changed from one of 

frictional sliding across the interface (no treatment) to the breaking of chemical bonds 

between the fiber and matrix (optimal treatment). The strength plateau after 25C/m was 

attributed to a saturation of active sites on the graphitic surface. 

2.1.3 Gas Phase Oxidation 

Early attempts at gas phase oxidation of carbon fibers made use of air or oxygen 

gas at high temperatures. Molleyre and Bastic[34] oxidized PAN-based carbon fibers in air 



at 500°C and studied the resulting fiber characteristics for comparison with untreated fibers. 

Surface area, surface roughness, and pore size all increased with treatment, and correlation 

was made between the increased surface roughness and improvements in composite shear 

strength. However, this study also revealed that when the same treatment was performed 

in C02 rather than in air, the resulting fiber surface was smoother and the pore sizes were 

smaller than in the untreated fibers. Clark et al.[35] also reported a marked increase in 

surface rugosity through the formation of pits and striations when fibers were oxidized in 

air. The interlaminar shear strength (ILSS) of composite materials made from HM carbon 

fibers with this treatment increased from 20 to 58 MPa. 

Yip and Lin[24] pre-soaked a variety of types of CF in concentrated sulfuric acid at 

boiling point for 1 hour followed by heating in a muffle furnace for a period of hours, with 

exact time depending on fiber type. Oxidation appeared to take place preferentially at 

surface defects, cracks, bumps, and pits. Both oxygen content and TTS increased with 

treatment, although the authors believed chemical bonding between fiber and matrix 

contributed only to a minor extent in adhesion. 

Oxidation of PAN-based CF was accomplished by Bansal and Chhabra[22] by 

soaking the fibers in water and bubbling in an oxygen/3% ozone mixture for 6 hours. 

Reportedly, this treatment enabled oxygen to be chemisorbed to the surface and resulted in 

increased fiber surface area with only a 6% weight loss. However, attempts were not made 

to correlate these results with interfacial adhesion. 

Out of a need for an alternative to both high temperature gas phase oxidation as well 

as to liquid phase oxidation came the concept of cold plasma oxidation. The idea that gas 

plasmas could effectively be used to modify the surface of carbon fibers first began to take 

shape in the patent literature in the early 1970s[36-39]. The techniques entailed in these 

patents make use of oxygen-containing gases such as N02, 02, S02, C02, NO, H20, and 



air plasmas to oxidize carbon fibers. By the mid-1980s, studies in the literature began to 

appear which demonstrated that these oxidizing plasmas were able to significantly 

functionalize a surface. 

Mujin and co-workers[40] used cold 02 plasma to treat bundles of 1000 fibers at a 

time by passing the bundles into the plasma at a constant velocity. Various techniques were 

then used to characterize both the physical and chemical properties of the resulting fibers. 

The shear strength (ILSS) of carbon fibers reinforced composites made from these fibers 

was measured and found to increase by almost 70% over those composites made from 

untreated fibers. Improvements were attributed to three areas. First, there was no 

appreciable loss of fiber strength as a result of the treatment. Second, increased surface 

roughness enhanced mechanical interlocking at the interface. Third, an increase of oxygen- 

containing groups at the fiber surface, mainly in the form of carboxyls and ketones, 

improved wettablilty and reactivity of the CF towards epoxy resin. Allred and Schimpf[41] 

obtained similar results using C02 plasmas on high modulus carbon fibers. Treated fibers 

showed large increases in surface functionality mainly in the form of hydroxyl, ketone, 

and carboxyl groups. Increases in composite shear strength were also noted as functions 

of the increased surface oxygen. 

In working with air plasma, Xie and Sherwood[42,43], demonstrated that 

microwave plasmas were also an effective CF surface treatment. They noted that exposure 

to air plasmas caused increases in surface oxygen-containing groups as well as increases in 

nitrogen functionalities. Furthermore, treatment affected only the surface chemistry of the 

fibers, while the bulk structure was unchanged. Treatment times of less than five minutes 

produced best results, with oxygen increases attributed to the added presence of C-OH, C- 

O-C, and -C=0 groups. Longer treatment times proved ineffective in producing more 

functionality and resulted in degradation of fiber strength. Sherwood also noted that there 

10 



exists a critical time for both 02 and air plasma treatments after which some functionality 

will be lost and fiber damage will occur. Similar results in working with air plasmas were 

obtained by Jones et al[44,45]. They concluded that air plasma treatments resulted in 

increased surface oxygen groups, which could improve adhesion to matrix materials. The 

same work showed that the etching effect of argon plasmas led to a large number of free 

radical sites on the CF surface. When the treated fibers were then exposed to air, these 

sites reacted with atmospheric oxygen and nitrogen to produce large increases in surface 

functionality. However, this study did not attempt to relate increased oxygen levels with 

any composite properties. Correlation between surface oxygen groups and fiber matrix 

adhesion were also obtained by Allred and Stoller for Kevlar fibers[46] and Zang et al.[47] 

for PAN-based carbon fibers. 

In a study quoted extensively, Drzal and co-workers[48] studied the plasma 

treatment of PAN-based fibers in air. They suggested that surface treatments designed to 

promote adhesion of CF to epoxy matrix materials operate through a two-part mechanism. 

First, a weak outer layer initially present on the fiber surface is removed by the surface 

treatment. Second, surface chemical groups are added to the fiber surface which could 

increase interaction with the matrix chemically, leading to improved fiber matrix adhesion. 

Drzal also claimed that the increases in surface area caused by many treatments do not have 

an important effect on the overall adhesion between fiber and matrix. 

In a recent study by Drzal [49], attempts were made to correlate the amount of 

surface functional groups with adhesion at the fiber/matrix interface. Results seemed to 

indicate that chemical bonding between matrix materials and these functional groups was 

not the dominant factor in adhesion (approximately a 20% effect). 

11 



2.2 Non-Oxidative Techniques 

While treatments involving the addition of oxygen to the surface of carbon fibers 

have enjoyed the dominant position both in service and in research, many alternative 

techniques have taken on increasing importance over the past 10 years. With the exact 

mechanism by which adhesion between CF and epoxy occurs still not fully understood, 

nonoxidative surface treatments have arisen in the hopes of providing improved adhesion 

cheaper, faster, and/or more reliably than the established techniques. Some of the more 

popular new treatments are mentioned below. 

2.2.1 Whiskerization 

The process of whiskerization involves a nucleation and growth process of very 

thin, very high strength materials such as silicon carbide, titanium oxide, or silicon nitride 

on the fiber surface perpendicular to the fiber axis. Milewski and co-workers[50-52] first 

used the concept of whiskerization to grow a uniform coating of silicon carbide whiskers 

onto the surfaces of carbon fibers via a chemical vapor deposition process at about 1400°C. 

They claimed that this process enabled them to increase the shear strength of a carbon 

composite by more than 4 times over the shear strength of those made from untreated 

fibers. However, the use of silicon carbide presented some major problems. The material 

is very abrasive, much more dense, and has a different coefficient of thermal expansion 

than carbon. Furthermore, the very high temperatures at which this process had to occur 

made it a very unattractive option for industrial uses. 

Baker and Downs[53] proposed an alternative to circumvent these problems by 

growing carbon nanofibers from the surfaces of both PAN and pitch-based carbon fibers at 

relatively low temperatures (650°C). This process involved the use of a metal catalyst, 

introduced to the fiber by means of a soluble salt followed by several calcination and 

12 



reduction steps to produce discrete metal particles on the fibers. When exposed to a 

gaseous hydrocarbon/hydrogen mixture at 650°C, these particles acted as catalysts from 

which the nanofibers were grown. Treatment in this manner produced very large increases 

in surface area of the fiber from about 1.0m /g in the untreated state to as large as 300m /g 

when completely covered by nanofibers. Mechanical tests on composite materials made 

from these treated fibers indicated that shear strengths as much as 4.75 times larger than 

untreated samples were possible. 

2.2.2 Coating Methods 

Thin coatings of organic polymeric materials (finishes or sizings) are another 

method which have been employed to improve interfacial adhesion. Though often applied 

primarily as a protective coating, fiber finishes can also improve fiber surface reactivity and 

wettability with polymer resins. Cziollek et al.[19] coated PAN-based carbon fibers which 

had been pre-oxidized in 65% nitric acid with a liquid epoxy and a liquid diamine. They 

found that this procedure produced increases in the TSS of the resulting composites from 

30 to 50% over the TSS of untreated specimens. The use of several alternating and block 

co-polymers has also proved to be successful in improving adhesion with PAN-based 

carbon fibers[54]. 

Drzal et al.[55] studied the effect of fiber finishes with respect to adhesion with 

epoxies and concluded that the coating had a two-fold effect. First, there was an increase 

in interfacial strength between fiber and matrix. Second, the mode of failure at the 

interface was altered from growth of an interfacial crack between fiber and matrix to that 

of a matrix crack perpendicular to the fiber axis. Drzal concluded that the finish reacted 

with the matrix material to create a brittle "interphase" which contained a lower 

concentration of curing agent than the bulk epoxy (Figure 2.1). This interphase region 
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Figure 2.1:  Schematic  diagram of the  interphase region:  (a)  initial bonding;  (b)  after 
final cure  [55] 

was able to promote better stress transfer between the fibers and matrix, but because of its 

low fracture toughness (a consequence of the depletion of curing agent in the region), the 

failure mode changed from interfacial to matrix cracking. These observations were 

confirmed by Okhuysen et al.[56], who saw a similar change in failure mode of fibers 

coated with either diglycidyl ether or bisphenol A. 

Attempts by Commercon and Wightman[57] to coat pitch-based carbon fibers using 

organic gas plasmas were not successful in improving interfacial adhesion. They found 

that treatments with methane, ethylene and trifluoromethane led to a decrease in debonding 

strength between the fibers and PES resin. The decrease in adhesion was attributed to 

these films acting as a "weak boundary layer." Further studies with epoxy resins yielded 

the same conclusions. 

