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EXECUTIVE SUMMARY

The Federal Aviation Administration is evaluating expanded applications of bonded structural
joints, including composite applications in the aerospace industry, which lend themselves to
adhesive bonding. Previous investigations of mechanical property tests of bond surface
preparation found them inadequate to ensure the actual part surface is suitable for subsequent
bonding. To understand what is required for these applications to reach an acceptable level of
reliability, the need for chemical surface analysis techniques, as well as understanding the
current industry practice for surface quality of composite bonded joints, were identified. As
such, the research team at Florida International University outlined a roadmap for conducting
research in adhesive bonding that consists of two phases. The first phase of this research was to
benchmark current industry practices for surface quality and to identify potential chemical
analysis techniques. The second phase will evaluate these technologies. This report discusses
the findings of the first phase of completed research. In this phase, a literature review was
conducted on surface pretreatment procedures, quality control methodologies for adhesive bond
fabrication, and technologies for surface chemistry analysis that focused primarily on the
aerospace industry but also considered practices in other applicable industries. Quality control,
assurance, and inspection methods should be used for all steps of the adhesive bond fabrication
processes. Minimizing the fabrication variations will enhance the durability of adhesive bonds.
At the molecular level, environmentally durable adhesive bonds are often associated with strong
covalent bonds. Surface pretreatments should emphasize generating chemically activated
adherend surfaces that allow formation of strong covalent intermolecular bonds that are resistant
to environmental impacts under service conditions rather than only on the cleanliness of the
adherend surfaces.

A review of currently available technologies for surface chemistry analysis was also conducted.
It is clear that all the existing methods have limitations. The technologies reviewed could not
provide in-field surface contamination detection for prebond surfaces. The available methods
did not satisfy the requirements for online and in-field surface chemistry analysis. Two
analytical methods that have potential for further investigation are (1) a solid-state
electrochemical sensor that is based on electrochemical-sensing techniques and (2) the atomic
force microscope. An all solid-state electrochemical sensor would impose an
oxidation/reduction reaction on the surface of a polymer-matrix composite material and provide
a measure of the surface chemistry or contamination level. The atomic force microscope can be
used to determine the changes in chemical function groups or the surface activity, providing
necessary information for improving bond integrity. Since these techniques have been
identified, the next phase of this research will evaluate each of these techniques and present the
findings in a separate report.
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1. INTRODUCTION.

The Federal Aviation Administration is evaluating expanded applications of bonded structural
joints, including composite applications, which lend themselves to adhesive bonding. Previous
investigations of mechanical property testing of bond surface preparation found it inadequate to
ensure the actual part surface is suitable for subsequent bonding. As such, the goals of this
research were to (1) identify surface quality assurance methods that are currently being used by
aircraft manufacturers and repair service providers and determine whether the current quality
assurance tests are sufficient to ensure that contamination can be detected and (2) identify and
evaluate definitive analytical chemistry methods to provide sufficient in-field quality assurance.
This report summarizes the review of the available surface quality assurance methods and the
analytical chemistry methods for in-field quality assurance, discusses the conclusions based on
the review, and presents a general outline for how the research will continue into the future.

Improvement in the processing and fabrication technologies in the aerospace industry, especially
in manufacturing primary aircraft structures and their acceptance, will result in greater strength
and durability of bonded structures [1]. The design principle for any adhesive-bonded joint or
adhesive bond requires that the strength of the cured adhesive is greater than the strength of the
adherend [1]. However, the promise of a strong adhesive does not prevent bond interface
failures from occurring either in laboratory tests or during service under environmental
influences. The bond interface or adhesion failure is characterized by adhesive remaining on
only one of the adherends in the original bonded structure. The occurrence of frequent bond
interface or adhesion failures implies that the bond strength at the bond interface is weaker than
the bulk material. These weak bonds are often due to inadequate surface treatments that may
also result in higher susceptibility to environmental impacts, including water ingress at the
interface area.

Surface pretreatment or preparation has been implemented in the aerospace industry for many
years to ensure strong adhesive bonds. Many of the pretreatment procedures result in adhesive
bonds that have a high initial bond strength but do not always demonstrate good durability [2 and
3]. Service experiences with adhesive-bonded joints have displayed variable failure modes.
Some provide extended service lives while others fail before the expected service lives. For
example, adhesive bond failures, including metal/metal, metal/composite, and
composite/composite, were cited as the major cause for 53% of structural defects in the Royal
Australian Air Force [1]. Analyses of the bond failures have revealed that many of the adhesive-
bonded joints failed at the interface between adhesive and adherend (adhesion failure mode) [4-
7]. Such a wide variation in bond durability [2, 3, and 8-10] strongly suggests deficiencies in the
quality control of the pretreatment and bond fabrication processes.

The quality deficiencies can be minimized by implementing quality management methodologies
in the fabrication process. Quality management methodologies were first implemented by
Japanese manufacturers in the 1980s [11]. This resulted in controlled process variations and
superior product quality and was regarded as “the second industrial revolution.” Quality
management emphasizes grass-root efforts toward eliminating system errors, controlling and
monitoring the measurable qualities, and streamlining process flow. This is done so that the



product quality, in terms of failure rates, is within predetermined limits, and the products have a
desired reliability and durability [11 and 12].

Quality assurance requires the implementation of effective quality inspection technologies and
coupon tests. A number of nondestructive inspection (NDI) methods, including conventional
ultrasonic techniques, oblique incidence ultrasonic technique, Lamb waves, sonic vibrations,
spectroscopic methods, acoustic emission, thermal methods, radiography, and optical
holography, have been used to detect defects in adhesive-bonded structures [1-3, 5 and 6].
While these NDI tests will eliminate bonds with detectable defects and cracks, they are incapable
of providing full assurance of bond strength and long-term durability. For instance, these NDI
technologies cannot detect what is known as the *“kissing bond” [13] or weak bonding due to
weak intermolecular interactions at the interfaces between the adhesive and adherend molecules
because these interface defects may be as small as a few atoms and well below the sensitivity of
the industrial NDI technologies.

The Boeing Wedge Test (BWT) and the lap-shear test are the two most widely used coupon
tests. These coupon tests are intended to evaluate the strength and durability of the bonded
components that were fabricated using the same procedures and under the same nominal
conditions. However, the results of the coupon tests may not necessarily reflect the reality of the
bonded components that were fabricated under the similar nominal conditions.

Quality assurance for adhesive bonds in the industry relies on implementation of the quality
assurance and quality control methods for the adherend surface preparation and bonding
procedures [3 and 14]. There are at least three stages for fabricating an adhesive bond. (1) The
acquisition, shipping and handling, inspection, and storage stage of the adherends and adhesives
should be included in a standard operation procedure. (2) In the surface preparation stage, clean
and active adherend surfaces have to be prepared. Multiple techniques and steps may need to be
carried out during this stage. Workshop settings and environment (temperature, cleanliness, and
humidity level), methods, tools, timing, and personnel training are parameters that have to be
carefully controlled. (3) These parameters also need to be closely controlled in the bonding and
curing stage. However, the quality control and assurance for the surface preparation processes
are implemented without a fundamental understanding of what makes a good or bad surface, and
particularly, a definitive, in-field surface quality evaluation method. This leads to two major
problems. Some of the currently existing surface preparation processes may be unnecessarily
detailed, laborious, and time-consuming. The processes may be simplified to avoid undue
expenses and to make the manufacturing process more economic. On the other hand, some
currently existing processes may be inadequate for ensuring high-quality adhesive bonds,
particularly in terms of strength and durability. Identification and implementation of an in-field
surface quality evaluation method will result in reduction of uncertainty, cost, and complexity of
the existing bonding processes and improvement of the strength and durability of the adhesive
bonds.

Many earlier surface pretreatment or preparation procedures seemingly were focused on
eliminating surface contaminants and moisture, increasing surface tension, and improving
mechanical interlocking [13]. More evidence suggests that adhesive bonds that are formed on
the pretreated adherend surfaces with a high surface tension and good mechanical interlocking



are not durable under the environmental influences [7]. On the other hand, because of their
higher bond energies, intermolecular covalent bonds are resistant to water ingress and other
environmental impacts, thereby enabling both high mechanical strength and good long-term
durability.

By reviewing commonly used surface pretreatment procedures, four issues that are critical to the
durability of adhesive-bonded structure were investigated: (1) surface pretreatment techniques,
(2) quality management in the fabrication processes, (3) the nature of the bond interface and its
implication to a durable adhesive bond, and (4) moisture and its impact. The objective of this
report is to highlight factors that may affect the durability of adhesive-bonded structures and to
identify approaches to enhance the durability of adhesive bonds. Most of the discussions relate
to the aerospace industry, but some points do relate to manufacturing processes in other
industries.

