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SUMMARY

Carbon Fiber Reinforced Polymer(CFRP) is a versatile composite material which sees

use in adhesive bonded structures in modern aircraft. Adhesive bonding is susceptible to

a defect known as a ”kissing bond”, often the result of surface contamination. The pos-

sibility of this defect occurring and its dif�culty in detection drives strict regulation for

the use of bonded composite structures, particularly in the aerospace applications. These

regulations often require the drilling of holes in bonded composite structures in key areas

as a safety measure in case of the presence of a kissing bond or other defect. This pro-

cess introduces undesirable effects like stress concentrations to the material, adds weight

and increases maintenance time. Current regulations of these structures set forth by the

Federal Aviation Administration allow these redundant measures to be left out, contingent

on the development and veri�cation of non-destructive inspection techniques which can

verify bond strength. A key step in developing such techniques is the production of weak

bonds for the purpose of study. Past research has outlined methods of creating intentional

kissing bonds in adhesive joints, but typically has focused on bonds with high degrees of

contamination having very low strength and bonds with no contamination having very high

strength. These two regions correspond with contact angle measurements, with uncon-

taminated specimens having very low contact angles prior to bonding and contaminated

specimens having very high contact angles. In general, contact angle has been shown to be

an excellent indicator of bond strength within these two distinct regions. However, a small

portion of data from past research at Georgia Tech Manufacturing Institute(GTMI) has

shown strange trends in the relationship between contact angle and resultant bond strength

for specimens with contact angles that lie between the region of heavily contaminated and

uncontaminated specimens. Many of these bonds displayed higher strength than even un-

contaminated specimens. For this reason, further study of bonds whose contact angle falls

within these regions was conducted here.
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In order for NDI which is capable of satisfying current regulations in place to be de-

veloped, adhesive bonds whose strength is somewhere between these two regions must be

created and studied. This work investigates a mold release agent, Frekote known to produce

kissing bonds in adhesive joints when applied directly to the substrate surface. This release

agent was diluted in isopropyl alcohol to create solutions of varying Frekote concentration.

Using water contact angle measurements, the relationship between contaminant concentra-

tion and contact angle was investigated and found to exhibit an exponential relationship.

A linear regression machine learning model was implemented on a data set in attempt to

predict resultant contact angle on CFRP substrate. Good results for the linear regression

model were found when contaminant concentration was expressed instead as natural log of

contaminant concentration and when the panel that the CFRP came from was accounted for.

This supports two hypotheses, that the relationship between contamination concentration

and resultant contact angle is exponential, and that the production parameters like tempera-

ture and humidity during the fabrication of the CFRP have a signi�cant impact on resultant

contact angles for a contaminant concentration. Fourier Transform Infrared Spectroscopy

was conducted for CFRP substrate with varying surface contamination. Comparison to

similar work shows good evidence of the presence of Silicon molecules on the contami-

nated specimens although concrete claims about the surface chemistry are not made, clear

differences in the FTIR spectra of the different surface treatments are observed and dis-

cussed.

The effect of surface contamination with Frekote on bonded CFRP specimens was then

examined. This consisted of identifying two solutions which produced contact angles in

the region of intermediate contamination between that of specimens with pure Frekote

contamination and those with no contamination. Specimens were divided into four cate-

gories; pristine with contact angles below 10 degrees, contaminated with contact angles

above 75 degrees, Solution 1 with contact angles in the range of 20-30 degrees and So-

lution 2 with contact angles in the range of 40-50 degrees. It was found that despite the

xii



same degree of contamination, DCB specimens saw a much sharper decline in strength

with respect to pristine specimens than lap joints. This is hypothesized to be due to differ-

ences in the mechanisms of adhesion between lap joint DCB specimens. Furthermore, it

was found that despite a substantial reduction in initiation fracture toughness for the DCB

specimens which saw 21% and 33% the initiation fracture toughness of uncontaminated

DCB specimens, the failure mode seen by these specimens was adherend failure. This

suggests possible weakening of the CFRP substrate itself due to contamination. For NDI

to be developed which can repeatably and reliably verify bond strength, it must be able

to detect whenever a bond is below acceptable tolerance and not only if a kissing bond

is present. The lack of adhesive failure in the intermediate contaminated specimens will

likely make detection of these weakened bonds more dif�cult than detection of a highly

contaminated kissing bond. As NDI of kissing bonds further matures, study of these bonds

of intermediate strength will likely become more important and a greater focus of research.