2.2.3 Other Methods 

There are two techniques which need to be included under the heading of "other 

techniques" used to modify carbon fibers for adhesion. The first of these is the vapor 

deposition of pyrolitic carbon and certain metal carbides[58-60]. These materials have been 
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deposited onto the surfaces of carbon fibers both to improve adhesion as well as to improve 

resistance to oxidation. Employed most often when dealing with ceramic or metal matrices, 

this technique is best suited for stabilizing the properties of the fiber under exposure to high 

temperatures or corrosive environments. As such, vapor deposition has not seen much use 

with polymer based composites. 

Another technique which as yet has not seen abundant use is the modification of 

carbon fibers with fluorinated etching plasmas. Commercon and Wightman[57] have 

recently demonstrated that tetrafluoramethane (CF4) plasma treatments can enhance the 

adhesion of carbon fibers to epoxy resins. The authors point out, however, that the 

adhesion improvements are a consequence of the etching effects of the plasma rather then a 

chemical effect. Supporting the conclusions of Drzal et al.[48], they argue that their results 

emphasize the importance of the removal of a "weak boundary layer," as the dominant 

effect in the fiber-epoxy adhesion. 

2.3 Using Pyrolitic Graphite to Model the CF Surface 

Because the structure of carbon fiber surfaces is complicated and often does not 

show a homogeneous structure, it can be extremely difficult to characterize the relationship 

between the structure of CF surfaces and the species of chemical groups added by surface 

treatments. Furthermore, the inability to sufficiently characterize this surface makes the 

determination of the mechanism responsible for the improvement of interfacial adhesion a 

controversial subject. In response to these problems, an innovative method for modeling 

the surface of carbon fibers has been introduced and investigated by Nakahara and co- 

workers over the past five years. They have studied the nature and relationships mentioned 

above by using basal and edge surfaces of pyrolitic graphite (PG) as a model of the CF 

surface. The scope of their investigations falls into three areas: (1) anodic oxidation and its 
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effects; (2) plasma irradiation and its effects; and (3) polymer/PG edge surface interface 

characterization. 

Studies on the effects of anodic oxidation involved the use of different electrolytes 

as well as different oxidizing potentials [3,4], Characterization of PG surfaces both before 

and after treatment was performed by means of laser Raman spectroscopy as well as x-ray 

photoelectron spectroscopy. It was determined that by anodic oxidation, hydroxyl groups 

(C-OH) are added to edge surfaces of PG. According to the authors, it is these hydroxyl 

groups which are capable of bonding covalently with epoxy to improve adhesion. 

Carboxyl groups (C=0), associated with the destruction of the surface structure, were 

added to the basal surfaces. Because these carboxyl groups were added to the surface only 

when a degradation of the crystalline order occurs, they are not believed to improve 

adhesion with epoxy resins. Thus, the edge surface is considered to play the more 

important role in improving adhesion. Comparing the effects of acidic versus alkaline 

electrolytes, two general conclusions were reached. First, the depth of oxidation in acidic 

electrolytes may be as much as 40nm, whereas with basic solutions oxidation is limited to 

the surface layer at all treatment levels. Second, the use of acidic electrolytes causes a great 

deal of destruction of the PG surface, both at edge and basal sites. Alkaline electrolytes, 

even at high levels of treatment (5000C/m ), do not cause destruction of the surface 

structure. This relationship between type of added functional group, depth of oxidation, 

and amount of surface destruction is shown in Figure 2.2. 
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(a) (b) 
Figure 2.2:  Relationship between functional groups added to edge surfaces:  (a) -OH; 
(b) -COOH [5] 

Building on the information obtained in characterizing PG surfaces modified by 

electrochemical oxidation, Shimizu and co-workers[5] attempted to relate structural changes 

caused by these treatments to the interfacial debonding strength (IFDS) between epoxy and 

PG edge surfaces. For both the acid and alkaline electrolytes, IFDS initially increased 

with anodic potential from about 4MPa to a maximum of 9MPa, but dropped to zero for a 

potential of 50,000C/m2. The increases in strength were attributed to increases in hydroxyl 

formation on the PG surface, while the drop-off in IFDS was attributed to the addition of 

carboxyl groups and a subsequent destruction of the surface order. 

In a related set of experiments, Nakahara and Sanada [6] turned their attention to 

characterizing the effects of an oxygen plasma treatment on PG surfaces. Characterization 

was once again carried out using XPS and laser Raman spectroscopy. It was found that 

plasma treatment increased oxygen content on both basal and edge surfaces, and that on 

both surfaces, the increased oxygen content appeared to come in the form of carbonyl 

groups as opposed to -O- type groups. There were two primary differences between 

treated basal and edge surfaces, however. Although oxygen content increased on both 

surfaces, it did so at a much faster rate for the edge areas, leading to the conclusion that the 

edge surface is of greater importance in optimizing adhesion properties. Also, the plasma 
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treatment caused a slight destruction of the basal surface while no marked destruction 

occurred on the edge surface with treatments as long as 240 minutes. Schematically, the 

effect of plasma irradiation on these two surfaces is shown below in Figure 2.3. Note that 

the plasma seems to preferentially attack defects on the basal surface whereas the net effect 

of treatment on the edge surface appears to be the removal of a disordered layer. [7] It may 

be that the removal of this disordered layer, which is introduced to the sample during 

specimen preparation, is akin to the similar phenomena of outer boundary removal 

described by Drzal et al.[48] as part of the two part mechanism for adhesion at the graphite 

fiber/epoxy interface. 

Basal 

Surface 

Inside 

30 min 

(CO)30^ 
(C02)  so / 

240 min 
 ► 

(CO)240 / 
(C02) Z>   240 / 

Edge 
[ (CO) 30+ (co 2)30] < [ (co) E40 + (CO 2) 240] 

Surface 

Inside 

Disordered layer 
(CO) 30^ 
(C02)  so / 

(CO) 240 / 

240 min 
 ► 

Figure 2.3: Diagram of the structural changes of basal and edge surfaces by oxygen 
plasma treatment. (CO) and (C02) represent the gas evolved after plasma treatments of 
various   times[6]. 

2.4 Summary 

Judging by the number of studies performed on the subject, the nature of adhesion 

between graphite fibers and epoxy resins is at the same time both a complex and important 
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area of research. The ability to modify the surface of carbon fibers for improved adhesion 

is well documented. What is not well understood, however, are the factors which control 

this adhesion. Without this fundamental understanding, attempts to optimize surface 

treatments will continue to run on a trial and error basis. Most researchers agree that both 

chemical effects (through the addition of reactive functionalities) as well as physical effects 

(in terms of mechanical roughening) play a part in adhesion at this interface. As yet, 

though, no one has been able to conclusively demonstrate the magnitude of their respective 

roles. With the use of pyrolitic graphite to provide a simplified model of the CF surface, it 

may be possible to successfully answer this question and determine the best way to 

optimize interfacial adhesion and fatigue resistance of the graphite/epoxy interface. 
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Chapter 3 

Experimental Procedures 

3.1 Materials 

Pyrolitic graphite was selected as the model substrate in this study for two reasons. 

First, the clean, ordered, homogeneous structure of PG made it possible to avoid 

difficulties in the characterization of the surface which are often encountered when using 

carbon fibers, due to the complex structure and non-homogeneous surface of such fibers. 

Pyrolitic graphite also has excellent strength properties, making possible the analysis of the 

carbon/epoxy interface under conditions of cyclic loading without having to use an entire 

composite laminate. Because bulk graphite samples could be used in lieu of whole 

laminates, it was also possible to avoid complications from such variables as fiber volume 

fraction and degree of orientation. 

3.1.1 Pyrolitic Graphite 

The pyrolitic graphite used was provided by the Advanced Ceramics division of 

Union Carbide Corporation, Cleveland OH. Pyrolitic graphite is a high purity material 

composed of carbon atoms arranged in parallel layers of adjacent hexagonal rings. Figure 

3.1 shows a sketch of a typical PG sample (with dimensions noted) as received from the 

vendor for this study. As shown in the figure, the "a" direction is parallel to the deposition 

surface (and therefore to the basal planes as well), while the "c" direction is perpendicular 

to the deposition surface. 

The impurity content in the bulk graphite is very low, as seen in Table 3.1. The ash 

content ranges between .001 and .003% weight, with the majority of its impurity content 

consisting of silicon (50%).   Crystallite size varies between 50 and 5000Ä, while the 
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spacing between layers of adjacent basal planes is approximately 3.4Ä. Degree of 

orientation is very high with the ratio of crystallites having basal planes parallel to the 

deposition surface to those oriented normal to the deposition surface falling between 100:1 

and 1000:1. 

-<   7.6 cm    >■ 

Figure 3.1:  Schematic of pyrolitic graphite sample 

Table 3.1:  Impurity content of pyrolitic  graphite[61]  
Element Weight % 

B 

Ca 

Al 

Mg 

Si 

Fe 

Cu 

Ti 

V 

0.001 

0.0001 

0.0001-0.001 

0.0001 

0.0001-0.001 

0.0001 

0.0001 

0.0001 

trace 

As PG is a highly anisotropic material, property data is usually reported for both the 

basal and edge surfaces ("ab" and "ac" planes), when applicable. Since the edge surface is 

of most interest for the purpose of adhesion to polymeric materials and was the surface 

used in this study, only those relevant properties associated with the "ac" plane are reported 

here. 
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Table 3.2; Properties of pyrolitic graphite ("ac" plane)[61] 

Density 2.20 g/cm 

Modulus of elasticity 27.6 GPa 

Ultimate tensile strength (load applied//to "a" direction) 68.9 MPa 

Ultimate strength in bending (load applied//to "b" direction) 103.4 MPa 

3 

3.1.2 DP-420Epoxv 

The adhesive system chosen for this study is a two-part, room temperature-curing 

epoxy made by 3M (3M designation DP-420) and toughened by unspecified additives. The 

basic ingredients as disclosed by the vendor are listed in Table 3.3 below. The material 

properties for this epoxy were determined earlier and procedures detailing the determination 

of these properties have been discussed elsewhere[62]. Relevant mechanical properties are 

listed in Table 3.4 below. 