2. SURFACE PRETREATMENT TECHNIQUES.

The main objective of a surface pretreatment procedure is to provide clean, fresh, and active
surfaces that permit formation of strong and durable bonds between the adherends and the
applied adhesive. The pretreatment techniques can be classified according to the desired
outcomes, such as removing surface contaminants and producing chemically activated surfaces
for enhancing the bond strength and durability. Pretreatment methods can also be categorized
according to the nature of the processes, such as mechanical treatment (mechanical abrasion),
solvent degreasing and wiping, irradiation treatments (corona discharge, plasma, flame, and
laser), wet chemical treatments (chemical etching, anodizing), surface coating (sol-gel, plasma
spray, sputtering), and primer application. Mechanical treatment cleans surface contaminants,
alters topography, and removes weakly attached surface layers with only a slight change in the
surface chemistry. Solvent degreasing and wiping cleans the surface contaminants and is not
meant to change the surface chemistry. Other types of pretreatment methods alter the surface
chemistry significantly. Usually, an optimal pretreatment procedure for a specific
adherend/adhesive system is a sequential combination of several pretreatment methods. The
following pretreatment methods were reported in the literature.

2.1 MECHANICAL ABRASION.

Mechanical abrasion can be performed with hand sanding or grit blasting. The forces of the
abrasion remove the loose attachments and the outer layer of the substrate, so a fresh surface can
be exposed and be suitable for either adhesive bonding or deposition of an additional surface
layer in the subsequent process. Grit blasting can be automated and the degree of surface
treatment can be controlled with the automatic grit-blasting process parameters [15]. Grit
blasting allows better control of the pretreatment outcome through adjusting the grit size, nozzle
distance, and number of passes, and hence, is a preferred method to hand sanding [3 and 7].
Care is needed to avoid over-eroding the substrate surface or producing a folded surface that
traps contaminants and moisture [1].



2.2 SOLVENT DEGREASING AND WIPING.

Adherend surfaces are usually cleaned with an organic solvent (e.g., methyl ethyl ketone) before
and after mechanic abrasion is done [16]. Surface wiping with a solvent-saturated cloth is the
recommended method for preventing the contaminants from redistributing over the surface, and
it removes most of the organic contaminants [1]. Organic contaminants on the adherend should
be removed by solvent wiping before a subsequent mechanical abrasion process because
mechanical abrasion may result in embedding the contaminants into the roughened surface layer.
After the mechanical abrasion process, loose residues remaining on the surface should also be
removed with solvent wiping for the next step of the fabrication process. Choosing a proper
solvent is important because some organic solvents may dissolve the adherend substrate or alter
the surface properties significantly.

2.3 IRRADIATION PRETREATMENTS.

2.3.1 Corona Discharge.

Corona discharge is a process in which a plasma or ionic current, perhaps sustained, develops
from an electrode at a high electrical potential in a neutral fluid, usually air. The corona
discharge process generates excited atoms, ions, and free radicals that can be used to bombard a
polymer or composite surface for surface pretreatment. Corona discharge technology can be
automated and is widely used to enhance adhesion between adhesives and composite surfaces
[17-19]. A corona discharge treatment physically and chemically modifies polymer or
composite surfaces and, hence, enables a rough and high-energy surface on which adhesive can
easily spread. Similar to other irradiation treatment techniques, the state-of-the-art corona
discharge technology can be applied to substrates with complex geometries.

2.3.2 Plasma Glow Discharge Treatment.

Plasma glow discharge has been used successfully for improving adhesion between adhesives
and polymer composite surfaces or between adhesives and metal surfaces. The plasma glow is
an electrically conductive, low-pressure plasma gas, which consists of excited atoms, ions, and
free radicals. Various gases, such as argon (Ar), nitrogen (N,), ammonia (NHz), oxygen (O,),
tetrafluoromethane (CF,), sulfur hexafluoride (SFg) and mixed O,-N2, have been used in plasma
treatments to clean and etch composite surfaces, and to alter the chemistry of the surfaces [2, 18,
and 20-25]. The improved adhesion is attributed to the increase of surface roughness and
formation of oxygen (O)- and nitrogen (N)-containing functional groups on the composite
surface, which serve as anchors to link with adhesives [24]. The process can be automated, but
the size of the low-pressure chamber limits the size of the structure to be treated. The plasma
glow discharge is different from the corona discharge treatment in that, in the plasma glow
treatment, the treated surface is under near zero electric field whereas, in the corona treatment
process, the surface is under a very strong electrical field. Thus, the corona discharge treatment
can be used for polymer and composite materials, but the plasma discharge treatment is
applicable to polymer, composite, and alloy materials [17 and 20-23].



2.3.3 Flame Treatment.

In flame treatment, a flame is generated by gas burners supplied with gaseous hydrocarbons in
air or oxygen. Flame treatment has been widely used for promoting good adhesion between
thermoplastics and adhesives. Oxygenated flames are used to burn off surface contaminants and
to introduce O-containing functional groups [2]. Controlling the degree of treatment is required
to avoid thermal damages due to overheating by the oxygenated high temperature flames.

2.3.4 Laser Treatment.

Laser treatment can be conducted using either Excimer (i.e., ultraviolet radiation) or infrared
(IR) laser sources. The technology has been successfully employed in treating polymer,
composite [2 and 25-26], and metal surfaces [27-29]. The enhanced adhesion is attributed to
chemical modification and photo ablation-induced surface roughness. The CLP Excimer
method, by Ciba Specialty Chemicals, is one of the commercial technologies available for
aircraft repairs. This technology can be applied manually or with a robotic system [28].

In summary, irradiation pretreatments are conducted by exposing adherend surfaces to streams of
excited atoms, ions, free radicals, and photons in either air or controlled gas mixtures. The
excited gas streams that are generated by corona discharge [19], plasma [24], or flame [2]
modify the surface morphology and convert surface molecules into O- or N-containing
functional groups. These O- and N-containing groups then serve as anchors for covalent bonds
with adhesives [19, 22, 24, and 28-29]. In the case of laser treatment, high-density photons are
carriers of energy that causes the chemical changes.

2.4 CHEMICAL PRETREATMENTS.

2.4.1 Chemical Etching.

Chemical etching treatments are commonly used for modifying metal surfaces and rarely used
for polymer and composite substrates [30]. Typically, the substrates are immersed into either
acidic (e.g., phosphoric or chromic acids) or alkaline (e.g., alkaline chlorite) solutions to produce
a dense, stable oxide layer for subsequent adhesive bonding. Many treatment procedures for the
application of a chromic acid or its modified formula (e.g., Forest Product Laboratory’s
treatment) have been developed. The etching process commonly consists of two or more steps
involving more than two chemical dips at controlled temperature and a water rinse after each dip.
These complicated processes are prone to large variations, which may result in large variations
in bond durability. In addition, the highly toxic chromic solution waste is an environmental
concern.

2.4.2 Electrochemical Treatment (Anodizing).

Electrochemical treatment has been widely used to modify metal [31], polymer, and composite
[32] substrates in the aerospace industry. During the treatment, a substrate is immersed into an
electrolyte solution and a predetermined direct current (DC) current is applied between a counter
electrode and the substrate as the working electrode. An oxidized layer with a desired thickness



can be produced on the substrate surface. The chromic acid anodizing procedure is mostly used
by the European Union (EU) aerospace industry, while the U.S. counterpart mostly uses the
phosphoric acid anodizing procedure [8]. An anodizing treatment is more effective than a
chemical etching treatment in producing a stable oxide layer with a desired thickness and
chemical properties. A recent modification of the procedure uses an alternating current instead
of a DC current, which greatly reduces the processing time [33]. For polymer substrates, an
electrochemical treatment modifies the surface by introducing O-containing functional groups
and roughening surfaces, thereby improving adhesion between adherend (including
polypropylene, high-density polyethylene, styrene-butadiene-styrene, and polystyrene) and
adhesives [32].

2.4.3 Surface Coating.

Surface coating is mostly used to deposit a dense oxide layer on a metal substrate. The
procedure differs from the chemical etching and electrochemical pretreatment methods in that
the oxide layer is deposited from an external source, rather than through direct oxidization of the
surface layer of the substrate. The oxide layer can be deposited using hydrothermal (sol-gel) [34
and 35] and plasma spray processes [2]. In the sol-gel process, metal hydroxide or oxide sols,
with a slightly acidic pH, is coated on the substrate surface and subsequently dried to form an
oxide layer. Plasma spray is similar to the plasma treatment, but in addition to the plasma gases,
plasma spray also injects high-velocity, molten oxide (titanium dioxide, magnesium oxide, or
silicon dioxide) particles to the substrate [2 and 36]. Plasma spray produces a surface oxide
layer with a uniform thickness and desired composition.