The methodologies presented in this research provide a way of producing such intermediate

strength bonds, opening avenues for further study and characterization.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Carbon Fiber

Carbon �ber is a strong and versatile material with excellent mechanical properties. Car-

bon �bers themselves are typically produced from the polymerization of acrylonitrile, cre-

ating a material known as polyacrylonitrile or PAN[1]. Early developments in carbon �ber

stemmed from research published in the late 1950's and early 1960's. In 1958 a US patent

for carbon �ber was �led which utilized high current passed through a graphite rod in a

high-pressure argon environment[2], a discovery which emerged from research of the triple

point of carbon. Carbon �bers may be made from a variety of precursors including PAN,

pitch and Rayon among others[3], the most widely used of which are PAN based �bers[1].

Carbon is a ubiquitous material with many advantageous characteristics, however process-

ing of carbon from a naturally occurring state like graphite into �bers via conventional

melting and spinning is not feasible due to the high melting point of carbon[4]. Pyrolysis

of a precursor polymer was found to be a suitable processing method, since the precursor

polymer could be processed and spun into �bers prior to being pyrolyzed into carbon. Re-

search on the pyrolysis of PAN was published early as 1956[5] and a patent for producing

carbon �bers through pyrolysis of Rayon was �led in the United States by W.F. Abbot in

1959. The same year in Japan, Dr. Akio Shindo �led a patent for producing carbon �bers

from PAN[4]. Although the abilities of producing carbon �bers emerged at the beginning

of the decade, it was not until the mid-1960's that carbon �ber began to see research and de-

velopment utilizing its excellent tensile modulus and strength, with prior research focused

on its �exibility, thermal properties and conductivity. The �bers are created by spinning an

appropriate polymer precursor into a continuous thread which then undergoes heat treat-
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ment in an inert atmosphere environment to pyrolyze the precursor thread into pure carbon.

After this, the �bers typically undergo surface treatment to improve their adherence with

a polymer matrix introduced in later processing steps. The �bers are then bundled and

grouped to create carbon �ber tow. After �bers are bundled and go through the sizing pro-

cess to create carbon �ber tow, they are typically woven into a fabric. Many types of weave

are used in CFRP including plain and twill weaves[6].

Figure 1.1: A strand of carbon �ber tow, shown in tact on the right and frayed on the left
revealing individual carbon �bers.

1.2 Carbon Fiber Reinforced Polymer

Carbon Fiber Reinforced Polymer(CFRP) is a composite material composed of carbon

�bers surrounded by a polymer matrix. The polymer matrix supports the �bers and allows

the material to have compressive strength and rigidity in addition to the inherent tensile

strength of the �bers. CFRP has seen increasing use in aerospace applications since its

inception, with modern commercial aircraft such as the Airbus A350XWB and Boeing 787

comprising of over 50% CFRP by weight[7]. Although advantageous in many ways, �ber-

reinforced composites introduce greater complexity compared to metallic structures[8].