Table 3.3:  Ingredients of DP-420 epoxy 
Ingredient Weight % 

Polymeric amine 

Epoxy resin—N.J. Trade Secret 

Epoxy resin 

Amorphous silica 

2,4,6-tri((dimethylamino)methyl)phenol 

Catalyst  

50-60 

20-30 

1-10 

1-10 

1-10 

1-10 

Table 3.4:  Properties of DP-240 epoxy 

Elastic modulus 

Tensile yield strength 

Ultimate tensile strength 

Shear yield strength 

Ultimate shear strength 

Poisson's ratio 

2.25GPa 

30 MPa 

35 MPa 

17 MPa 

20 MPa 

0.40 
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3.2 Surface Characterization 

3.2.1 Specimen Preparation 

Pyrolitic graphite samples were received from Advanced Ceramics as plates with 

dimensions as shown in Figure 3.1. From the bulk sample, specimens were cut to desired 

dimensions with a diamond tip blade as shown in Figure 3.2, where the dashed lines 

indicate the cutting plane. 

6.6 mm 
12.5 mm 

76 mm 

Figure 3.2: Specimen geometry (Shown as cut from received graphite) 

Surface morphology samples were made by sectioning the above plates into smaller 

dimensions (approximately 12.5mm x 12.5mm x 6.6mm thick). 

The surface preparation for all specimens was the same. Immediately after 

sectioning, samples were rinsed twice in an ultrasonic bath using de-ionized water and then 

dried with bursts of compressed air. Then, edge (shaded) surfaces were ground flat and 

rough polished using 400 and 600 grit silicon carbide abrasive paper. Polishing was 

accomplished by changing polishing direction by 90° when moving to the finer grit paper. 
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Polishing then continued until the scratch marks from the 400 grit paper were no longer 

visible on the sample. In addition, samples were directionally polished so that the final 

polishing direction was 90° to the anticipated direction of crack growth (i.e. on the edge 

surface, in the "c" direction of Figure 3.2). The samples were then ultrasonically rinsed 

three times in acetone and three times in de-ionized water. After the rinsing process, 

compressed air was used to dry the samples. The graphite was then allowed to finish 

drying overnight. 

3.2.2 Plasma Treatment 

In order to perform the dual task of roughening as well as functionalizing the 

graphite surface, radio frequency (RF) glow discharge plasma etching was used. 

Specimens were etched with oxygen plasma in a Texas Instruments, model ASD-4, planar 

plasma system with the following operating conditions: a process pressure of 500mTorr, a 

process temperature of 20°C, and a power setting of 300W. Treatment times were set at 5, 

10, 15, and 30 minutes. 

3.2.3 Heat Treatment 

After plasma treatment, some samples were subjected to a heat treatment designed 

to remove the functionality from the surface while retaining the etched surface morphology. 

Heat treatment was accomplished in an induction heating furnace at the Center for Materials 

Processing, University of Illinois at Urbana-Champaign. Specimens were heated to 

1000°C at a vacuum of approximately 10" torr for 1 hour. After cooling to room 

temperature, the chamber was back-filled with hydrogen to prevent oxidation of the 

surface. Similar treatments designed for removing the functionality of carbon fibers have 

been performed and analyzed by Hammer and Drzal[63] and Yip and Lin [24]. 

24 



3.2.4 Surface Chemistry 

For a more detailed understanding of the differences in surface chemistry produced 

by various treatment times, the specimens were examined using x-ray photoelectron 

spectroscopy (XPS). Analyses were performed in vacuum at room temperature using Mg 

Ka x-rays at 1246eV as the photoexitation source. The x-ray source and argon ion source 

were mounted at an angle of approximately 45° from the surface of the specimens. 

Photoelectrons generated from the surfaces were focused on the entrance slit of a 

hemispherical energy analyzer. A pass energy of 180eV was used to scan the surface for 

general elemental analysis while more detailed analysis of specific peaks was accomplished 

with a pass energy of 36eV. Spectral data were recorded and analyzed by computer to give 

surface composition. 

3.2.5 Surface Morphology 

3.2.5.1 S urface Profilometry 

Untreated, plasma treated, and heat treated specimens were subjected to surface 

profilometry analysis to determine the samples' arithmetic average (AA) roughness, 

defined as the root mean square deviation from the mid-line of the surface. Profilometry 

was conducted on a Dektak3ST surface profiler. Scans were taken along the direction of 

expected crack growth (i.e. on the edge surface, in the "a" direction; see Fig. 3.3 below). 

Each scan was approximately 50|im in length and took 6 seconds to complete, 

providing for 1000 data points per scan. Arithmetic average roughness was found for 

samples of each treatment time. A minimum of five scans were taken for each treatment 

time. 
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Figure 3.3:  Scan direction for surface profilometry analysis 

3.2.5.2 SEM Observation 

The surface morphology samples described above for treatment times of untreated, 

15min, and 30 min were subjected to surface observation in SEM*. The study focused on 

the morphology of the graphite surface along the "ac" plane with emphasis placed on the 

differences caused by various treatment times. Specimens were coated with Au/Pd for 180 

seconds prior to SEM analysis in order to ensure that no charging would occur on the 

surfaces during observation. Coating operations were performed in a Polaron SEM sputter 

coating system at a process pressure of approximately 1.8x10" mbar and an accelerating 

voltage of 800V. These parameters ensured a deposition rate of approximately 2Ä/s. 

Specimens were observed at a variety of angles including no tilt, 30° tilt, and 90° tilt with 

respect to the plane of interest in order to fully characterize their morphology. 

3.3 Crack Growth Experiments 

3.3.1 Sample Preparation 

Crack growth specimens were prepared in the same manner as described above for 

the surface morphology samples. Samples were cut to dimensions shown in Fig. 3.2, and 

Zeiss, Model 960 
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directionally polished as before. In addition, one of every two samples was cut to 

approximately 2/3 its original length, for use as the top half of a flexural peel specimen 

(discussed in Sec. 3.3.2). Plasma treatment times were either 15min or 30 min, with the 

operating parameters remaining at 300W, 500mTorr and 20°C. Crack growth tests were 

performed on polished and etched samples, as well as on specimens heat treated to restore 

the original surface chemistry. 

3.3.2 Specimen Fabrication and Geometry 

Specimens used for crack growth experiments were made to conform to a flexural 

peel (FP) geometry. Basically, this geometry consists of three layers made of two different 

materials. The outer layers were made of PG, and the inner layer was epoxy adhesive. 

Figure 3.4 shows the geometry and appropriate dimensions of the FP specimens used in 

this study. 

The procedure outlined below for making the FP specimens was used for samples 

of each treatment condition. First, a strip of adhesive tape was applied to the bottom beam 

over the bonding surface including approximately 10mm of the overlap area. This tape 

would later serve to produce a pre-crack region between the adhesive and the lower 

graphite layer. Next, epoxy adhesive was generously applied to both bonding surfaces. 

Two brass shims were then placed on the lower graphite layer, one at the "rear" of the 

specimen and the other in the pre-crack region. The purpose of these shims was to ensure 

a constant thickness in the adhesive layer. Finally the two halves of the FP specimen were 

brought into contact and clamped together by clips spaced evenly around the perimeter of 

the sample. Specimens were cured in this position for a period of no less than five days, 

after which the clips were removed and excess epoxy around the edges was ground away 

using 600 grit abrasive paper. 
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3.3.3 Experimental Technique 

Fatigue crack growth experiments were performed on the Flexural Peel specimens 

under displacement-controlled conditions using a sinusoidal waveform at a frequency of 

10Hz and a load ratio of 0. Testing was accomplished in room air (22°C; 55% relative 

humidity) on a testing apparatus specifically designed for FP specimens, as shown in 

Figure 3.5. The initial crack was formed in the specimen by overloading the region 

containing the adhesive tape until a crack developed. Due to the geometry of the sample 

and placement of the load, this procedure ensured that the initial crack would in fact form 

along the lower interface between the bottom graphite layer and the epoxy adhesive. 

Graphite 

Brass shim ■ 
t = 0.33 mm 

- Epoxy 

•:r:r:r:r:r:t:r::::::::>::::::::::>:::r:r:r:r>>>:r>::::::::>:-:r:: 

Graphite 

Pre-crack region 

(a) 

0.33 mml 

6.65 mm 

6.65 mm 

12.5 mm 

(b) 

Figure 3.4:  Flexural Peel specimen geometry:  (a) Side view (b) Front view 

This initial crack was grown to a length approximately equal to the length of the 

taped region in order to ensure that subsequent crack growth measurements would not 
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experience a "notch effect" from the pre-cracked region. After the initiation of this starter 

crack, the sample was loaded to desired load/cycle combinations to propagate the crack. 

Traveling Microscope 

Bending 
Load Cell 

Figure 3.5:     Schematic illustration of fatigue crack growth test apparatus[64] 

Crack extension was observed by a traveling optical microscope at a magnification of 10 

times. To aid the identification of the crack, a small amount of white correction fluid was 

applied to the side of the specimen. Fatigue crack growth rates were measured from 

approximately 10" to less than 10" mm/cycle. Fatigue threshold values were approached 

using a load-shedding procedure following the guideline of ASTM standard 647-88a. 

Fatigue crack growth rates were correlated with the strain energy release rate, AG, 

determined from the fracture mechanics solution of the flexural peel specimens as 

A^    P2(L + a)2fl     1  , 
2E0B     U    / 

[3.1] 

where P is the maximum applied load for a fatigue cycle; EOJ the elastic modulus of the 

graphite substrate; B, the width of the specimen; L, the distance from the loading line to the 

pre-crack; and I and I, the moments of inertia of the lower beam and the composite beam 

respectively. Since the upper and lower graphite beams are of equal thickness for these 

experiments, I may be expressed as 
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The residual term, g, in Equation [3.1] depends on the geometry and elastic properties of 

the two materials. For this case, however, the value of g turns out to be very small (less 

than 0.1 %) compared to the first term in Equation [3.1] and was therefore neglected in all 

subsequent calculations. A more comprehensive analysis of the analytical solution to the 

flexural peel geometry may be found elsewhere [65]. 

3.3.4 Finite Element Analysis 

Numerical solutions were required in order to calculate the contributions to the total 

strain energy release rate from Mode I (tensile opening) and Mode II (in-plane shearing) 

crack tip fields. Therefore, finite element analysis was used to determine mixed mode 

parameters. 