Silicon sputtering is another form of plasma spray in which organosilane is deposited on a
titanium surface with the aid of argon plasma [37]. The procedure combines the surface-
cleaning function of regular argon plasma and plasma spray with a precise control on the
thickness of deposition. Improved resistance to water ingress is observed with this procedure.

2.4.4 Primers.

Primers are usually applied onto the surface as a coating after preliminary treatments (e.g., grit
blasting or chemical treatment) to promote adhesion between the adherends and adhesives. This
treatment has been effectively demonstrated for metal adherends [7 and 9]. Organosilanes,
including aminopropyltriethoxy silane and glycidoxypropyltrimethoxy silane, are frequently
used to improve durability in the presence of moisture [38-39]. Typically, organosilanes are first
fully hydrolyzed in 1% aqueous solution with a slightly acidic pH. The substrates are then
allowed to react with the hydrolyzed organosilane solution for a few minutes, and finally dried in
an oven. Care is required to ensure coating uniformity and to reduce variations associated with
each step of the procedure. Organophonic acids are also used as adhesion primers to promote
covalent bond formation [34 and 40] at the adhesive and adherend interfaces. However,
adhesive bonds formed with organophonic acids as the primer are not as durable as those bonds
formed with the organosilane primer [41].



2.5 PEEL PLY FOR COMPOSITE MATERIALS.

Peel ply is another commonly used method of surface treatment. A removable fabric ply is
molded onto the surface of a composite adherend to protect the bonding surface from
contamination. Removing the surface provides a clean surface for the subsequent bonding
process. Usually, removing the peel ply is followed by a mechanical abrasion process to activate
the surface [14] and/or solvent wiping. Alternatively, an irradiation method (e.g., plasma or
flame) is used to eliminate the residual organic contaminants and activate the surface at the same
time [2].

2.6 COMMONLY USED METHODS FOR METALLIC ADHEREND.

For metal substrates, the goal is to form a fresh layer of metal oxides followed by a coating of
primer to facilitate the formation of covalent bonds during the subsequent bonding step. Metal
oxide layers can be formed with either wet or dry approaches. The wet approaches involve
anodizing and surface coating. The dry approach is referred to as the Excimer laser or grit-
blasting method by which a stable oxide layer can be formed [7 and 28].

3. PROCESS QUALITY MANAGEMENT.

In today’s aerospace industry, adhesive bonding fabrication technology is often the preferred
method to the fastening or riveting method. The adhesive bonding method is advantageous
because it mitigates galvanic corrosion, increases joint strength, reduces overall structural
weight, and is easily automated [34]. However, this technology is still considered unreliable for
fabricating the primary aircraft structures because of the unpredictable in-service durability of
the adhesive bonds [3]. The lack of an effective quality management procedure to ensure the
durability of the adhesive-bonded joints is one of the major concerns that limit wider
applications of the technology.

A multistep adhesive bonding process, with well-executed quality management, should ensure
that the product failure rates fall below the expected value, regardless when, and by whom, the
work is done [11]. The principles of quality management require identifying and subsequently
controlling the operational variations in each step of the process [12]. Typically, operational
variations include two forms of variations: common cause variation (CCV) and special cause
variation (SCV). CCV is caused by many factors that are part of the process and are acting
randomly and independently. The origin of the CCV can usually be traced back to the key
elements of the adhesive-bonding fabrication process, including materials, equipment,
environment, method, and technician. If only CCVs are present, the output of a process forms a
stable distribution over time and, as such, is predictable. The SCVs are caused by unpredictable
events leading to unexpected changes in the process output. The effects of the SCVs on the
process outputs are intermittent and unpredictable. Acceptable fabrication processes must be
brought into statistical control by first detecting and then removing the SCVs. The process
outputs can be analyzed and controlled using two types of charts: control chart and flowchart. A
control chart (figure 1), one of the fundamental tools used for process quality control, indicates
the range of CCVs and the occurrences of SCVs. The control charts are marked by upper and
lower control limits that are evaluated using statistical analysis methods. The process is either in



control or there are variations due to CCVs, if the process output falls between the limits. The
process is out of control, or the variations are due to SCVs, if the outputs fall outside these
limits, as shown in figure 1(a). A sudden change in the trend of variation (figure 1(b)) often
implies a fundamental shift in the process system, such as using a noncertified raw material or
expired reagent.
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Figure 1. Example of Control Chart

Figure 2 shows a flowchart for managing the adhesive bond fabrication processes. By breaking
the process down into its constituent steps, flowcharts can be useful in identifying where the
errors are introduced in the system. The flowchart method can help to identify the causes for the
SCVs in the three major steps of the adhesive bonding fabrication process.
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Figure 2. An Example Flowchart for the Bond Fabrication Process
Materials storage and pretreatment before surface treatment

Conditions of the materials used to form the adhesive joint should be verified in this step.
Material specifications should be acquired from suppliers and should be verified. The
moisture contents in the adhesive and on the surfaces of the adherends should also be
verified. Moisture content is a function of the storage conditions, packaging, and shelf-
life of the adherends and adhesives. These parameters should comply with the
requirements in the user manual provided by the supplier.

Adherend surface pretreatment

Adherend surface preparations should be executed according to a prevalidated standard
operating procedure (SOP) for each step, and the surface conditions of the pretreated
adherend should be verified with certified surface analysis methods. The prevalidated
SOPs should also provide guidelines for the adherend storage conditions and the time
before the next step. Cleanliness in the workshop is important because any surface
without protection can be quickly covered with airborne contaminates during the
fabrication process. The adhesives and adherends preparation time should be coordinated
so that both are at their optimal conditions for bonding.



J Bonding

The prevalidated SOPs should be followed strictly during bonding. Emphasis should be
placed on executing the manufacturer-certified curing temperature program and
maintaining a uniform adhesive bondline. It is vital to ensure that the fabrication process
conditions exactly match the prevalidated SOP conditions.

In summary, using the flowchart ensures that the production process strictly follows the
prevalidated SOP at each step. To control and optimize the fabrication process, the
managers should obtain precise performance data, including quantity, quality, and time
for each step. Resources (technicians and equipment) should be deployed in such a way
that the fabrication processes are reproducible. The spatial distribution of the fabrication
lines should be optimized to reduce lapse time at each step so that the fabrication
processes are less susceptible to contamination and external interrupts [11].

3.1 MATERIALS CERTIFICATION.

Materials certification requires clearly defined chemical and physical conditions of all materials
used for the bonding process. These include the environmental conditions (e.g., temperature,
relative humidity) encountered when the materials were stored and transported, as well as their
expected shelf-life. For example, adherends supplied to the fabrication manufacturer should
include surface chemistry certification in addition to material safety data sheets and physical
characterization information. The surface chemistry certification for the adherends and
adhesives should state the levels of contamination and moisture at which the materials were
packaged. At the beginning of a bonding process, a consistent material quality is vital for
eliminating SCVs. Materials arriving with damaged packages should not be used for the
bonding process. Incorrect packaging, storing, or handling of materials and use of expired
materials may result in defected adhesive bonds [3]. Incorrect storage conditions were cited as
the causes of prebond moisture condensation on the adhesive film [5]. Epoxy adhesive film
absorbs atmospheric moisture. High-moisture content may cause the adhesive film to boil off
the adherend surface and form voids during curing at elevated temperatures. Using moisture-
containing adhesives may result in a 50% reduction of the peel and shear strength of adhesive
bonds [42]. References 4 and 5 indicate that durable bonded joints were made using moisture-
free laminates and by implementing a validation procedure.

In addition to acquiring materials certifications, user’s manuals, and other instructions from the
materials suppliers and implementing a prevalidated procedure for materials storage, transport,
and handling, adhesive bond manufacturers should also have analytical tools and methods in
place to confirm the materials suppliers’ certifications.