They are inherently anisotropic due to being composed of several different materials and

often have a complex failure behavior.
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1.3 Joining of CFRP

CFRP employs adhesive bonding as its primary joining method. In some cases, a severe

bond defect known as a “kissing bond”[9][10][11] or less commonly “zero volume dis-

bond”[12] may occur. This defect occurs when there is very close contact between the

adhesive and substrate, yet little to no bond strength. Kissing bonds are of great concern in

the use of primary bonded composite structures for aircraft, with the FAA advisory circular

20-107B outlining safety requirements in the usage of such structures[13]. This document

references another FAA standard, CFR 23.573, outlining requirements for bonded com-

posite structures in key structural areas where maximum disbonds would result in catas-

trophic loss of the aircraft. Three options are given in such a scenario: preventing disbonds

with other design features (through means like mechanical fasteners), proof testing through

applying the critical limit design load to the bonded joint, or development of repeatable

and reliable non-destructive inspection(NDI) which can ensure the strength of the bonded

joint[13]. Currently, no NDI techniques exist which can repeatably and reliably detect a

kissing bond[14]. This rules out the third option, most often requiring the use of mechan-

ical fasteners in primary bonded composite structures. Use of such fasteners on bonded

composites structures requires creating holes, the drilling or punching of which in CFRP is

known to cause defects including delamination, �ber pull-out and microcracking[15][16].

As such, it would be advantageous to forego the need for redundant mechanical fasteners,

but in order to do this non-destructive inspection techniques capable of detecting kissing

bonds must be developed. Kissing bonds are not only a major issue in the use of CFRP,

but in any adhesively bonded structures and have been studied for adherends made of poly-

methyl methacrylate(PMMA)[17] steel [9] and aluminum[18] in addition to CFRP. Mate-

rials such as glass �ber reinforced plastic (GFRP) or glass reinforced �ber metal laminate

(GLARE) among others are also susceptible to kissing bonds[10]. The focus of this work

is on the study of kissing bonds for CFRP bonded specimens though information may be

3



useful and applicable to the study of kissing bonds for other adherends.

1.4 Previous Research Investigating Kissing Bonds

Kissing bonds are characterized by low strength compared to a typical adhesive bond of the

same material system, and dif�culty in detection through conventional non-destructive in-

spection(NDI). Kissing bonds are known to occur from surface contamination[9][10][12][11][19].

There is no singular cause of kissing bonds. Previous work at Georgia Tech Manufactur-

ing Institute in the Digital Composite Joining and Repair Lab (D-CJAR laboratory) has

determined a method of reliably producing intentional kissing bonds by contaminating the

bond surface with Frekote[19]. A variety of work has been published on kissing bonds for

both composite and metallic bonded structures[9][10][11][12][18][17]. Kumar et al created

kissing bonds by utilizing small strips of ethylene tetra�uoroethylene (ETFE) into the ad-

hesive bond to prevent adhesion in speci�c areas[12]. This work also created �nite element

models of kissing bonds which modeled the kissing bond areas as zero volume surfaces

with no bond strength. This approach showed good correlation in comparing the �nite ele-

ment strain results to that observed via digital image correlation (DIC) during loading. This

however represents a notable distinction in the classi�cation of a kissing bond, since the

kissing bonds present in this work are a physical barrier in the form of the ETFE �lm which

prevents bonding in the region it is present. This substantially differs from kissing bonds

created in other works through chemical contamination preventing or inhibiting adhesion.

While useful for research purposes, usage of a �lm to create kissing bonds represents a

scenario unlikely to occur in a composite manufacturing environment and the presence of

a physical barrier would make such a defect easy to detect with traditional non-destructive

inspection. Other efforts in the research of kissing bonds represent more likely scenarios

where chemical contamination is introduced using chemicals likely to be present in com-

posite manufacturing environments. Past research has utilized such chemicals including the

commercial mold release agent Frekote[20] produced by Hexcel to induce kissing bonds in
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composite test specimens[19][21][9][22]. Other research has utilized other contaminants to

introduce kissing bonds such as the hydraulic �uid Skydrol[22], silicone adhesive[17], cut-

ting oil [18] and MARBOTE 227/CEE release agent[11]. Figure 1.2 shows an illustration

of possible failure modes in adhesive bonds. The three primary failure modes are adhesive,

cohesive and adherend failure. Adhesive failure occurs when the adhesive pulls cleanly

away from the substrate. Cohesive failure occurs when the crack propogates through the

adhesive layer. Adherend failure occurs when the crack propogates through the substrate,

indicating that the bond is as strong or stronger than the substrate.