Following the method described by Zhang and Shang[65], Gi and Gn as well as the 

local phase angle 

V 
</> = tan x YKT [3.5] 

<Jyy 

were calculated for the material combination and geometry specified in Sections 3.3.2 and 

3.3.3. Figure 3.6a shows the finite element model used for these calculations. The mesh, 

created by PATRAN*, consisted of approximately 2000 isoparametric, 8-node elements. 

: PATRAN is a trademark of PDA Engineering, Costa Mesa, MA. 
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Finer meshes were used near the interface and crack tip region, as seen in Figure 3.6b. 

Calculations were accomplished by ABAQUS* and yielded a Gn/Gj ratio of .5086 and a 

local phase angle of 38.0°. 

(a) 

(b) X 

Figure  3.6:   Finite  element  model  of the  flexural  peel  specimen:   (a)  mesh  structure 
near the interface; (b) meshes near the crack tip 

3.3.5 Crack Profile 

Upon completion of the crack growth experiments, specimens were sectioned 

lengthwise using a diamond saw. One of the sectioned halves was polished down to 1mm 

diamond finish in order to provide a view of the crack profile. Polished specimens were 

viewed under both optical and scanning electron microscopes in order to characterize the 

crack path. Emphasis was placed on observing the crack path at regions of different strain 

* ABAQUS is a trademark of Hibbitt, Karlsson, and Sorenson, Providence, RI. 
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energy release rate (i.e. high, medium, and low) in order to determine if the crack tended to 

deviate from the interface with any recognizable pattern in any of these regimes. 

3.4 Fracture Surface Analysis 

Sectioned halves of specimens not used for crack profile analysis were broken open 

and used for fracture surface analysis. After sectioning and opening, specimens were first 

examined under optical microscope to determine if fracture was interfacial or cohesive. 

Samples were then coated with Au/Pd for a minimum of 180s and fracture surfaces were 

observed using SEM. The differences in fracture surfaces for specimens with different 

surface treatments and under the various strain energy release rate regimes were examined 

at the microscopic scale. 
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Chapter 4 

Experimental Results 

4.1 Effect of Oxygen Plasma Etching 

As discussed in Chapter 2, current thought on graphite/epoxy adhesion is that the 

main contributions to adhesion come from surface roughness/interlocking effects, and 

chemical bonding effects. However, no general consensus exists as to the relative 

contributions of these effects. Further, the issue of how these contributions interplay 

when exposed to conditions of cyclic loading has received little attention to this point. 

Therefore, a set of experiments has been conducted to test the effects of an oxidative 

plasma on the adhesion of a graphite substrate and epoxy adhesive under conditions of 

cyclic loading. 

4.1.1 Surface Characterization 

With any adhesive bonding process, the surface chemistry and morphology of the 

substrate play a tremendous role in determining the overall strength of the interface. 

Recognizing this fact, a detailed study of the surfaces of the graphite specimens used was 

deemed a necessity. In order to fully characterize these surfaces and the effects of the 

etching process on them, a comprehensive examination of both the chemical and 

morphological changes from etching was performed before testing interfacial properties. 

4.1.1.1 Surface Chemistry 

X-ray photoelectron spectra were obtained for surfaces etched for 0, 5, 10,15, and 

30 minutes in an oxygen plasma. Wide scan spectra were taken for each sample but are not 

shown because they are all relatively similar showing a strong Cls peak and a weaker Ols 
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peak.  A very weak Nls peak was seen on the untreated surface, but no Nls peak was 

observed for any of the other surfaces. 

Narrow scan spectra of the Cls and the Ols peaks for the surfaces treated for 0, 

15, and 30 minutes are shown in Figures 4.1 and 4.2 respectively. Quantitative analyses 

of the surfaces were obtained by measuring the area of the most intense peak for the 

particular element and applying the appropriate sensitivity factor. For each of the treatment 

times, the surface of the specimen was analyzed and mean concentrations of carbon and 

oxygen (expressed as atomic percentages) were determined. Table 4.1 summarizes the data 

obtained for the various graphite samples. 

Table 4.1:  Surface composition of PG for various treatment times  
Treatment time % Oxygen % Carbon Ols/Cls  

0 minutes 18.62 81.38 0.229 

5 minutes 23.81 76.19 0.313 

10 minutes 22.80 77.20 0.295 

15 minutes 24.33 75.67 0.322 

30 minutes 22.91 77.09 0.297 

In Figure 4.3, Ols/Cls ratios from the XPS narrow scan spectra for both the 

untreated and plasma treated specimens are shown. Note that the oxygen content on the 

surface rises quickly between the untreated surface and the surface treated for 5 minutes. 

Further treatment times resulted in no significant change in oxygen content out to the 

sample etched for 30 minutes. These results suggest that plasma treatment results in the 

addition of oxygen-containing functional groups to the edge surfaces, but that a saturation 

point is quickly reached. Similar results have been obtained for PG edge surfaces with 

different RF power and treatment pressures and out to longer treatment times[6], 

suggesting that the general observed behavior is a function of the graphite surface rather 

than one of specific operating parameters. 
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Figure 4.1:  XPS narrow scan spectra for the  Cls peak for various surface treatment 
times 
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Figure 4.2: XPS narrow scan spectra for the Ols peak for various surface treatment 
times 
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Figure 4.3: Effect of treatment time on the Ols/Cls ratio from XPS spectra 

In addition to providing an assessment of the change in oxygen content caused by 

plasma treatment, narrow scan XPS spectra were also analyzed to give an indication of the 

type of bonding present on the graphite surface. Examination of the Ols peaks in Figure 

4.2 reveals that the peaks for the etched surfaces are shifted slightly to the left (i.e. toward 

the lower binding energy component) in relation to that of the untreated surface. In the Ols 

spectrum, the lower energy component below about 532eV arises from =0 type groups 

while the higher energy component arises from -O- type groups or CO, C02, 02, and H20 

which may be present on the surface[27,66]. Evidence derived from the Ols spectra thus 

indicates that it is mainly =0 groups which are added by plasma treatment. 

Further clarification of the type of functional groups on the surface may be obtained 

by an analysis of the Cls peaks for the different surfaces. Visual inspection of these peaks 

shows an additional component present on the higher energy shoulder of the peaks for the 
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etched surfaces, as indicated in Figure 4.1. Computer analysis of these peaks was used to 

determine relative concentration of functional groups. The results of this analysis, shown 

in Table 4.2 below, indicate that the primary change in bonding caused by plasma treatment 

is the addition of >C=0 groups to the surface. Similar changes in functionality have been 

noted for graphite surfaces etched both in 02 [6,40] and C02[41] plasmas. 

Table 4.2: Composition of the Cls peak for surfaces with various treatment times 
Functional Groups Peak Position Etching time 

Untreated            15 min          30 min 
 (groups presented as % of total Cls peak)  

Primary C-C bond 283.0 48 43 43 

C-OH;C-0-C 285.1 30 31 29 

>C=0 287.1 15 19 20 

n ~>K transition 288.7 7 7 8 
(aromatic shake-up)  

4.1.1.2 S urface Morpholo gy 

4.1.1.2.1 Surface Profilometry 

The changes in morphology after the different surface treatment times were 

measured by surface profilometry in order to assess quantitative difference in roughness 

produced by the etching procedure. Results from profilometry did provide a quantitative 

measure of the general trend in surface roughness among the specimens. Computer 

analysis of surface profiles yielded the arithmetic average roughness (AA), or average 

deviation from the median. Calculated roughness values versus surface treatment time are 

displayed graphically in Figure 4.4 below. Note that although there is considerable 

uncertainty in the data, roughness values as well as the characteristic features of the 

respective profiles of the samples etched for 0,15, and 30 minutes do provide differences 

worthy of discussion. 
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Figure 4.4:  Arithmetic average roughness versus etching time 

Scanning profiles of the untreated surface revealed the smoothest of the surfaces 

under study, as expected. However, the surface was far from atomically flat, and in fact it 

exhibited the characteristic morphological features shown in the typical profile of Fig 4.5. 

Of interest to note in this profile is that a characteristic peak/valley pattern with heights of 

approximately 10-15kÄ exists over a 50(im length scale. These peak/valley ranges are 

spaced approximately 10 to 15[im apart. Such spacing is consistent with what would be 

expected of any relatively soft surface polished as described earlier and may be attributed to 

the surface preparation process. 

After a treatment time of 15 minutes, some clear roughening of the graphite is 

visible on the scanning profile as demonstrated in Figure 4.6. Of immediate note is that the 

peak/valley height has grown from 10 or 15kÄ to between 15 and 25kÄ over the same 

50|i.m range. Furthermore, the characteristic length of these peaks remains on the 10 to 

38 



15|j.m scale. On the basis of this evidence alone it appears that the effect of the plasma etch 

was to preferentially attack irregularities in the surface produced by the polishing process, 

resulting in more pronounced surface features. 
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Figure 4.5: Typical profilometry scan for an untreated graphite specimen 

Figure 4.6: Typical profilometry scan for a sample etched for 15 minutes 
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Figure 4.7 is representative of the typical profile obtained for the graphite surfaces 

which had been etched 30 minutes. Roughness has decreased from the value obtained for 

the surface etched for 15 minutes but remains greater than that of the unetched specimen. 

The characteristic spacing of the peak/valley pattern remains, though the tops of the peaks 

and bottoms of the valleys appear more rounded than on samples etched for shorter periods 

of time. Such behavior suggests that an over-etched condition had been reached in which 

further etching of the valleys was being counterbalanced by an erosion of the tops of the 

peaks. 

Figure 4.7: Typical profilometry scan for a sample etched for 30 minutes 

Despite the varied results suggested by the surface profiles discussed above, 

caution must be taken not to reach wide ranging conclusions on the basis of these profiles 

alone. While the features mentioned above are noteworthy, profilometry is inherently 

limited by the fact that it provides only a two-dimensional picture of the surface. As a 

result, high-resolution microscopy is necessary in order to provide a clearer picture of the 
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surface and to supplement the results of profilometry in characterizing the morphological 

differences among samples with different treatment times. 