3.2 PRETREATMENT CERTIFICATION.

Surface pretreatment prior to adhesive bonding is vital for achieving high bond strengths and
bond durability for high-performance aerospace applications [3]. From a quality control
position, the surface’s physical and chemical properties, including the roughness, tension,
composition, oxidation and reduction states or activity, and the thickness of the active layer,
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should be uniform and reproducible [34]. However, most of the analytical surface chemistry
characterization technologies are only suitable for laboratory studies due to either lengthy
sample preparation procedures, limitation to sample sizes, requirement for high vacuum, or
limited sensitivity under realistic physical and chemical conditions. The analytical technologies
include X-ray photon spectroscopy (XPS), Fourier transform infrared (FTIR), scanning electron
microscopy-energy disperse analysis of X-ray, transmission electron microscopy, atomic force
microscopy (AFM), and secondary ion mass spectroscopy (SIMS). Currently available in-field
quality evaluation methods are not definitive in determining surface chemistry and are
considered indirect measurements that roughly evaluate the physical and chemical properties.
Some of these methods are being used for monitoring and controlling the quality of the following
three types of pretreatments:

. Gloss meter and laser profilometry for mechanical abrasion treatment

Grit blasting allows better control of the treatment outcome by adjusting the grit size,
nozzle distance, and number of passes and, hence, is a preferred method to hand sanding
[3 and 7]. The effect of grit blasting can be monitored using a hand-held gloss meter [42]
or a three-dimensional laser profilometry [16]. Davis and Bond [1] reviewed the details
of the procedure for conducting grit-blasting pretreatment. They concluded that the level
of abrasion has to be balanced because excessive abrasion could lead to surface folding,
which could trap moisture and weaken the adhesive bond. The surface morphology
evaluation using the gloss meter or profilometry helps optimize the abrasion methods.

. Reflection-absorption infrared (RAIR) spectroscopy for irradiation pretreatment

The excited gas streams that are generated by corona discharge [19], plasma [24], flame
[2], or laser irradiation [28 and 29] modify the surface morphology and convert surface
molecules into O- or N-containing functional groups. In addition to morphology-
monitoring tools, including the gloss meter and laser profilometry, the treatment quality
is assessed using RAIR [19 and 24]. However, this method can only roughly reflect the
chemical conditions of the treated surfaces but not evaluate the density of the O- and
N-containing groups, the valences of the surface atomic bonds, and the active layer
thickness that dominate the formation of intermolecular covalent bonds and the strength
and durability of the adhesive bonds.

. Quality monitoring and control methods for chemical pretreatments

In chemical pretreatments, an adherend surface is modified by either chemical etching,
anodizing, or coating (sol-gel, boehmite gel, coating primers). For any liquid phase
chemical reactions, the stability and concentration of reagents are important factors
affecting the adhesive bond strength and durability. Good process reproducibility can be
achieved by using freshly prepared reagent solutions and by following validated SOPs.
Dated or used reagent solutions often contain contaminants and less than optimal
concentrations of chemicals. To avoid human errors in reagent preparation, Rider and
Vodicka [42] suggested using prepackaged chemicals to make solutions.
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To estimate the conversion or amount of the deposit layer on the adherend surface, a
material balance analysis should be conducted after the chemical pretreatments. Rapid,
economical, nondestructive online and in-field test methods should be developed to
measure the thickness and composition of adherend surfaces. Electrochemical methods,
such as capacitance/voltage profiler, surface resistance, or impendence [43], may meet
the needs for surface chemistry inspection. However, none of these technologies has
been validated for aerospace applications.

3.3 ADHESIVE APPLICATION CERTIFICATION.

The uniformity of the bondline thickness is very important for adhesive application practice.
Hart-Smith [44] has showed that the adhesive shear stresses are nonuniform, with high shear
stresses at the ends of an adhesive-bonded joint and a low shear stress in the center of the joint.
In an adhesive bond with a nonuniform bondline thickness, the shear stress will transmit from
areas with a greater bondline thickness to nearby areas with a smaller bondline thickness. The
adhesives at these over-stressed areas tend to fail prior to the other parts of the adhesive-bonded
joint. Thus, a quality control procedure should be in place to ensure the uniformity of the
bondline thickness. Currently, two approaches are being used in manufacture and repair of
bonded structures. The first is adding glass or alumina spheres into the adhesives [10 and 27].
The spheres will provide preset space for the adhesives to settle in. Studies have shown that
glass spheres do not affect the initial bonding strength of adhesive-bonded joints. However, the
impact of the glass spheres on the long-term durability is a concern, because the presence of the
glass spheres results in moisture absorption [45]. The second approach involves using adhesive
films, which are premade adhesive sheets that cure at elevated temperatures [37 and 39]. The
use of adhesive film simplifies the application procedure and reduces potential human errors and
should result in a lower level of variations.

3.4 BONDING CERTIFICATION.

Bonding is the final and critical step of the fabrication. It is required that the process be
executed strictly according to the validated SOPs. Major factors that affect the bonding quality
include curing temperature program, heat distribution, and bonding environment. A revalidation
process is required for any, even seemly minor, changes to the operation parameters.

Mechanical properties of the epoxy adhesives are dependent not only on the test environment,
but also on its thermal history. A thermoset adhesive, such as epoxy, has a glass transition
temperature that varies with the degree of curing and water content. At the glass transition
temperature, the mobility of the unreacted monomer molecules is drastically reduced. Therefore,
the network of the adhesive will vitrify if the curing temperature is less than the ultimate glass
transition of the completely cross-linked resin [46 and 47]. Lapique and Redford [47] reported
that it took 28 days for an adhesive to cure completely at room temperature compared to 4 hours
at 64°C. Thus, an off-optimum thermal program (temperature and time) could affect bond
quality and contribute to the susceptibility of the adhesive-bonded joint to moisture [48 and 49].
Unfortunately for most of the studies on bond durability, the effects of the adhesive curing
parameters on durability were not emphasized.
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A uniform temperature distribution during adhesive curing is as important as the heating
program. Nonuniform heating will result in a nonuniform distribution of the bond strength and
residual stresses and large bonding quality variations [3]. This is especially important for
onboard repairs or for fabrication of large structures when curing in an oven is impossible.

A clean and dry environment for adhesive bond fabrication is also essential for minimizing
product quality variations. It is suggested that moisture should be eliminated by vacuuming
during the curing process to prevent water from being trapped at the interface between the
adhesive and adherend [5 and 50]. For repair work at service depots where comprehensive
environmental control is impossible, a positive-pressured clean and dry airflow should be
maintained over the area where repairs are conducted.

Mechanical tests on coupons are important for evaluating the bond strength and validating the
bonding process. The BWT is one of the widely used methods that evaluate the environmental
durability of the adhesive-bonded joints [5]. To start the BWT, a 3 mm thick wedge is driven
into an adhesive-bonded joint of a coupon and the coupon is then exposed to a hot and humid
environment for 48 hours [42]. The initial crack length and the crack growth rate within 48
hours are measured.

The BWT seems to be a better method than the lap-shear test because the latter does not reflect
bond durability under environmental influences [5]. However, the BTW does have a few
limitations as a bonding certification method. First, the BWT results are, in fact, the
accumulative effects of the previous process steps. It is difficult to evaluate the effect of a
specific process step. Second, because the test duration is at least 48 hours, acquisition of the
test results that are used to qualify or disqualify the adhesive bonds usually falls behind the
production schedule. Finally, it is still an unanswered question whether the BWT results really
correlate with the durability of the adhesive bonds under service conditions. Recently, a
comprehensive BWT database has been established by the Royal Australia Air Force to find and
verify the correlation between the BWT results and service performance of adhesive bonds [42].
A conclusive analysis can be carried out when a comprehensive database that reflects the service
performances of the bonded structures world-wide is established.

3.5 TECHNICIAN CERTIFICATION.

The processes of adhesive bonding involve significant labor activities, which introduce
variations due to human errors. The product quality could vary significantly even among
workers using the same SOPs. Rider and Vodicka [42] have suggested that a technician
certification program should be in place and use the BWT parameters as the criteria for
technician certification.

One of the principles of quality management suggests that a systematic approach to the
technician certification program should be implemented. Rather than to simply pass or fail a
technician, the objective of a technician certification program is to uncover the best practice
available for a given technician in a given fabrication environment and with given fabrication
resources. The BWT parameters can be used to quantify the performance differences among the
technicians and to identify a group of technicians with consistently better performances. The
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production management should develop a mechanism that encourages information exchange
among the technicians, so that the fabrication practice can be continuously improved. This will
result in a significant reduction in product variations.