In the context of bonded structures, adherend failure is the most desirable displaying the

highest strength followed by cohesive and then adhesive failure, with the latter displaying

exceptionally low strength and presenting a signi�cant safety concern. Kissing bonds are

typically characterized by adhesive failure modes, with potentially some cohesive failure

regions[19]. Research in kissing bonds most often involves some sort of peel test to de-

termine the interlaminar initiation fracture toughness and view the failure modes present.

These tests initiate a mode I crack where the load is applied perpendicular to the crack

plane[23].

Past research including the current thesis has utilized a modi�ed version of ASTM

D5528 for this purpose [19][24] [21][25]. The modi�cation allows for the calculation of

initiation fracture toughness for an adhesive bond, rather than for the CFRP substrate as the

standard outlines[26]. Other works have utilized similar double cantilever beam(DCB) test-

ing of bonded specimens as that of this work, some of which do not follow any mentioned

standard [17] [11]. There also lacks information on the amount of contaminant applied and

method of application throughout research in kissing bonds with these quantities and meth-

ods rarely stated. Some research however states the amount of contaminant such as that by

Heide-Jorgensen et al. where the additional mass of contaminant added to the substrate is

reported[11].

The present thesis sets out to address these issues by providing rigorous and repeatable
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Figure 1.2: From top to bottom; Adhesive failure, cohesive failure, adherend failure
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methods for creating both kissing bonds and bonds of intermediate surface contamination

by providing thorough direction on bond contamination, detailed explanation of which can

be found chapter 2. Previous research has investigated the correlation between measured

contact angle prior to bonding with the resulting initiation fracture toughness, showing a

strong correlation[19]. Figure 1.3 shows results for several adhesive bonded CFRP double

cantilever beam(DCB) specimens, displaying the relationship between the mode I initiation

fracture toughness and contact angle measured on the DCB specimens prior to adhesive

bonding. The data can be divided into two key regions, that of pristine specimens where

no contamination is applied and that of contaminated specimens where the DCB surface

has been treated with Frekote before bonding. The pristine specimens had contact angles

below 10 while contaminate specimens had contact angles in excess of 65.

Figure 1.3: Initiation Fracture Toughness of Bonded CFRP Double Cantilever Beam Spec-
imens vs Contact Angle

Several data points are between these two regions and represent a test set which sought

to investigate the intermediate area. The results in this area between contact angles 20 and

55 were quite strange, with some of the contaminated specimens exhibiting even higher

strength than the contaminated specimens. As a result this data was treated as an outlier
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and not investigated further at the time. This region of intermediate contamination is key

in understanding the nature of kissing bond formation and for further development of NDI

for kissing bonds. Such an NDI must not only be able to detect the difference in extremes

that we see between the pristine and heavily contaminated specimens, but also those of

intermediate contamination which can still present a signi�cant safety threat. Although the

strength in some of the contaminated specimens is seen to be higher than that of some of

the pristine specimens, it cannot be na�̈vely assumed that these bonds are superior to the

pristine, or that they will exhibit the same characteristics in the long term without careful

study of the interactions between the contaminant, adherend, adhesive, surface treatment

and preparation and other processing parameters such as cure time and temperature.

1.5 DARPA TRUST

A research initiative termed Transition Reliable Unitized STructure(TRUST) has been un-

dertaken by the Defense Advanced Research Projects Administration(DARPA) and led by

Lockheed Martin Aeronautics Co. [25]. This initiative addresses similar problems as the

research of the current thesis from a more practical approach. A key component of the

work is Bayesian process control, which operates off of Baye's theorem [27]. Baye's theo-

rem allows one to compute the probability of an event occurring based on prior knowledge

related to the event occurrence rather than the simple past probability of an event occur-

rence. The goal of TRUST is to develop a rigorous methodology for detection of weak

bonds which include defects like kissing bonds and allow safe use of composites in bonded

primary structures. Rather than accomplishing this strictly through the development of