4.1.1.2.2 SFM Observation 

Further characterization of the different morphologies produced by the etching 

process was accomplished by viewing the samples under high resolution SEM. The SEM 

images of the top views of untreated, 15 minute, and 30 minute etched specimens help to 

identify more precisely the variations in morphology among the different treatment times, 

as shown in Fig. 4.8. 

Upon initial inspection of the untreated sample, it is apparent that this surface is 

much smoother than either of the etched samples. The edge surfaces of successive basal 

planes are clearly visible and their regular stacking sequence gives a clear demonstration of 

the large amount of anisotropy present in the material. When viewed in this manner, the 

graphite surface has an appearance similar to that of a cross-section of layers of foil placed 

one on top of another. Aside from the presence of basal layers, other noteworthy 

morphological features of this surface appear to be the direct result of the polishing 

operation. One such feature present on the surface is a wave-like pattern running left to 

right across the surface. The successive "crests" running from top to bottom on the 

surface (Fig. 4.8a) are consistent with the direction of final polishing and may be attributed 

to the action of the abrasive across the surface. Closer examination of these edge surfaces 

reveal another result of the polishing process as some of these layers are bent in the 

direction of polishing (bottom to top on the photograph). The bending of some of the 

graphite planes can be more clearly seen under higher magnification as shown in 

Figure 4.9. This bending of the edges of the basal planes is important because it gives the 
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surface a smoother appearance.  Whereas the stacking of layers perpendicular to the 

surface produces areas of micro-roughness between planes, bending of these planes 

Figure 4.8: Top view of morphological changes caused by etching: (a) no etch; (b) 15 
min etch; (c) 30 min etch 
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effectively removes such roughness. As a result, when an adhesive is applied to the 

surface, there are fewer areas for this adhesive to mechanically anchor itself to the 

surface. Furthermore, previous research[6] has demonstrated that the ability to add 

oxygen-containing functional groups is far less for basal surfaces as opposed to edge 

surfaces. 

Other researchers have also noted a disruptive effect on the graphite surface from 

the polishing process. Nakahara and Sanada[7] used laser Raman spectroscopy to 

determine the ratio of edge carbon atoms to surface graphite basal planes. They attributed 

to the polishing process the production of a "disordered" layer which covers the inherent 

edge structure of the graphite. The concept of such a disordered layer is consistent with 

the observation of bent edge surfaces seen in Figure 4.9. This layer may also be likened to 

the weak, disordered outer layer often seen on the surface of untreated carbon 

fibers[67,68]. 

Figure  4.9:   Higher  magnification  view of the  untreated  surface  showing  bent  basal 
surfaces 
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In contrast to the untreated specimen, the surface of the sample etched for 15 

minutes displays a marked degree of roughness. What appeared as a rather smooth, wave- 

like pattern on the untreated surface was transformed to much more of a peak and valley 

profile as a result of etching. Spacing of this pattern is relatively consistent on both 

samples, with high points on the morphology spaced approximately 20(im apart. However, 

peaks on the etched sample have a sharp, almost jagged, appearance compared to the 

gradual change in slope observed before the etching process took place. Under higher 

magnification, as in Figure 4.10, the sharpness of the peak areas of the surface is quite 

evident. This appearance supports the conclusion that the plasma attacked and amplified 

surface irregularities caused by the polishing process. 

Figure  4.10:   Higher  magnification  view  of  15  minute  etched  surface  illustrating  the 
sharp peak-like features on the surface 

Comparing the untreated and etched morphologies of Figures 4.9 and 4.10, the 

result of etching of the bent basal surfaces can also be seen. Note in Figure 4.10 that the 

spacing between basal planes is much more visible than in Figure 4.9 for the unetched 
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surface. What is being observed is the effect of etching away the basal surfaces, or the 

disordered layer. The resulting surface is much more accessible to penetration by an 

adhesive and presents far more opportunities for mechanical interlocking to occur. 

The effects of over-etching are seen on the surface of the sample exposed to the 

oxygen plasma for 30 minutes. While the characteristic repeating pattern on the order of 

20p.m is still present on this sample, it is not nearly as well defined as it was on the 15 

minute sample. Confirming the suspicions aroused by profilometry, the sharpness of the 

peaks which defined the 15 minute sample are no longer present. The morphology is best 

described as one of "rolling hills" distinct from the wave pattern of the untreated sample 

and the peak and valley pattern of the sample etched for 15 minutes. These observations 

lead to the conclusion that an equilibrium condition was reached in which further etching 

into the sample came at the cost of eroding away the tops of the peaks. 

4.1.2 Crack Growth 

Measured fatigue crack growth rates were correlated with strain energy release rate, 

AG, for the three surface treatment times of 0, 15, and 30 minutes as shown in Fig. 4.11. 

For the case of the plasma treated specimens, the crack growth curves consisted of a power 

law regime, in which the log da/dN-log AG plot is linear, and a near threshold regime, 

where the fatigue crack growth rate decreases asymptotically on the log da/dN-log AG plot. 

For the case of the untreated surface, the fatigue crack growth curve is almost entirely in the 

linear regime, with a slight downturn observed only below a da/dN of 10" mm/cycle. The 

power law exponent, n, and the power law coefficient, A, obtained by a least squared fit of 

the linear regimes of each sample are shown in Table 4.2. 

For each of the surface conditions studied, the samples displayed a strong 

sensitivity to the strain energy release rate, as is evidenced by the high slopes of each of the 
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fatigue crack growth curves. Though the sensitivity of crack growth rate to ÄG is much 

less for the etched surfaces, even the lowest slope, 5.2, obtained for the surface etched for 

30 minutes, is quite steep for an engineering material. Slopes of this magnitude 

indicate that even small changes in loading conditions could be enough to cause 

catastrophic failure. This sensitivity to loading represents an engineering design 

problem for finite life calculations since even minor design alterations or small analysis 

errors could cause large changes in calculated results. As an alternative, infinite life 

design approaches may be used. To this end, the concept of crack growth threshold, 

defined as the strain energy release rate at which da/dN falls below 10" mm/cycle, becomes 

important. 
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Figure   4.11:   Fatigue   crack   growth   curves   for   specimens   with   surfaces   etched   for 
various   times 
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Table   4.3:   Power   law   coefficients   and   exponents   of  FP   specimens   with   different 
surface treatment times  

Treatment time n A   

0 minutes 12.5 1.72 x 10"26 

15 minutes 7.1 2.38 x 10-20 

30 minutes 5.2 5.40 x 10"17 

By using AGth to evaluate improvements in adhesion with surface treatment, it is seen that 

the 15 minute plasma etch almost doubles the interfacial strength over that of the untreated 

2 2 specimen. After this treatment time, AGu, increases from a value of 30J/m to 54J/m . 

However, with an additional 15 minutes of etching time, the threshold strength decreases to 

41J/m2, a clear sign of the effects of over-etching discussed previously. 

One final point of interest is that the fatigue crack growth curves for the two etched 

samples begin to converge as strain energy release rate increases. While the separation 

between all three curves in the near threshold regime is significant, it is only the unetched 

specimen which continues its divergence from the other two curves at higher AG values. 

This divergence seen in the unetched specimen is the result of a large increase in fatigue 

crack growth resistance for the treated specimens along the entire curve. The convergence 

of the treated specimens at higher strain energy release rates would seem to suggest that a 

common failure mechanism is at work, particularly at higher loads, and that this mechanism 

is not seen in the untreated sample. Analysis of fracture surfaces of all the samples 

was required to confirm these suspicions and define the precise failure mechanisms at 

work. 

4.1.3 Failure Mechanisms 

Upon completion of the fatigue crack growth tests, specimens were sectioned and 

broken open to reveal the fracture surfaces. Samples were first inspected visually as well 
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as under optical microscope, but neither of these methods proved adequate to characterize 

the surfaces. Therefore, scanning electron microscopy was utilized to characterize the 

various failure mechanisms and fracture morphologies of the specimens. Pictures taken 

from SEM clearly revealed that different failure modes existed between the treated and 

untreated specimens. Along the entire fracture surface of the untreated specimens, failure 

was interfacial, as seen in Figure 4.12. On the lower graphite surface, edge surfaces of 

basal planes are exposed, and a mirror image imprint of this graphite morphology can be 

seen along the upper (epoxy) surface. This failure pattern indicated that the crack was 

following a path along the lower graphite surface and that the epoxy adhesive was being 

pulled from this surface as the crack propagated (left to right across the photographs, as 

indicated). Higher magnification photographs of this pattern, as in Figure 4.13, further 

clarify the nature of failure as predominantly Mode I opening of the crack surfaces 

perpendicular to the direction of propagation. 

Figure 4.12: Fracture surfaces of an untreated specimen: (a) graphite side; (b) polymer 
side 
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Figure   4.13:   Higher   magnification   view   of  the   fracture   surfaces   of   an   untreated 
specimen: (a) graphite side; (b) polymer side 

Examination of the fracture surfaces for the sample etched for 15 minutes showed 

that in sharp contrast to the interfacial failure seen on the untreated surfaces, the failure 

mode had now become one of almost entirely cohesive failure. Figure 4.14 shows the 

bottom graphite surface of a FP specimen which had been etched for 15 minutes, as well as 

a higher magnification view of both top and bottom fracture surfaces. These surfaces were 

covered by a layer of epoxy having a shingle-like pattern with facets running parallel to the 

crack front. Similar morphology has been seen on cohesive failure surfaces in other 

adhesively bonded systems when crack growth occurred under predominantly shear (Mode 

II) conditions[69]. As threshold AG values were approached, the samples exhibited a 

slightly mixed failure mode, as seen on the bottom graphite fracture surface shown in 
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Figure 4.15. On this surface, some edge surfaces are visible, like those seen on the 

untreated surface. However, the majority of the surface is still covered with the shingle 

pattern of the epoxy indicating mostly cohesive failure. 