4. NATURE OF ADHESION AND ITS IMPLICATION TO SURFACE TREATMENT AND
BONDING PROCESSES.

According to Lee [51], there are five types of adhesions: (1) mechanical adhesion—the
interlocking of two materials at the joint; (2) diffusive adhesion occurs when molecules from two
materials are mobile and soluble in each other and merge at the joint via inter-diffusion; (3)
dispersive adhesion—holds two materials via van der Waals’ forces or hydrogen bonds; (4)
electrostatic adhesion—holds two conducting materials via electron exchange and electrostatic
force at the interface; and (5) chemical adhesion—the strongest adhesion via formation of ionic
or covalent intermolecular bonds at the joint.

The mechanism of electrostatic adhesion is not within the scope of the present discussion
because almost none of the adhesives used in aerospace industry are electrically conductive. The
mechanisms of mechanical and diffusive adhesions contribute to a significant portion of the
overall adhesion. In many types of pretreatments, in particular, the mechanical pretreatment is
often reported as being effective in increasing the total surface area, surface roughness, or
surface tension. This allows the adhesives to readily spread out on the rough adherend surface
and, hence, improves the interlock or interdiffusion between the adhesive and adherend. This
also increases the total interface area available for development of intermolecular forces across
the interface, such as van der Waals’” forces, hydrogen bonds, and covalent bonds. Thus, the
nature of intermolecular forces is the fundamental and dominant aspect of the overall adhesion.

Chemical adhesion and dispersive adhesion involve the formation of interatomic or
intermolecular bonds across the interface between adherends and adhesives. The intermolecular
bond strength or bond energy is measured by the amount of energy required to break the bonded
atoms into independent atoms. Chemical bonds, such as covalent or ionic bonds, are strong
intermolecular or interatomic bonds. Other intermolecular forces, such as hydrogen bonds and
van der Waals’ forces, are weak, long-range intermolecular interactions in comparison to the
covalent bonds. The energy of these weak intermolecular forces is typically 1-2 orders of
magnitude lower than that of covalent bonds (table 1). A great number of the weak
intermolecular interactions may exist at the adhesive and adherend interface. Thus, the weak
interactions may have a great impact on the macroscopic properties, such as friction, surface
tension, viscosity, and adhesion [52], and may enhance the bond strength significantly.
However, these weak intermolecular interactions are in the state of constant breakup and
formation and, hence, are prone to the effect of the surface contamination and water ingress [53].
The fact that weak intermolecular bonds are prone to water ingress may explain why some
adhesive bonds with high initial mechanical strength have insufficient durability [15 and 16].
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Table 1. Energies of Interatomic and Intermolecular Interactions

Energy
Type of Bond kcal mol™
Single covalent bond
O-H 110
P-O 100
c-C 83
C-O 84
C-N 70
Double covalent bond
C=0 170
C=N 147
C=C 143
P=0 140
Hydrogen bond
NH---O
OH---N 4~5
NH---N
OH---0
Van der Waals’ force ~1

Many types of surface pretreatments result in a layer of uniformly distributed active sites, as
evidenced by a profile of O- or N-containing functional groups (anchor groups) near the surface.
Lone electron pairs on O- and N-containing groups could be donated to acceptors (such as
C-containing groups) to form covalent bonds. Because of abundant electron acceptors and
anchor groups on the curing surface of adhesive, covalent bonds could link the adhesive and
adherend together during adhesive curing (figure 3). These covalent bonds at the interfaces are
the major load transfer mechanisms between the adherends. Organic and inorganic primers are
small molecules that are able to penetrate porous and rough surfaces and serve as coupling
agents, linking the adherend and adhesive through covalent bonds [34, 43, and 54]. The
formation of covalent bonds can be enhanced by applying primers or adhesion promoters.
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Figure 3. Covalent Bond Formation Between Adherend and Adhesive

Adhesive-bonded joints based on covalent bonds are less susceptible to the effect of the surface
contamination or water ingress due to high bond energies of covalent bonds (table 1). Olsson-
Jacques, et al. [55], studied the effects of Jet-Al fuel on the durability of epoxy adhesive bonds
with aluminum adherends. They found that hydrocarbon contaminants affect bonding strength
only before the formation of covalent bonds between a primer and the substrate. The application
of the primer on the substrate resulted in a much better bond durability in comparison to an
adhesive-bonded joint made without using a primer. Rider and Arnott [41] compared the effects
of different primers against the water ingress to the bonded epoxy-aluminum joints. Their
results indicated that water ingress was retarded by forming dense covalent bonds between the
adhesive and substrate with a silane primer as the coupling agent.

Organiosilanes are widely used as primers or coupling agents to improve hydrolytic stability of
adhesive bonds [56]. Rider, et al., [7, 40, and 57] developed a surface pretreatment plan with
proven in-service records. Briefly, their procedure included the following steps:

1. Aluminum surfaces are first activated with mechanical blasting, alkaline etching, and
acid cleaning, so that a dense thin layer of aluminum oxide covers the surface.
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2. The activated surfaces are treated with organosilane solutions at pH 5.0. Organosilane
hydrolyzes and reacts with aluminum oxides to form covalent bonds (figure 3). The
introduced epoxy groups on the adherend surface are similar to those in the adhesives.

3. The adhesive is allowed to cure and form strong covalent bonds that link the majority of
the epoxy end groups and make a strong and durable adhesive bond (figure 3).

The formation of metal oxygen silicon (metal-O-Si) and carbon nitrogen carbon (C-N-C)
covalent bonds during the fabrication processes (figure 3) was confirmed by FTIR, XPS, and
SIMS studies [39, 41, and 58-61]. Among these studies, Rattana, et al. [39], provided the most
convincing evidence using a SIMS technique that identified many ion fragments with the
original covalent bond structures.

4.1 CLEANLINESS VERSUS NATURE OF INTERMOLECULAR BONDS.

The impact of prebond preparation on strength and durability has been reviewed by a number of
researchers [62-66]. The composition and properties of adherend surfaces differ from the bulk
materials because of the presence of adsorbed contaminants, different oxidation and hydration
states, and segregated alloying or curing elements [31 and 67-68]. For example, the surface of a
metallic adherend consists of a segregated layer, an oxide/hydroxide layer, and adsorbed
contaminants [30]. It has been recognized that without removing the loosely adsorbed layers, a
durable adhesive-bonded joint cannot be formed [7]. For composite adherends, the contaminants
left behind after removing the peel-ply and moisture are the major causes of low-strength
adhesive bonds. However, although cleanliness is very important for forming high-strength
adhesive bonds, it should not be the only goal of a surface preparation procedure.

The manufacturers emphasize the importance of cleanliness during the surface pretreatment
process [3]. As a result, a majority of pretreatment plans reported in the literature emphasized a
clean surface as the primary requirement for adherend (metal or composite) surfaces [69].
However, it appears that a clean surface is not sufficient for high durability [3]. Service records
show that the strength and durability of the composite adhesive bonds that were prepared using
peel-ply or tear-ply methods varied considerably. Some have superior durability, while others
fall apart shortly after the bonding process [5]. The peel-ply or tear-ply method followed by grit
blasting and solvent wiping provides a dust-free, clean surface, but does not guarantee a
chemically activated surface that allows formation of strong interatomic or intermolecular bonds
[4]. Hart-Smith [5] and Davis and Bond [1] were among the first to recognize that, rather than to
seek a clean surface, the major goal of a pretreatment procedure is to activate the adherend
surface, thereby forming strong intermolecular and interatomic bonds. Therefore, a clean surface
is merely a necessary, but insufficient, condition for forming a durable adhesive bond. In
practice, a surface pretreatment procedure should include an initial cleanup step followed by a
surface activation step [5].

In a frequently quoted report, Emerson, et al. [69], tried to answer the question “How clean is
clean?” when studying the surface hexane distribution after various solvent-cleaning procedures.
Similar to the results given by Olsson-Jacque, et al. [55], Emerson’s results indicated that the
hexane distribution was also nonuniform on the surface and the contaminated areas were covered
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by approximately a single layer of contaminates. Emerson, et al. [69], characterized the effects
of contamination by measuring the “work of adhesion” between incompletely cured adhesive
and adherends using a Johnson-Kendall-Roberts (JKR) apparatus. Although the contaminants
significantly reduced the surface adhesion as measured with the JKR apparatus, no measurable
effect in the bond strength was found after the hexane-contaminated surface was bonded with an
epoxy adhesive that was fully cured. Emerson, et al., did not provide an explanation on this
finding. In a similar study, Woerdeman, et al. [53], found that the existence of hexadecane
contamination reduced the adhesion between epoxy and the aluminum surface, as measured by
the JKR apparatus. However, the authors were unable to correlate the reduced adhesion with the
bond strength.