NDI which can detect kissing bonds or other composite defects, they develop a process

model which takes into account processing parameters of the composite parts during man-

ufacturing. In this case, it allows for prediction of a weak bond not only based on the

past likelihood of such a bond occurring, but also given the exact manufacturing conditions

that went into producing that bond. For example, if 0.1% of bonds in a given composite
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manufacturing process are weak, it is trivial to simply assume that every bond has a 0.1%

chance of being weak. Through consideration of the manufacturing parameters, it would

be found that the majority of bonds had a much lower than 0.1% chance of being weak with

some fraction having a higher than 0.1% chance of being weak. Through Bayesian process

control, prediction can be further re�ned by incorporating data from the composite manu-

facturing process known to in�uence bond quality. Some similarities can be drawn between

this work and the present thesis, most notably the inclusion of manufacturing parameters

such as panel fabrication humidity and temperature in the prediction of contact angle as

described the machine learning section. In contrast to this effort in predicting the strength

of composite bonds, the present thesis is focused on the production and characterization of

bonds which experienced intermediate levels of surface contamination. This is largely due

to inherent variability in composites requiring large data sets for such predictions.

1.6 Non-Destructive Inspection

Non-destructive inspection(NDI), also called non-destructive evaluation (NDE) are a class

of techniques used to characterize various properties or the condition of a material or

structure without causing damage. NDI is very important for CFRP and other bonded

composite structures since many �aws are not visible. The United States Air Force uses

NDI as a key technique in maintaining operational readiness of aircraft[28]. NDI is also

used in commercial aircraft to evaluate damage and determine needed repair work[29]. As

composites usage increases, maintenance of safety and reliability through effective NDI

presents a key challenge[30]. Kissing bonds are very dif�cult to detect in large part be-

cause they lack a distinct discontinuity which is observed in other defects like disbond-

ing, �ber breakage, �ber pullout, or types of cracking. NDI techniques typically rely on

the presence of discontinuities for detection of �aws[31]. There are efforts in non-linear

based NDI methods which show promise in detection of kissing bonds[32][33]. Other

efforts include laser induced breakdown spectroscopy(LIBS) and optically stimulated elec-
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tron emission(OSEE)[34]. The presence of the kissing bond surface is thought to introduce

non-linearity into the response of the material when subjected to acoustic, laser or other

vibrations. Other work has shown potential in utilizing vibration based NDI in the detec-

tion of kissing bonds thought to be due to opening and closing of the kissing bond[35][36].

Aside from efforts focused directly on the detection of kissing bonds, a key component in

the research of NDI for kissing bonds is the fabrication of the kissing bonds themselves.

Methods of producing kissing bonds of known quality must be established as part of the

development and validation of NDI aimed at their detection. As NDI of kissing bonds

matures, it will presumably becomes feasible to differentiate between high quality and

low quality bonds such as those presented in[19] which either had no contaminant applied

or had undiluted Frekote applied to the bond. Investigation of bonds with intermediate

strength is a necessary step in the development and maturation of NDI for kissing bonds.

To satisfy reliability requirements for NDI of bonded composite structures, the proposed

NDI must be able to detect when the bond is below accepted tolerances and not only when

a bond is very strong or very weak.

1.7 Fourier Transform Infrared Spectrometry

Fourier Transform Infrared Spectrometry(FTIR) is an NDI technique which utilizes in-

frared light on the range of wavenumbers from 25 to 14,000cm�1 applied to a specimen

to induce vibrations in molecules[37]. These vibrations occur in the form of stretching

and bending of the atomic bonds present. Stretching can be divided into symmetric and

asymmetric stretching, while bending can be divided into rocking, scissoring, wagging and

twisting. Further descriptions of these stretching and bending modes can be found in the

review article by Guerrero-Ṕerez et al.[37]. The application of infrared light to a molecule

causes it to absorb certain frequencies of light based on its unique combination of vibra-

tional modes owed to its chemical composition and structure. By viewing the absorbance

of light across a spectrum of wavenumbers, a unique '�ngerprint' of a chemical compound
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can be determined.