Figure 4.14: Fracture surfaces of a FP specimen with 15 minute treatment time:  (a) 
graphite side x500; (b) graphite side x2000; (c) polymer side x2000 
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Figure 4.15:  Near-threshold fracture surface  (bottom)  of FP specimen with  15 minute 
treatment time 

When treatment time was increased to 30 minutes, the fracture pattern took on a 

much larger mixed character than was seen on the 15 minute etched surfaces. A 

representative picture of the bottom fracture surface, such as Figure 4.16, has almost a 

50/50 mix of exposed edge surfaces and polymer "shingles". Higher magnification 

pictures of both of these areas (Fig. 4.17) distinctly show the mixed nature of the failure. 

Figure 4.17a-b reveal the mirror images of an area of interfacial failure. Note that these 

images are almost identical to the pattern seen in Figure 4.13 for the unetched surface. 

Figure 4.17c-d, on the other hand, are marked by the polymer facets like those seen 

covering the surface of the sample etched for 15 minutes (Fig. 4.14). 
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Figure 4.16: Bottom fracture surface of FP specimen with 30 minute treatment time 

Figure 4.17:  Mixed  nature  of failure seen on FP specimen with  30  minute  treatment 
time:  (a) interfacial bottom; (b) interfacial top; (c) cohesive bottom; (d) cohesive top 
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4.2 Effect of Post-Etching Heat Treatment 

4.2.1 Surface Characterization 

The main objective of the heat treatment process was to remove the chemical effects 

(i.e. added oxygen-containing functional groups) caused by the etching process while 

maintaining the morphological effects (i.e. surface roughening). Therefore, surface 

characterization was conducted using the same methods described in Section 4.1.1 in order 

to allow for direct comparison between the unetched, etched, and etched and heat treated 

surfaces. 

4.2.1.1 Surface Chemistry 

X-ray photoelectron spectra were obtained for surfaces heat treated after etching for 

15 and 30 minutes. Wide scan spectra once again showed a strong Cls peak and a 

somewhat weaker Ols peak for both surfaces. Nitrogen was not present on either surface. 

Narrow scan spectra of the Cls and Ols peaks were also obtained for these heat treated 

surfaces and are shown in Figures 4.18 and 4.19 respectively along with the same peaks 

on the unetched surface for comparison. By analyzing these peaks, the relative 

concentrations of carbon and oxygen on each surface were determined. The results of this 

analysis, which are presented in Table 4.3 below, demonstrate that the heat treatment was 

successful in reducing the surface oxygen content back to the level of the unetched 

specimen. The Ols/Cls ratios for the unetched and 15HT (heat treated after an etching 

time of 15 minutes) are nearly identical, with the ratio for the 30HT specimen only slightly 

lower. 
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Figure 4.18: XPS narrow scan spectra for the Cls peak for various surface treatments 
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Figure 4.19: XPS narrow scan spectra for the Ols peak for various surface treatments 
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Table 4.4:  Surface composition of PG for various treatments 
Treatment % Oxygen % Carbon Ols/Cls 

no treatment 18.62 81.38 0.229 

15 HT 19.13 80.87 0.236 

30 HT 17.18 82.82 0.207 

Comparison of the narrow scan carbon and oxygen peak locations and shapes for 

the three surfaces mentioned above give an indication of the type of oxygen-containing 

functional groups present. It is not possible, by visual inspection alone, to discern any 

significant difference between either the Ols or Cls peaks of different surface conditions. 

Recall that a noticeable difference was present on both peaks as a result of >C=0 groups on 

the etched surfaces. The fact that after heat treatment, such differences are no longer 

present gives an indication that these additional =0 functional groups are no longer present. 

Computer analysis of the Cls peaks for the heat treated surfaces confirms this conclusion, 

as shown in Table 4.5 below. Note that the concentration of double-bonded oxygen- 

containing functional groups has been reduced to pre-etching levels. The removal of >C=0 

groups, coupled with the reduction in overall oxygen content lead to the conclusion that, 

from the chemical perspective, the goals of heat treatment were achieved. 

Table 4.5:  Composition of the Cls peak for surfaces with various treatments  
Functional Groups Peak Position Surface Treatment 

Untreated 15HT 30HT 
 (groups presented as % of total Cls peak) 

Primary C-C bond 283.0 48 46 47 

C-OH; C-O-C 285.1 30 30 31 

>C=0 287.1 15 16 15 

% --> K transition 288.7 7 8 7 
(aromatic shake-up) 
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4.2.1.2 Surface Morphology 

4.2.1.2.1 Surface Profilometry 

In order to determine if heat treatment had resulted in any reconstruction of the 

graphite surface, profilometry was once again utilized for heat treated specimens. 

Computer-determined values of AA roughness demonstrated that a significant difference in 

roughness existed between the 15HT and 30HT specimens. Average roughness seen on 

the 15HT specimen was 1266k and on the 30HT specimen was 5150Ä. These values are 

slightly less than the average roughness calculated for the surfaces which had been etched 

only. However, the uncertainty for both the etched and etched and heat treated surfaces 

was on the order of approximately 1500Ä. Therefore, it is not possible to differentiate 

between the etched and etched and heat treated surfaces using profilometry. This fact is 

demonstrated graphically in Figure 4.20. Surface profiles for the heat treated samples also 

were inadequate for the purpose of differentiating between those surfaces which had been 

heat treated and those which had not. Profiles once again indicated that a somewhat regular 

pattern existed on the surface with spacing of 10 to 20|im as seen in Figs. 4.5 through 4.7. 
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Figure 4.20: AA roughness versus etching time for different surface treatments 
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4.2.1.2.2 SEM Observation 

Surface profiles and roughness calculations indicated that the basic surface 

morphology of the graphite was unchanged by heat treatment. High resolution SEM was 

used to verify these findings. Examination of the 15HT surface revealed the same surface 

features as were present on the 15 minute etched-only surface. Direct comparison between 

these two surfaces yields little substantive difference, as seen in Figure 4.21. Well defined 

rows of sharp peaks spaced on the order of 15mm dominate the surface. The spacing and 

orientation of these peaks are consistent with direction of polishing, supporting the 

conclusion that plasma etching preferentially attacks irregularities in the surface present as a 

result of the polishing process. 

Figure 4.21:  Surface morphology of surfaces etched for 15 minutes:  (a)  etched only; 
(b) etched and heat treated 

In Figure 4.22, the 30 minute etched-only and the 30HT surfaces are shown side 

by side for comparison. As was the case for the shorter etching time, the general surface 

morphology of the two samples is the same. Both surfaces retain the roughness pattern 

visible on the surfaces etched for only 15 minutes. However, the sharpness of the peaks is 
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no longer as evident. Rather, rounded tops are present where the peaks once existed, 

possibly because of over-etching. 

Figure 4.22:  Surface morphology of surfaces etched for 30 minutes:  (a)  etched only; 
(b) etched and heat treated 

4.2.2.  Crack Growth 

Heat treated specimens etched previously for 15 and 30 minutes were tested using 

the fiexural peel geometry to investigate the effects of heat treatment on fatigue crack 

growth. Crack growth rates were determined in the same manner as described for the 

etched samples, and the strain energy release rates were calculated using Equation [3.1]. 

Since surface characterization had identified the loss of surface functionality in the form of 

=0 type groups as the primary result of heat treatment, any changes in crack growth 

behavior could then be attributed to the decrease in chemical bonding across the 

graphite/epoxy interface. 

Crack growth curves for the 15 minute etched-only as well as for the 15HT 

condition are shown in Figure 4.21 along with the reference curve for the untreated surface 

condition. Like the specimens with the etched-only condition, the curve for the 15HT 
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condition has considerably more resistance to crack growth than do specimens made from 

samples with untreated surfaces. At crack high growth rates, particularly as ÄG critical is 

approached, the curves for the two treated surface conditions run very close together. As 

threshold AG values are approached, however, the difference between the two curves 

becomes more distinct. At threshold, the AGth for the 15HT curve is 47J/m compared 

with a value of 54J/m2 for the 15 minute etched-only condition, a 13% loss in total 

threshold strength as a result of heat treatment. Considering that the specimen-to- specimen 

variation in AG,h for the same surface condition was approximately 5%, differences seen in 

Figure 4.23 may be attributed to a slight loss of interfacial strength rather than simply 

experimental scatter. 
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Figure    4.23: Fatigue   crack   growth   curves   for   15   minute   etched-only   and   15HT 
specimens 

The difference in crack growth curves between the 30 minute etched-only and 

30HT specimens is less than for the 15 minute conditions described above. In Figure 

4.22, curves for both the etched and etched and heat treated conditions are plotted along 

59 



side the untreated reference curve. Once again, both treated surfaces have much greater 

fatigue crack growth resistance than the untreated specimens. Curves for the treated 

surfaces are intertwined for nearly the entire spectrum of crack growth rates. Only very 

near to threshold crack growth rates is a small divergence seen between the 30 minute 

etched-only and 30HT curves, and even here the difference (38J/m2 as opposed to 41J/m ) 

is only approximately 7%. Recalling that the specimen-to-specimen scatter in these fatigue 

tests was approximately 5%, the chemical effect, though it may be present, becomes very 

difficult to assign. In this case, any weakening of the interface due to loss of bonding 

across the interface, is at best minimal and almost impossible to differentiate from 

experimental scatter. 
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Figure    4.24: Fatigue   crack   growth   curves   for   30   minute   etched-only   and   30HT 
specimens 

4.2.3 Failure Mechanisms 

The fracture surfaces of heat treated specimens were characterized by scanning 

electron microscopy. Failure modes seen under SEM examination were consistent with 
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crack growth data, which showed that the graphite/epoxy interface for both surfaces was 

stronger than the untreated surface but weaker than their etched-only counterparts. For 

both the 15HT and the 30HT specimens, fracture surfaces were characterized by a mix of 

interfacial and cohesive failure. Differences in failure mechanism between the two surface 

conditions varied in degree rather than by type. Photographs of the bottom fracture 

surfaces of these two conditions are shown in Figure 4.25 to give the general trend for the 

mixed fracture pattern visible on the surfaces. Under higher magnification, as in Figure 

4.26, it is clear that the regions of cohesive and interfacial failure are consistent with those 

seen on the etched-only fracture surfaces. 