From a manufacturers’ viewpoint, it is important to understand the impact of solvent cleaning to
bond durability, because overcleaning increases operational costs and waste. In fact, evidence
suggests that the effects of contaminants are less serious than previously thought. For example,
dipping aluminum adherend into Jet-Al fuel just before applying adhesives had little effect on
bond durability [55]. Rider, et al. [54], also reported that bond durability was only moderately
affected by the application of aviation kerosene to the grit-blasted aluminum surface. A possible
explanation is that the uncured epoxy adhesives absorbed the small amount of surface
hydrocarbon contaminants [70], due to the hydrophobic nature of epoxy structures. The
hydrocarbon contaminants tend to stay in the adhesives, not in the interfacial areas of an
adhesive bond. The effect of hydrocarbon contaminants is less than that of water and other
inorganic substances. The mechanism of this phenomenon is similar to eliminating oily wastes
on dishes with detergents. A reasonable conclusion is that the adhesive bond durability will be
affected by oily contaminants only if the hydrocarbon-holding capacity in the epoxy adhesives is
reached. Because the holding capacity of a detergent correlates with the size of the molecules to
be dissolved, a poor bond durability is expected when large hydrocarbon molecules are present
on the surface. Rider, et al. [54], found that the bond durability was affected significantly when
more waxy hydrocarbons (Cis+) were applied on the surface, while liquid hydrocarbon (Cis-)
had little effect.

When grit blasting primer-epoxy adhesive with silane particles during the pretreatment
procedure, bond durability may be affected when hydrocarbon contaminants are introduced.
Olsson-Jacque, et al. [55], and Rider, et al. [54], showed that if hydrocarbon contaminates were
introduced before applying organosilane on the surface, the formation of covalent bonds was
interrupted, which subsequently reduced the bond durability.  However, hydrocarbon
contamination has little effect on the bond durability if organosilane was applied on the
aluminum surface before the hydrocarbon contaminates were introduced.

4.2 SOURCES OF MOISTURE AND IMPACT OF MOISTURE.

Most of the in-service bond failures were associated with moisture-induced corrosion or
degradation [3]. Durability of an adhesive-bonded joint can be affected by water ingress before
and after the formation of the adhesive bond joint. Moisture may enter the adhesive bond joints
from the environment by diffusion through the bulk adhesives or along the adhesive-adherend
interface during the fabrication process and during their service lives [45 and 71]. Water ingress
leads to increased coefficient of thermal expansion [45] and plasticization [71] of the bulk
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adhesives. At the interfaces, water weakens adhesion by increasing the hydration of surface
oxides [71]. To assess the impact of water ingress, an accelerated version of the BWT was used
[41 and 72]. The BWT measures the performance of adhesive bonds at relatively high humidity
and temperature after a crack is initiated via a wedge insertion at the bond interface. BWT
results showed that adhesive bond joints produced with hydration inhibitors, such as
organosilanes, were resistant to water attack due to the formation of cross-linking covalent
bonds.

Prebond water content in the materials is another major source of moisture that affects bond
durability. Armstrong [4] compared the durability among adhesive bond joints built with carbon
fiber-reinforced polymer composites with various prebond moisture contents. Armstrong found
that only the initially dry laminates that were treated with an additional prebond drying step gave
the best durability (cohesive failure). Based on many years of composite materials experience,
Hart-Smith [5] emphasized that prebond moisture should be thoroughly removed before
conducting any pretreatment work. Many other researchers also discussed the effects of
moisture on the strength and durability of adhesive joints and bonds for composite materials [1
and 73-78].

On aluminum surfaces, prebond moisture could exist as part of aluminum hydroxides or
hydrated alumina. According to Sato [79], coarse and fine aluminum trihydroxide particles (in
particular, bayerite or gibbsite) undergo dehydration at various temperatures. A thermal analysis
of bayerite showed the loss of water associated with the transformation of aluminum hydroxides
started at temperatures as low as 70°C [80 and 81], and the release of water was as much as
~30% of the initial weight at 250°C [82]. No report was found that characterized the “oxide
layer” produced during anodizing or etching treatments. The forms of the oxide layer were
believed to be alumina hydrates [43] and hydroxides [33]. These physically or chemically
bonded water molecules were released once the curing cycle started at even moderate
temperatures, according to

2AI(OH)s > Al,O; + 3H,0 (1)

The released water was then trapped at the adhesive-adherend interface and resulted in poor
bond durability [33, 83, and 84]. The prebond moisture on the aluminum surface had a profound
impact on the durability of adhesive-bonded joints during the fabrication process and service. If
a low adhesive curing temperature was used during the fabrication process, very little water
could have released or condensed at the interface, and the adhesive-bonded joints would appear
to be strong and durable, because the BWT is normally conducted at less than 70°F. However, in
the commercial aircraft service environment, the aircraft skin temperature could reach well over
180°F, depending on the color of the paint, the intensity of sunlight, and flight speed, which may
lead to water release at the interfaces and consequent failure of adhesive bond joints.

5. TECHNOLOGIES FOR BOND INTEGRITY AND SURFACE ANALYSIS.

Traditionally, destructive tests such as lap shear and BWTs have been used to determine bond
strength. These tests are effective for gauging the properties and strengths of a particular
pretreatment or adherend-adhesive composition, but these tests are destructive and cannot
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provide an online, in-field evaluation of the prebonding adherend surfaces. Other NDI methods
are being used in aircraft manufacturing processes and are discussed in sections 5.1 through 5.9.

5.1 CONTACT ANGLE METHOD.

The well-known Young Equation [82, 85, and 86]
YSV = ysl +'Yh/ COSG (2)

represents the equilibrium established by a sessile drop on a solid surface. The contact angle
shown in figure 4 is defined by the tangent of the drop at the triple point between solid, liquid,
and vapor, and by the free energy of the solid substrate, vs,, and the interfacial free energy of the
liquid and solid, ys. The surface free energy, or surface tension, of the liquid, v, will be known
and 0 provides a readily observed manifestation of the interaction of a liquid with a solid. Thus,
if water is considered as the wetting liquid, a high-surface energy substrate, such as an oxide,
will wet fairly readily.
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Figure 4. Thermodynamic Equilibria of a Sessile Liquid Drop on a Solid Substrate

5.2 NEUTRON RADIOGRAPHY.

Neutron radiography (NR) is one of the most commonly used nondestructive (ND) methods for
inspecting adhesive joints in aircraft structures (figure 5) [81]. Its principle is similar to X-ray
radiography. The difference is X-rays interact with the electron cloud surrounding the nucleus
of an atom, and neutrons interact with the nucleus itself. NR can find moisture and corrosion in
typical honeycomb structures and hydration in a composite or adhesive layer. However, voids,
cracks, and damage in honeycomb sections can be found using X-radioscopy. For structural
inspections, NR is still not widely used compared to X-radiography and other ND methods,
primarily because of its high cost and special requirement for neutron sources. Applications
have been limited to when less expensive test methods were unsuccessful and when objects were
transportable to stationary neutron sources [87 and 88].
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Figure 5. Basic Components of an NR System

5.3 X-RAY AND GAMMA RAY.

X-radiation [82] (figure 6) is a quantitative spectroscopic technique that measures elemental
composition. XPS are obtained by irradiating a material with a beam of aluminum or
magnesium X-rays while simultaneously measuring the kinetic energy and number of electrons
that escape from the top 1 to 10 nm of the material being analyzed. XPS requires ultra-high
vacuum conditions. It detects all elements between Z = 3 to Z = 103, but it cannot detect
hydrogen or helium. A recent development of this technology is the micro-focus X-ray tubes
that have become more prevalent in field ND applications. Imaging resolutions between 5 and
20 mm are now achieved in radioscopy or tomography [89]. Stability in size and position of the
focal spot becomes a critical factor for the reliability of the evaluation procedure.
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Figure 6. Basic Components of a Monochromatic XPS System
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5.4 NEAR INFRARED.

It is possible to analyze the complex reflection spectra of near infrared (NIR) waves to determine
the quality of an adhesive bond. The general setup for this kind of transflectance measurement is
shown in figure 7. Generally, the incident light passes through the sample of interest, reflects off
an aluminum plate, and then travels back through the sample before reaching the detector.
Tomlinson, et al. [83], used optical fibers to fire light at a specimen, which had an aluminum
plate placed behind it, as shown in figure 7. There were problems penetrating thick parts and
assemblies and the resolution was poor. In contrast, because infrared rays are harmless to living
bodies, the increasing applicability of infrared thermography [90] has caused developments of
remote-sensing diagnosis for many engineering applications.