The output data of FTIR is typically a plot of absorbance vs wavenumber, with unique

identi�ers for chemical compounds showing as peaks in the absorbance. An example of

data from FTIR meaurement is seen in Figure 1.4. Although FTIR is capable of discerning

molecules, the analysis is complicated by the presence of multiple compounds. A single

chemical compound will have multiple peaks in the absorbance due to the various forms of

stretching and bending of the chemical bonds in that compound. Multiple compounds each

exhibiting multiple peaks in absorbance leads to a spectra containing peaks that interfere

constructively and destructively, leading to dif�culty in identi�cation of exact chemical

compounds present. Identi�cation of exact compounds often requires prior knowledge of

the chemical species present on the surface and their possible reaction products. Often

research utilizes FTIR in combination with other analytical chemistry techniques to ver-

ify correct identi�cation. FTIR in this research used an Agilent Technologies FTIR 4300

handheld system shown in Figure 1.5. FTIR has been used in research of CFRP and shown

capable of differentiating cured from uncured CFRP and adhesive �lms[38].

Figure 1.4: Raw output data from FTIR on CFRP substrate.
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Figure 1.5: Agilent Technologies 4300 Handheld FTIR system shown making a measure-
ment on a metal substrate. Reproduced from [39].
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1.8 Contact Angle Measurements

Contact angle measurements are a valuable tool in surface characterization. Contact an-

gle measurements can be viewed as a subset of surface free energy measurements, since

they are used in equations such as the Owens, Wendt, Rable and Kaelble (OWRK) equa-

tion which uses polar and nonpolar contact angles to compute the surface free energy[40].

Contact angle measurements are highly in�uenced by the properties of the substrate they

are made on, and the composition of liquid used for the measurement. In particular, the

polarity of the liquid used is quite important. Determination of surface free energy requires

contact angle measurements with both polar and non-polar liquids. The most common po-

lar liquid used is water. Ethylene glycol is a common non-polar liquid used. This work

utilized only polar contact angle measurements, which have been found to be proportional

with bond strength in past research[19]. Past research has shown the non-polar contact

angle to be linearly related to the surface roughness of CFRP specimens, and thus is es-

sentially a measure of surface roughness [41]. The polar contact angle is therefore much

more descriptive for CFRP since it is proportional with the resultant bond strength. Contact

angle measurements were made using a BTG Labs Surface Analyst handheld unit[42].

1.9 Digital Image Correlation

Digital image correlation(DIC) is a technique invented in the early 80's and is a non-contact

form of NDI. DIC is used in past research for DCB tests to make crack delamination length

measurements[19] and to evaluate large composite structures[43]. DIC is an optical tech-

nique capable of determining full �eld strains on a specimen. DIC requires a set of mono

or stereo images taken of a specimen, usually during loading or some sort of experiment

where strains on the specimen surface are expected and wish to be analyzed in more de-

tail. It works by utilizing a unique speckle pattern painted on the sample surface[44] and

using a correlation function to determine how the sample has changed from each frame
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Figure 1.6: BTG Labs Surface Analyst Unit used for contact angle measurements

Figure 1.7: Diagram of Contact Angle for a liquid drop on a sample surface. High contact
angle is shown on the left and low contact angle on the right.

to the next[45]. By identifying how each unique feature has moved, a strain map of the

sample surface can be produced. DIC may employ one or multiple cameras. The use of

two or more cameras allows for 3 dimensional DIC which can also measure strains along

the depth of a sample surface[46]. Use of DIC in evaluation of the test specimens in this

work is outlined in chapter 2 section Destructive Testing of bonded CFRP specimens. The

DIC system setup used is shown in Figure 1.8.
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Figure 1.8: The Digital Image Correlation(DIC) system is shown, consisting of two cam-
eras.