Figure 4.25: Bottom fracture surfaces of heat treated specimens: (a) 15HT; (b) 30HT 

Low magnification photographs of the fracture surfaces of the five surface 

conditions studied in these series of experiments are shown in Figure 4.27(a-e) to 

demonstrate how the relative amounts of interfacial and cohesive failure (expressed as a 

percentage of the total fracture area) changes with different surface treatment. Area fraction 

analysis was performed on each of these surfaces to provide a quantitative analysis of the 
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ratio of interfacial to cohesive failure of each surface. In Table 4.6 the results of this 

analysis are presented along with the threshold value for each condition. As expected, 

analysis indicated that the degree of interfacial failure varies from 100% for the untreated 

surface less than 10% for the 15 minute etched-only specimens. Furthermore, the degree 

of interfacial failure is directly related to the AGth value, with a maximum approached as 

100% cohesive failure is approached. 

Table 4.6: Relative amounts of interfacial and cohesive failure for different surface 
conditions 
Surface condition % Interfacial % Cohesive AG^J/m2) 

Untreated 100 0 31 

15 minute etched 5 95 54 

30 minute etched 55 45 41 

15 HT 20 80 47 

30 HT 60 40 38 

r -■'    )    J 
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J      s                              ^^" 
Figure 4.26: Interfacial and cohesive regions of fracture on heat treated specimens 
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Figure  4.27:   Power  law  regime  fracture  surfaces  of different surface  conditions:   (a) 
untreated; (b) 15 minute etched-only; (c) 30 minute etched-only; (d) 15 HT; (e) 30 HT 
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Chapter 5 

Discussion and Analysis 

5.1 Surface Chemistry and Morphology 

Researchers have been studying the chemical and morphological effects of plasma 

treatment on the surface of graphite fibers since the late 1980s[22-24,36-48,84]. These 

investigations have revealed that with the proper choice of gas and plasma operating 

parameters, significant changes can be made to the graphite surface. Although the exact 

type and extent of these changes remains a topic of considerable debate, the important role 

of such factors in adhesion at the graphite/epoxy interface is commonly acknowledged. 

Therefore, a brief discussion of the chemical and morphological changes caused by the 

etching process employed in this investigation is warranted. 

As demonstrated in Table 4.1, the concentration of surface oxygen on the PG 

substrates used in this study quickly reached a saturation point after which it remained 

effectively constant. This saturation phenomena has also been observed by Nakahara and 

Sanada[6] for oxygen plasmas, as well as by Jones and co-workers[44,45] for air and 

argon plasmas. While some debate exists as to whether the steady-state oxygen 

concentration occurs at or below a maximum concentration, most researchers have reported 

that the phenomenon occurs rapidly. If the active sites on the graphite surface quickly 

saturate, the maximum attainable oxygen concentration should be constant for a specific 

graphite surface (e.g. HM versus AS type fibers); but this has not been the case. A more 

likely explanation is that chemical equilibrium is reached in the oxidation reaction[15] 

between the plasma and the graphite surface. In other words, the rate at which additional 

oxygen-containing groups are added to the surface by the plasma is equivalent to the rate of 

removal of these groups through further oxidation to C02 via the following reactions: 
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C+ O   <--> CO [5.1] 

CO+ O   <--> C02 [5.2] 

The saturation phenomena would thus depend on conditions such as plasma operating 

power and gas flow rate as well as the specific graphite surface being treated. This can 

therefore explain the relationship between this study and previous work on PG[6,7] in 

which saturation was achieved at different levels for the same surfaces when different 

plasma operating parameters were used. 

In addition to altering surface chemistry, plasma etching can also have a dramatic 

effect on the morphology of graphite substrates. While most researchers agree that 

enhanced mechanical interlocking resulting from roughened surfaces plays a key role in 

adhesion, the bulk of the investigations into plasma surface treatment of carbon fibers have 

focused on chemical effects[18,22-24,41-43,63,89]. In these experiments, surface 

roughening is mentioned, but usually as an afterthought. 

In this investigation, both profilometry and SEM observation revealed that plasma 

treatment roughened the surface to an AA roughness approximately double that of the 

untreated surface. Considering the fact that the surface quickly reached an oxygen 

saturation point, optimizing treatment time based on roughness takes on additional 

importance. While relatively short treatments may enable rapid processing of composites 

with ideal surface chemistry, such treatments minimize or even ignore the ability of etching 

to enhance mechanical interlocking, which may in fact be a more important factor than 

chemical bonding. On the other hand, care must also be taken not to over-etch the surface. 

As previously mentioned, over-etching causes a departure from the optimum surface 

roughness. Although over-etching had no effect on the overall properties of the graphite 

used in this study, the effects can be severe for carbon fibers where decreasing fiber 

strength can lead to drastic degradation in overall composite performance. 
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While enhancing overall surface roughness, the plasma also tended to preferentially 

attack irregularities in the surface which had been produced by the specimen polishing 

process. Others[2,34,40] have suggested that gas phase oxidation could result in such 

preferential attacks, but no conclusive evidence of such a process has been presented. The 

observation of such targeted etching indicates an opportunity for "defect engineering" of 

ideal morphologies. In other words, it may be possible to introduce specific defects or 

impurities to the surface of graphite fibers which, when subjected to an aggressive plasma, 

will produce specific morphologies designed to enhance mechanical interlocking at the 

graphite/epoxy interface. 

5.2 Effect of Surface Treatment on Fatigue Crack Growth Resistance 

Much effort has been made in recent decades to try to understand the quality and 

characteristics of the fiber/matrix interface. In the past, the interfacial shear strength (EFSS) 

has been widely used as a quantitative measure of the stress transfer capability between 

fiber and matrix. Four micromechanical testing procedures aimed at determining this 

parameter have often been used: fragmentation[48,55,70]; pull-out[71,72]; microbond[73]; 

and microcompression tests[74]. Experimental evidence from these tests supports the 

theory that modifications to the graphite surface, both chemical and physical, can be quite 

effective in improving the interfacial strength of these materials. A number of relationships 

between specific modifications of the graphite surface and improved interfacial properties 

have been proposed. Among the modifications which have been proposed to account for 

improved adhesion are (a) larger numbers of functional groups on the treated surfaces[75], 

(b) improved mechanical interlocking due to surface roughening[72], and the removal of a 

weak, defect-laden boundary layer from the surface[48]. Unfortunately, however, the 

study of interfacial adhesion between graphite surfaces and epoxy resins has been 
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predominantly confined to the case where static loading is considered, i.e. the relationship 

of interfacial adhesion to some measure of fracture toughness. 

Often a more serious problem associated with fiber-based composites is the 

possibility that non-fatal cracks will occur along the interface between fiber and matrix. 

These commonly occur as the result of low-velocity impact or from manufacturing flaws 

such as voids in the matrix material. Under continued use of the flawed component, such 

cracks or defects may quickly grow to catastrophic length, depending on the ability of the 

material to resist crack growth. Hence, the ability to characterize the interfacial strength 

under conditions of repeated loading takes on added importance. 

A number of attempts have been made to study fatigue crack growth in 

graphite/epoxy composites using entire composite laminates or coupon specimens. Several 

review papers[76-81] have been published which deal with the behavior of fiber-reinforced 

composites subjected to cyclic loading. However, serious problems arise when using full 

laminates in testing procedures. Although such tests provide valuable information about 

the overall properties of these material systems, the results are heavily dependent on such 

variables as fiber volume fraction, sample geometry, and fiber aspect ratio. Direct 

information about the fiber/matrix interface cannot be obtained by these tests. 

As a result of these complications, very few investigations have been attempted 

which expressly deal with the influence of the fiber/matrix interface on resistance to cyclic 

loading. To the author's knowledge, only two studies have been published on the 

relationship between interfacial properties and fatigue crack growth in fibrous composites. 

In the first of these projects, Shih and co-workers[82] used the interlaminar shear stress 

(ILSS) as an indication of the interfacial strength and found that composites receiving 

surface treatments designed to increase ILSS also exhibited improved fatigue performance. 

Large-Toumi et al.[83] studied a variety of interfacial conditions to try to determine the 
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relationship between surface treatments and the resistance to cyclic loading. They found no 

clear correlation between surface treatments which increased ILSS and the resulting 

resistance of the composites to cyclic loading. It was found, however, that on average, 

those surface treatments which added oxygen to the graphite surface also lead to improved 

resistance to fatigue crack growth. Hence, the available literature on the subject of 

fiber/matrix adhesion under cyclic loading is limited, and those studies which exist do not 

provide specific relationships between the results of surface treatment and fatigue resistance 

of the fiber/matrix interface. 

In the current study, an attempt was made to study the effect of modifications to a 

graphite surface on crack growth along the graphite/epoxy interface using the FP technique. 

The fatigue crack growth resistance, AGth, followed the same trend as surface roughness. 

As shown in Figure 5.1, it increased initially with treatment (i.e. etching time) but then 

decreased as etching time was prolonged and roughness decreased. 

25.0 

0 5        10       15       20       25       30       35 
Treatment Time (min) 

Figure 5.1: Variation of AGth with etching time 
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As previously mentioned, the effects of plasma etching are not limited to surface 

morphology. There is an additional consideration when examining the effect of surface 

treatment, namely the chemical effect. Removal of the oxygen-containing functional 

groups added to the graphite surface during plasma etching resulted in a decrease in fatigue 

crack growth resistance. Recall from Figure 4.3 that the O/C ratio on the graphite surface 

quickly reached a saturation point, after which additional treatment did not increase oxygen 

content. Thus, both the 15 and 30 minute etched-only surfaces were equivalent in terms of 

O/C ratio and surface functionality. It was expected that restoring their O/C ratios to the 

untreated level would have an equal effect on the crack growth resistance of the resulting 

interfaces. In actuality, the value of AGth for the 15 minute surface experienced a 13% 

reduction in total AG^, from 54J/m2 to 47J/m2, while the 30 minute surface experienced an 

7% reduction in total AGth from 41J/m2 to 38J/m2. However, when this reduction in 

interfacial strength is considered in relation to the untreated surface, the chemical effect on 

both treated surfaces represents slightly less than 30% of the improved fatigue resistance. 