A

Optical Fiber Probe

v Cyanoacrylate Sample
L - Glass Substrate
| — Aluminum Plate

Humidity Sensor

Inner Humidity Chamber

T

4— Inlet for Humid Air

Figure 7. Basic Components of an NIR System

5.5 NONLINEAR ULTRASOUND.

Nonlinear ultrasound (NLUS) uses a high-amplitude ultrasonic wave that causes a local
mechanical deformation of a sample and leads to nonharmonic components in the transmitted
ultrasonic pulse, which are detected as overtones by the Fourier analysis. With rising ultrasound
amplitude, the nonlinear deformation range in the adhesive metal bond is reached first in the
weakest region of the adhesive polymer. Bockenheimer, et al. [84], investigated the possibilities
of inspecting structural adhesive bonds using ultrasound waves. Figure 8 shows a simplified
overview of the setup. With recent electronic device developments and computer simulation
techniques, this method can detect multiple flaws with various depths in composite and metallic
materials [91-93]. The resolution is approximately 1 mm.
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Figure 8. Basic Components of an NLUS System

5.6 TRANSIENT OR PULSED THERMAL NDT.

Active thermography [94] thermal imaging, or thermal video, is a type of infrared imaging
(figure 9). Thermographic cameras detect radiation in the infrared range of the electromagnetic
spectrum (roughly 900-14,000 nanometers or 0.9-14 um) and produce images of that radiation.
Since infrared radiation is emitted by all objects based on their temperatures, according to the
blackbody radiation law, thermography makes it possible to see one’s environment with or
without visible illumination. In the active approach of the thermal NDT, pulsed thermography
and pulsed phase thermography are widely used approaches for investigating composites and
metallic structures [95]. Depending on the materials, the resolution of the technology is from 3
to 10 mm. This method cannot detect weak bonds that have an interface area several nanometers
thick.

Sources

IR radiation

IR camera defect

{__4._,
Heat conduction

Figure 9. Active Approach in Thermography
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5.7 ELECTRICAL POTENTIAL DROP TECHNIQUE.

In the DC potential drop technique [96], a constant DC current is passed through a specimen.
The electrical voltage or potential drop, V, is measured across the crack mouth and is related to
the crack length. The electric potential across the crack mouth can be related to the unbroken
crack ligament resistance, R, through Ohm’s law:

V = IR 3)

I is the current. For the specimen shown in figure 10, the cross-sectional area of the specimen
can be calculated from the measured resistance. With respect to a crack through a material of
uniform thickness, the change in uncracked length can be calculated from

L=L,—=2 (4)

L,and R,are the initial crack length and resistance of the uncracked ligament, respectively.

This method is widely used in ND detection of defects and cracks in metallic structures,
including weld/bond joints [97-100]. Significant progress has been made in terms of the
resolution, precision, and applicability. Essentially, the size and position of multiple small
cracks or defects can be determined with an efficient coupling between the detectors, data
acquisition, and analytical software based on a finite element computational method. However,
this method is difficult to apply to composite and polymer materials.

Figure 10. Schematic Setup for DC Potential Drop Measurement
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5.8 ELECTROCHEMICAL-SENSING TECHNIQUES.

Electrochemical-sensing technology includes a variety of devices based on conductimetry,
polarization measurement, cyclic voltammetry, electrochemical impedance spectroscopy (EIS),
or electrochemical noise analysis (ENA). Electrochemical-sensing technology needs a small
input energy density (<0.1 mW cm?) [101 and 102]. Many electrochemical humidity sensors are
based on conductimetry. One of the most promising sensor designs for water moisture detection
is a four-probe electrochemical cell that uses water-sensitive conductors, such as carbon powder,
to conduct electrons and a polymer electrolyte [103] to conduct protons. Furthermore, EIS and
ENA technologies have been used to detect water ingress or accumulation at the interfaces
between polymer and metallic components [101 and 102]. Exploiting that atoms and molecules
are oxidized at specific voltages at specific reaction rates, stripping electrochemical sensors
(SES) allow for a spectral analysis that provides the composition and the quantity of surface
contaminants. Despite their proven usefulness, these classical electrochemical sensors with
liquid electrolytes are usually bulky and awkward. Moreover, leakage of the electrolyte may
corrode the device and contaminate the composite component. In addition, traditional
electrochemical sensors cannot be used to analyze the surfaces of inert polymer materials,
including polytetrafluoroethylene (PTFE), acrylics, and epoxies.

A possible electrochemical method that can be used to chemically analyze a polymer or
composite surface is the solid-state electrochemical cell. These cells contain an electrode doped
with mediators, which consist of molecules that can be quickly oxidized and reduced. Although
electrochemical cells with liquid electrolytes have been studied [32], the concept of a solid-state
electrochemical cell is novel. In these liquid electrolyte electrochemical cells, oxidation and
reduction can be imposed, not only on metallic surfaces, but also on polymers. The current
density on a specific polymer surface can serve as an indication of the extent of the oxidation
and reduction reactions and, hence, the activity of the polymer surface. Based on the principles
of the liquid electrochemical cells, it may be possible to design a solid-state electrochemical cell.
When active functional groups or contaminants are present on the surface of a sample in contact
with the solid-state electrochemical cell electrode, the increase in current can be recorded for
unique ranges of potential. Thus, the chemical condition, nature, and level of contamination of
the surface may be detected.

5.9 ATOMIC FORCE MICROSCOPY.

AFM s a useful tool for characterizing the topography and material properties of solid
substrates. AFM uses a sharp probe to scan across the substrate surface. As the probe scans,
inter-atomic van der Waals’ forces act between the substrates and the probe tip. These
interactions are monitored by position-sensitive detectors, depicting maps of the material
topography and other surface properties such as adhesion, mechanical, electrical, and magnetic
properties. Figure 11 shows the operating principles of AFM. AFM can be operated in three
different modes: contact, noncontact, and tapping mode. The various images available from
AFM include topography, friction, deflection, and phase images. AFM offers the functionality
of operating in various environmental conditions, including with or without a vacuum and in a
dry or fluid cell.
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Figure 11. Operating Principles of the AFM

AFM can create an image of almost any type of sample, e.g., polymer, composite, ceramic,
metal, or biological samples. Rarely were examples of AFM use on composites found in the
literature. The examples that were found in this review cover a wide spectrum and are briefly
described in this section.

To demonstrate that lithography can be successfully used on composites, Yanchun Han, et al.,
conducted nano-scratch and  nano-indentation tests on carbon fiber-reinforced
polyetheretherketone (PEEK) and PTFE composites with AFM. These tests showed that carbon
fiber is harder and more scratch-resistant than graphite, PEEK, and PTFE [104]. Gao and Méder
conducted comprehensive research on the surface topography of fibers coated with protective
sizing and local mechanical property variation in the interphase region of e-glass fiber-reinforced
epoxy resin and modified polypropylene matrix composites using tapping mode, phase imaging,
and nano-indentation tests [105]. Gao, et al., observed a distinct geometric interface between
finished carbon fiber and epoxy resin in the topographical image and in the three-dimensional
indentation contact stiffness map using AFM [106]. Ying Wang and Thomas H. Hahn
performed AFM on carbon fiber-reinforced polymer composites to characterize interfacial
properties when subjected to hygrothermal treatments [107]. F. Tian, et al., studied the
morphology of in situ polycondensation of microcomposites using AFM. The results suggest
that the polymerization time and matrix solvent could greatly influence the morphology and
properties of microcomposites [108].

In recent years, there have been great advancements with AFM, not only in detecting
topographic images, but also measuring the force between the AFM tip and the substrate surface.
These measurements can also provide unique, localized chemical and physical information about
the sample surface on a nanometer scale, which could not readily be obtained by other
techniques [109]. By using the force-distance curve [110], one can directly measure the surface
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force, elasticity, friction, and adhesion, which are dependent on the probe, contact surface, and
surrounding medium. When the AFM tip withdraws from contact with a sample surface, an
adhesion force develops between the tip and the sample. In the absence of capillary forces (for
example, in liquid media), the adhesion force could arise from chemical bonds between the tip
and sample surfaces [111]. Analysis of the adhesion forces can produce localized chemical
information about the sample-liquid interface, such as the nature of the surface functional
groups. Aleksandr Noy, et al., calculated the adhesion force between distinct functional groups,
in organic solvents, aqueous solution, and in inert dry atmosphere [112]. The results suggest that
the friction forces between modified tips and samples were found to be chemically specific.