1.10 Adhesion Mechanisms

In the study of bonded joints it is necessary to have knowledge of the adhesion mech-

anisms present. There are several known mechanisms of adhesion such as mechanical

interlocking, surface morphology(including surface roughness and shape), diffusion and

entanglement, adsorption, surface free energy and wetting, chemical bonding, and inter-

phase formation[47]. Due to inherent complexity, there exists no generalized equation

or set of equations known for predicting the strength of an adhesive bond with good ac-

curacy. Only empirical equations derived from experimental results can predict adhesive

bond strength with any accuracy and these equations are typically relevant only for speci�c

material systems i.e. speci�c combinations of adherend, adhesive and processing parame-

ters. In a CFRP bonded joint, many adhesion mechanisms are known to be present and at a

minimum they consist of chemical bonding, surface morphology, mechanical interlocking

and surface free energy and wetting[41]. Another known adhesion mechanism, interphase

formation[47], is known to occur between carbon �bers and the epoxy matrix during the

curing process[48]. The measured polar contact angle of CFRP lap joint samples has been

shown to be proportional to the polar component of surface free energy measured via con-
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tact angle using a polar liquid such as water[41]. The same research also showed that

initiation fracture toughness in bonded composite DCB specimens are positively correlated

with both summit density and mean summit curvature of the CFRP surface[40]. Although

several adhesion mechanisms are present in both DCB and lap joint bonding scenarios,

these results concluded that the dominant adhesion mechanisms differ between DCB and

lap joint bonding scenarios. It was concluded that the dominant adhesion mechanisms in

lap joint and DCB specimens are likely chemical bonding and mechanical interlocking

respectively. Since DCB tests create a pure mode I fracture, it can be extrapolated that me-

chanical interlocking is the dominant adhesion mechanism for adhesive bonds exhibiting

this fracture mode. It should be noted that other adhesion mechanisms still play a signi�cant

role, with chemical bonding still present in DCB samples and mechanical interlocking still

present in lap joint samples. The hypothesis of mechanical interlocking being the dominant

adhesion mechanism in mode I fracture tests is also supported in research by Çoban et al.

which used laser surface treatment to purposefully introduce surface roughness which was

stated to increase the effect of the mechanical interlocking mechanism, increasing the bond

strength[49]. Although mechanical interlocking was stated to be increased here, it should

not be considered completely seperate from chemical adhesion. By introducing greater

surface roughness, the total bonding surface area is increased and the effect of chemical

bonding also increased due to larger bonding area.
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CHAPTER 2

METHODOLOGIES

2.1 Fabrication

This research consists of surface characterization experiments conducted on CFRP and

destructive testing of CFRP bonded specimens. CFRP was fabricated from Hexcel Hexply

M20, a commercially available aircraft repair prepreg[50]. A prepreg is a woven sheet of

carbon �ber tow which has been impregnated with an epoxy resin or other polymer matrix

by the manufacturer. Prepreg materials are typically sold in rolls with a protective peel ply

layer on both sides of the material. These materials are kept in airtight bags and require

cold storage in a freezer to prevent premature curing of the epoxy and extend usable life.

The time which the prepreg has spent outside of the freezer was recorded to ensure that the

material used is not degraded beyond the manufacturer's allowable limits for expiration.

Each CFRP panel was fabricated from the prepreg by cutting 11 pieces approximately 12” x

12” each. Each panel consisted of 11 layers of the prepreg with alternating �ber orientation.