Also, even when the scatter in experimental data is considered, as in Figure 5.2, the 

influence of surface chemistry, although secondary, remains a real effect. 

In the only other works which similarly attempted to isolate the chemical effect on 

adhesion at the graphite/epoxy interface, both Drzal and co-workers[48] and Yip and 

Lin[24] reported that chemical bonding contributed less than 15% to improved interfacial 

adhesion. That chemical bonding was seen to be a smaller effect in these studies is not 

surprising, however. The fibers used in these studies were made of twisted graphitic 

ribbons, which contain a higher concentration of basal surfaces than the PG used in the 

current study. Since basal surfaces are known to oxidize less fully than edge sites[6], it is 

likely that fewer chemical bonds were formed with the adhesive. Furthermore, in the study 

by Yip and Lin, adhesion tests were conducted on composite laminates, the results of 
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Figure 5.2:  Chemical effect of etching on fatigue crack growth resistance 

which were difficult to interpret due to complicating factors such as fiber-fiber 

interactions. 

Based on the previous analysis, the following scenario is proposed to account for 

the surface treatment effect.   The effect of plasma treatment on fatigue crack growth 

behavior can be characterized by two factors.   The first factor, owing to surface 

morphology, tends to dominate the overall improvements to fatigue resistance. Essentially, 

by creating a more rigorous path for the crack to follow, etching provides the physical 

impediments to crack growth.   The second factor, arising from additional chemical 

reactivity between adhesive and substrate, is always secondary, contributing less than 30% 

to the improved fatigue resistance. From Figure 5.2 it is evident that the chemical effect is 

coupled with the morphological effect.  By optimizing surface oxygen content, plasma 

treatment increases crack growth resistance through stronger interfacial bonds. Together 

with the additional surface roughness caused by etching, the opportunity for chemical 
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bonding increases. Thus, the chemical strength is multiplied by the morphological 

contribution resulting in a greater threshold strength than would be possible for a surface 

modified by either parameter individually. 

5.3 Failure Mechanisms 

As demonstrated in sections 4.1.3 and 4.2.3, failure mechanisms varied for the 

different surface conditions under study. Associated with the variation in AGth between the 

untreated and near-optimally treated (15 min etched) surfaces, the failure mode changed 

from one of completely interfacial to predominantly cohesive. The observation of a mixed 

failure mode (interfacial/cohesive) is not unique to this series of experiments. Instances of 

partial or total fracture of the adhesive in graphite/epoxy systems have been 

documented[40,49,90]. In fact, it has been suggested that the intrinsic upper limit of the 

strength at this interface depends on properties of the specific adhesive used[91]. 

When interfacial failure is achieved, the measured crack growth data gives an 

accurate assessment of the strength of the graphite/polymer interface. Change of the failure 

mode to cohesive failure means that the fatigue crack growth resistance of the interface is 

higher than what was measured and that in the strictest sense, the crack growth resistance 

of the interface cannot be measured. However, because the crack growth was so near the 

interface and the fracture energy is dissipated by plastic deformation, the resistance to near- 

interface crack growth becomes similar to that of an interface crack. Therefore, the 

measured fatigue crack growth resistance is a good representation of the interface 

property [92]. 

Furthermore, with the exception of the 15 minute etched specimens, the strength of 

which were almost identical to that of the adhesive (AGth = 55J/m [62]), the observed 

thresholds are well below that of the epoxy, indicating that these values provide a 
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reasonable measure of the average interfacial strength for these surfaces, rather than the 

adhesive property. The consistency between crack growth data, surface morphology, and 

surface chemistry also suggests that the trend seen in the data are an accurate reflection of 

the effects of surface treatment on fatigue crack growth. 

5.4 Modeling 

The first step in designing a model for the effect of surface treatment on the fatigue 

crack growth resistance of the graphite/epoxy interface is to idealize the morphology of the 

graphite surface itself. Both before and after etching, the surface can be modeled as a 

series of peaks and valleys, as shown in Figure 5.3 below. In this representation, L 

denotes the average peak-to-peak distance, w is the width of the specimen, r is the average 

depth of etching, and 0 is a measure of the peak-to-valley slope determined from SEM 

analysis of the surfaces tilted 90° to the direction of crack growth. 

i i 

2L 

Figure 5.3: Idealized surface morphology of graphite substrates 
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The second step in the modeling process, is to determine the number of possible 

sites on the surface which can be used for chemical bonding with the epoxy adhesive. 

Assuming that each carbon atom on the surface has the possibility to form a chemical bond 

with epoxy, the number of "active sites" may be calculated from the distance between 

adjacent carbon atoms on hexagonal rings of each basal plane, s, and the distance between 

parallel basal planes, /. The product of these two distances yields the surface area which 

may be attributed to each bonding site, as shown in Figure 5.4. 
b 

Figure 5.4: Surface area coverage per bonding site 

The number of sites along the surface per peak-to-valley distance, L/2, can then be 

calculated as: 

w- 
1 

N-. 
surface area _     2  cos(fl) [5.3] 
area per site s ■ d 

The third step is to consider the possible types of bonding which can exist at this 

interface. Ehrburger and co-workers[85] and Weiss[86] have proposed a number of 

mechanisms through which covalent bonds can form between a functionalized graphite 

surface and an epoxy adhesive. Figure 5.5 presents the reactions which form these bonds. 

Assuming that one covalent bond of the type shown in Figure 5.5 forms at each 
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functionalized surface site, the average strength at one of these sites is modeled as the 

average of the strength of each type of bond. In a similar manner, the average strength of a 

non-functionalized site can be determined by assuming that only weaker electrostatic and 

van der Waals forces can occur. The strength at any given point on the graphite substrate 

can then be calculated by the following: 

Ss={mS0+(l-m)Su) [5.4] 

where: 

Ss:: average interfacial strength at any surface site (J/bond) 

S0: average strength at a functionalized site (J/bond) [87] 

Su: average strength at a non-functionalized site (J/bond) [87] 

m: % oxygen on the surface 

Fatigue threshold strength of the interface can then be calculated as follows: 
N-S,       _[mS0+(l-m)Su] [f. 5] 

AG„ = 
nominal area        cos(8)-d-s 

Table 5.1 below summarizes the values used in the above equation to calculate 

threshold strength for each surface condition. 

Table 5.1: Parameters for fatigue resistance model 
Surface Condition 

Untreated           15 min etch        30 min etch 15 HT 30 HT 
m 

e 
.1831                  .2346 

10                      45 

.2346 

25 

.1831 

45 

.1831 

25 

Su = 8.30 *10"21 J/bond 

S0 = 8.30 * 10"19 J/bond 

d = 

s = 

3.42 

1.42 

Ä 

Ä 
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Figure 5.5: Possible reactions at carbon fiber surfaces with components of epoxy 
resins[85,86] 

One potential shortcoming of this model is that is does not take into account the 

contributions of plastic dissipation energy to the overall fatigue resistance of the interface. 

From fracture mechanics, however, strain energy release rate can be considered to have 

two components: 

AG* = G0Ov [5.6] 

where Ov is the mechanical contribution to fatigue crack growth resistance, including 

plastic energy effects[88]. The plastic contributions can then be considered as a scaling 

constant to Equation 5.5. These effects can be removed from the model by normalizing 

Equation 5.5 by the AG^ of the untreated specimen. The model then predicts the trend seen 

in Figure 5.6. 
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Figure   5.6:   Predicted   and   experimental   fatigue   thresholds   of   graphite/epoxy   FP 
specimens 

From Figure 5.6, it seems that both roughness and surface chemistry play a role in 

achieving a strong interface. Consistent with experimental data and surface 

characterization, the micro-mechanical model provided a coupling effect between surface 

morphology and functionality. Accordingly, the model predicted that crack growth 

resistance could be improved either by adding additional reactive functional groups to the 

surface or by increasing surface roughness. In particular, the model correctly predicts the 

changes in the magnitude of AGth which are directly attributable to surface chemical effects 

on specimens with different roughness. In the case where the surface is relatively flat, the 

opportunity for chemical bonding is limited and the effect is small. However, as roughness 

increases, the magnitude of the chemical contribution improves. Nevertheless, these 

results help to emphasize that even at optimum conditions, surface chemistry is never more 

than a secondary effect in the determination of overall fatigue resistance. 
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Chapter 6 

Conclusions 

Using PG substrates, the effects of surface treatment on graphite/epoxy adhesion 

were examined in more detail than is possible using either single fiber tests or laminate 

testing. Flexural peel specimens offer an idealized representation of this composite system 

while avoiding such complicating factors as fiber volume fraction and laminate lay-up. 

Furthermore, the FP geometry allows for observation of subcritical crack growth which 

runs consistently along the interface. This investigation of fatigue crack growth at the 

graphite/epoxy interface has led to the following conclusions: 

1. Treatment of graphite substrates with an oxygen plasma has two effects on the surface. 

First, the plasma significantly roughens the surface by attacking irregularities or defects 

already present. Surface roughening through etching is only possible to a certain point, 

however, after which further treatment results in a loss of roughness. Second, the 

plasma adds reactive, oxygen-containing functional groups to the surface. 

Concentration of these groups quickly saturates, showing no significant changes 

thereafter. 

2. The functional groups added to the graphite surface by plasma etching can be removed 

by high temperature annealing followed by hydrogen reduction. This process has no 

significant effect on the morphology of the graphite substrates. 

3. Microwave plasma etching of graphite improves adhesion at the graphite/epoxy 

interface primarily by roughening the surface. The roughened surface provides a more 

rigorous path for an interfacial crack to follow and results in an increased amount of 

mechanical interlocking between the adhesive and the substrate. 
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4. Chemical bonding between graphite substrates and epoxy adhesives plays a secondary 

role in adhesion, accounting for less than 13% of the total resistance to fatigue crack 

growth. 

5. In order to model the effects of chemical bonding on adhesion at the graphite/epoxy 

interface, a model was developed to account for the coupling between the chemical and 

morphological contributions to adhesion. This model correctly predicts the relative 

effects of chemistry and morphology for a variety of surface conditions. 
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