6. PROMISING ANALYTICAL CHEMISTRY METHODS FOR FUTURE STUDY.

It is clear that all existing analytical methods have their limitations. No technique can provide
in-field surface contamination detection for prebond surfaces. As a result, no method satisfies
the need for online and in-field surface chemistry analysis. Because of the lack of in-field
surface chemistry analysis methods, the aviation industry relies on complicated and tight
procedure controls to ensure the quality of the pretreated surfaces. This involves a number of
SOP and certifications, including composite material, adhesive, equipment, procedure,
environment, and technician certifications. Without a definitive surface chemistry analysis
method, the SOPs and certifications may result in excessive efforts and costs or insufficient
quality of the prebond surface. The advantages and disadvantages of the NDT and NDI
methods, as for surface chemistry analysis, are listed table 2.

Table 2. Advantages and Disadvantages of NDT and NDI

Method

Advantage

Disadvantage

Contact angle

Easy to apply and can detect
surface energy

Cannot detect surface
contamination

Neutron Detect surface contamination Bulky and complex equipment

radiography

XPS Detect surface contamination High vacuum needed

NIR Less complex system Poor resolution

NLUS Detect voids and cracks Cannot detect surface
contamination

Thermography Rapidly evaluates large area, Cannot detect surface

data highly interpretable

contamination

Electrical potential

Analyze metal/composite
bonds with a simple device

Cannot detect surface
contamination

Electrical chemical-
sensing techniques

Analyze surface chemistry on
metal/composite with a simple
device

Needs technological validation

Atomic force
microscopy

Detect surface contamination
via changes in surface activity

Needs technological validation
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Adherend surface preparation is critical to the structural integrity of bonded structures.
Inadequate surface roughening, possible chemical contamination on peel ply, released fabric and
released film, and surface water moisture result in poor adhesion, i.e., a weak bond between the
adhesive and adherend, and reduced long-term durability [62-67]. The problems with chemical
contaminations from peel ply, release fabric, and release film that prevent adhesion of the
adhesive to the substrate are now fairly well known. What is far less understood is the adverse
influence of prebond water moisture that is unavoidable during manufacture, repair, and service.
Water inclusion in prebond adherends could affect short- or long-term strengths of adhesive
bonding, depending on how fast the diffusion and accumulation processes are [74-78]. As
presented at an FAA meeting on bonding structures, water moisture is claimed as one of the most
adverse factors in the adhesive-bonding process [76]. The prebond surface preparation is
acknowledged as the most important factor in the adhesive-bonding process. Solvent wipe, grit
blast, peel-ply, and gas plasma treatments are the common practices of bond surface preparation.
As the term suggests, the peel-ply practice employs tear films. The tear film remains in place
until the adhesive is applied. It is then removed together with surface contaminants. However,
the peel-ply process may introduce release agents that again reduce bond adhesion to the bond
surface [62-64].

Current adhesive-bonding quality assurance practice relies on tightened surface preparation
process control and mechanical tests on bonded specimens and NDI after bonding [62-64]. The
mechanical test methods used by the aircraft manufacturers to assess individual bonded panels
are based on component or coupon test pieces, representing the bonded structure and routine
standard shear and peel test pieces. Many of these tests have been based on ASTM D 1002 lap-
shear strength tests and ASTM D 1876 peel strength tests, although it is claimed [1 and 62-64]
that the BWT is the most appropriate test for evaluating surface preparation, i.e., ASTM D 3762.
In addition to the stress-based methods mentioned above, fracture mechanics and fatigue
approaches have been developed and used to evaluate the strength and environmental durability
of bonded structures [77 and 78]. One of the major drawbacks of these mechanical test methods
is that they are carried out on small specimens, not on the actual prepared bonding surface. As
such, these tests have been found to be inadequate to ensure bond quality. A number of NDI
methods, including conventional ultrasonic techniques, oblique incidence ultrasonic technique,
Lamb waves, sonic vibrations, spectroscopic methods, acoustic emission, thermal methods,
radiography, and optical holography, have been used to detect defects in adhesive-bonded
structures [1, 62, and 64]. While these NDI tests will eliminate bonds with obvious defects and
cracks, they do not provide assurance of bond strength and long-term durability. Good bond
quality must be obtained by managing all aspects of the bonding process during production.
Thus, in the absence of a definitive surface quality-control method, laborious and sometimes
inadequate measures are used to ensure the quality of adhesive bonding, thereby creating an
undue expense on an otherwise economic manufacturing process.

XPS, ion-scattering spectroscopy, Auger electron spectroscopy, SIMS, X-ray fluorescence
spectroscopy (XRF), FTIR, and scanning probe microscopy are commonly used as surface
contamination evaluation methods [1]. Recent technical developments have enabled a number of
portable chemical analysis technologies, including portable XPS and XRF. Although these
portable chemistry spectroscopy methods can provide definitive information about composition,
structure, and quantity of surface contaminates, like the mechanical tests, they cannot be
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conveniently employed for chemistry analysis on the actual bonding surface areas of large
components. Contact angle method [82, 85, and 86] has been employed for field surface
analysis; however, it does not quantify the surface chemical composition. Industry has found
that these methods are inadequate to determine whether the actual component surface
preparation is acceptable. This calls for a convenient, definitive method to detect the
contaminants and moisture on prebond adherend surfaces.

6.1 ELECTROCHEMICAL SENSOR.

Electrical chemical-sensing techniques can impose an oxidation/reduction reaction on the surface
of a polymer/composite material. The reaction rate may be measured with current in a unique
potential range. An analysis of the current level and range of potential may provide a
measurement of the chemical composition of the solution in contact with the electrodes.
Mediated electrochemical reactions have been previously studied. The applications of the
mediated electrodes were also used for monitoring chemistry of liquid solutions [113-116]. The
potential for mediated electrodes being used for monitoring surface chemistry of a solid material
has not been reported in the literature. However, Brewis and Dahm [32] reported that solid
polymer materials could be oxidized or reduced in electrochemical reactions in a liquid
electrolyte containing mediators. It is then envisioned that with a revised electrochemical cell
structure, a mediated porous electrode containing a solid-state electrolyte and mediators can
enable electrochemical reactions at the interface between the electrode and a polymer or
composite specimen under a polarization potential [117]. Because the rate of the
electrochemical reactions and the potential at which a peak current can be obtained are functions
of the surface chemistry (functional groups, moisture, and contamination), the rate and potential
can serve as indications of a specific surface chemistry or a level of contamination. Thus,
potential future work may focus on selecting chemical compounds as mediators, combining the
compounds into a solid-state electrolyte, and fabricating a porous electrode containing the
mediators and a solid-state electrolyte. An all solid-state electrochemical cell may then be
fabricated and tested while in contact with the polymer, composite, and peel-ply samples. Once
the concept of the all solid-state electrochemical sensor is demonstrated as a viable approach for
surface chemistry analysis, the technology will be further advanced to achieve high sensitivity,
low noise level, high reproducibility, and high portability. It is anticipated that the new
electrochemical cell structure and the data acquisition methods and systems will be evaluated
and optimized. The goal for such a study would be an all solid-state electrochemical sensor that
is very sensitive, portable, durable, easy to use, and above all, suitable for in-field inspection of
the contamination level of a prebond adherend.

6.2 ATOMIC FORCE MICROSCOPY.

AFM has the capability of determining the surface activity of various surfaces. Recent advances
of modified tip probes provide an opportunity to further investigate the potential of AFM and its
ability to determine changes on surfaces with respect to specific chemical function groups.
Composite surfaces offer an exceptional challenge for AFM in that the topography of the
surfaces makes it difficult to obtain images and data. The surface roughness typically generated
by the peel ply on the matrix consists of peaks and valleys, potentially making it difficult for the
AFM probe to scan.
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The evaluation of AFM as an analytical instrument for studying composite surface bonding
preparation will involve the investigation of a number of parameters. Various probe geometries
can be evaluated to determine the optimal tip to scan the rough geometries. In addition, the
probe tips can be modified with various function groups. Modification of the tips can be
investigated to determine which functionalized tip would be optimal to determine changes in
surface activity and detecting various contaminations. Ultimately, trials would need to be
conducted in which composite surfaces were contaminated with known materials and quantities
to determine which of the aforementioned probe tips can detect changes in surface activity at a
quantifiable level. The AFM is known for providing optical images on a nano-scale. Although
these images can be useful from a qualitative point of view, other options need to be considered
to provide data that is more quantifiable. This may be possible using the force spectroscopy
measurements with the AFM. Force spectroscopy provides the adhesion forces between the
probe tip and the substrate at a specific location and may be used to quantify changes in
functional groups or surface activity on a surface [106].
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