Prior to cutting, the prepreg roll was removed from the freezer and allowed to return to room

temperature before piercing the airtight seal. This is a vital step to ensure that condensation

does not form on the prepreg. The layers were cut into two different orientations. The

orientations are determined based on how the edges of the piece cut is oriented relative to

the weave of the fabric. In the case of M20 which is a plain weave, the length of the �bers

extends in two directions perpendicular to each other. When an edge of the square piece

is cut parallel to one of these directions (making it perpendicular with the other direction)

this is referred to as the 0/90 �ber orientation. When the edge of the square piece is cut at a

45 degree angle relative to both directions, this is referred to as the 45 degree orientation. 6

layers in the 0/90 degree �ber orientation were cut and 5 layers in the 45 degree orientation
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were cut. These were then assembled into panels by alternating the two orientations with

the outermost layer on both sides being the 0/90 degree orientation. This is done to produce

a quasi-isotropic �nished product. The tensile strength of the carbon �bers within the CFRP

will be greatest when applied stress is coincident to the �ber orientation and weakest when

applied stress is at a 45 degree angle to the orientation due to the plain weave of the prepreg

material used. By staggering the �ber orientation, the resulting CFRP is less sensitive to

the direction of applied stress. Peel ply layers were removed from the pieces just prior

to adhering them together to minimize surface contamination. Once all 11 layers were

assembled, the �nal outermost peel ply layers were removed and replaced with a Nylon

peel ply fabric. This peel ply fabric can withstand the temperatures in bonding, unlike

the plastic peel ply layers placed by the manufacturer which would melt. The Nylon peel

ply serves a few purposes including creating a good surface �nish on the panel, absorbing

excess epoxy resin from the CFRP and protecting the CFRP surface during curing.

2.1.1 BondingProcess

A Heatcon HCS9000B hot bonder was used in this research in two separate processes, �rst

for the curing of the CFRP panel and then for the secondary bonding of CFRP into lap

joint and DCB specimens. This unit was chosen due to its use in commercial aircraft repair

and past research at GTMI utilizing it for the production of CFRP panels from prepreg and

CFRP bonded specimens [19]. The unit is a large portable briefcase with an internal vac-

uum pump, interface for up to 8 resistive thermocouple devices(RTDs) power connection

for a heat blanket. RTDs are beneath the heat blanket and allow the system to modify power

output to the heat blanket in order to match the programmed heat cycle. The heat cycles

used consist of a ramp phase up to a designated temperature followed by a dwell for some

length of time at that temperature before a cool down phase.
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Vaccuum Bagging

To apply pressure to the panel or bonded specimens during the cure, an airtight sheet of

plastic is placed over the heat blanket which covers the panel or specimens and is adhered

to the work surface. The bottom half of the �xtures for the vacuum hoses are also placed

under this sheet. A vacuum is pulled on this sheet which compresses the heat blanket

providing pressure to the panel or bonded specimens. The vacuum bag is adhered to the

table using TackyTape, a soft putty-like adhesive. Care was taken to make sure no leaks

were present around the TackyTape barrier, with special attention paid to areas where a wire

crosses the vacuum barrier since these introduce the greatest possibility of leaks. The sheet

adhered taking care to not create any pleats or creases which increase chance of leaks. This

is done by applying �rm tension to the sheet so that it is taut before adhering it to the tacky

tape. Once a good seal is made, the vacuum hoses are attached and the vacuum is applied.

If no substantial leaks are present, the bag will quickly compress the heat blanket. Often

leaks are still present at this point and need to be eliminated by applying pressure to the

vacuum bag in the areas where the TackyTape is located. This was done until the pressure

on the unit showed at least 25 in. Hg. Indicating a good seal. At this point, the cure was

begun and the appropriate pre-programmed curing cycle was engaged on the hot bonder.

The speci�c heat cycles used are provided by the manufacturers of the M20 prepreg and

3M structural adhesive �lm and can be found in their data sheets.

2.1.2 SurfacePreparationandCutting

After curing of the CFRP substrate into a panel, surface preparation procedures outlined

here were carried out on all samples before making contact angle measurements preparing

the substrate into bonded test specimens. Each CFRP panel was sanded in a consistent

manner across one of the two surfaces until a single CFRP layer was removed. This was

done by hand using a pneumatic orbital sander. Panels were sanded at 80 grit until nearly

through an entire layer before stepping up the grit to 120 then 180 before a �nal surface
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