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ABSTRACT
The vast use of polymeric substances in marine applications has spawned many
caulks, paints, adhesives, and composite materials capable of resisting a wide range of
extreme environmental conditions. Many of the underwater caulks and sealants are not
intended for load bearing, as they are extremely elastic and inherently weak and therefore
would not suitable as an underwater structural adhesive. These materials are commonly
cured by adding a secondary chemical component that acts a polymerization catalyst,
such as in a two-part marine epoxy paint system or two-part epoxy adhesive, but they can
take days to fully cure and must be applied to dry-docked vessels. Another method of
curing a specific type of polymer is the use of light in the ultraviolet and/or lower visible
light region of the electromagnetic spectrum. This is known as photocuring, and the most
profound advantage for use of this cure mechanism is the ability to create an optimally
cured adhesive joint in approximately 30-60 seconds. Photocurable acrylic adhesives
contain organic or inorganic photoinitiators that split into free-radicals that polymerize
methacrylate monomers.
Developed as a novel approach to workholding and an alternative to mechanical,
pneumatic, or hydraulic fixturing mechanisms, Light Activated Adhesive Gripper
(LAAG) utilizes a photocurable acrylic adhesive as the main component of the system.
The preferred adhesive for bonding to ferrous materials is CTECH® 14-90-2. The
patented concept employs sapphire pins imbedded in a structural housing to allow for the
transmission of UV light into the adhesive that subsequently adheres to the work-piece.
The number of discrete adhesive joints, the size of the sapphire pins, and the orientation
of the pins can be optimally designed using specialized Finite Element Analysis software.
The preferred light source is a metal halide UV spot curing lamp. LAAG fixtures have
been proven to exhibit maximum dynamic rigidity and high holding strengths, and the
system allows for maximum tool access to the work-piece. Previous testing has
confirmed tensile strengths approaching 55 MPa which makes the hardware and concepts
of LAAG technology a viable candidate for underwater structural repair.
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Much characterization work has been performed with CTECH 14-90-2
pertaining to LAAG technology, including the characterization of optimal cure rates and
critical irradiance values, but there has been no investigation of its ability to adhere to
submerged substrates or the resistance to extreme environmental conditions. To begin
this investigation, the performance of the adhesive when bonded to dry substrates (dry
assembly) was evaluated. This investigation revealed that CTECH 14-90-2 adequately
wets both smooth (ground) and rough (bead blasted) when dry assembled. The means
and the variations were barely statistically equal at 95% confidence level with a F-test pvalue of 0.126 and a T-test p-value of 0.067, respectively. Also, the sensitivity of dry
assembled CTECH 14-90-2 to temperature was characterized. The means of the axial
load strength of the adhesive joints at various temperatures were as follows: 3141N at ~0º
F, 2225N at ~38º F, 1535N at ~70º F, 1171N at ~96º F, and 763N at ~120º F. It is
evident that increasing temperatures resulted in lower strengths of the adhesive joints,
resulting from a decreased dynamic modulus. The inverse linear relationship was
confirmed by regression analysis using Minitab and the model fit the data quite well
with a R2 value of 91.5%.
The sensitivity of the strength of CTECH 14-90-2 to thermal excursion was
evaluated. The samples were allowed to thermally soak to either 0 ºF or 120 ºF for eight
hours and then thermally soak back to room temperature. The statistical analysis
confirmed that the 0 ºF or 120 ºF excursions resulted in more variation when compared to
a room temperature control sample. The F-test p-values were 0.000 and 0.012,
respectively. In both cases the estimates for variance was double the variance of data
without an excursion. It was also statistically proven (T-test p-value of 0.004) that the
very hot (120 ºF) excursion sample was taken from a distribution with a higher mean
(estimated at 231N) with respect to the very cold excursion and the room control means.
The means of the very cold excursion and the room control were concluded to be equal
(T-test p-value of 0.127). This phenomenon is believed to be attributed to the interaction
between dark polymerization (continued polymerization after the UV light source has
been removed) and the thermal excursions.
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The ability of CTECH 14-90-2 to wet and adhere to submerged substrates (wet
assembly) was evaluated. This investigation revealed that wet assembled CTECH 1490-2 joints are inherently (estimated 400 N) weaker than dry assembled joints when
bonded to smooth (ground) substrates (T-test p-value of 0.009). The joints were further
reduced when wet assembling to rough (bead blasted) substrates (T-test p-value of
0.000). These results were attributed to inadequate wetting of the substrate due to
entrapped water in the random depressions left by bead blasting.
The effect of saltwater exposure on uncured adhesive at various temperatures was
also studied. An ANOVA was performed using the experimental data. It was concluded
that exposure time was a significant factor (F-test p-value of 0.013). Temperature and the
interaction were not significant (F-test p-values of 0.948 and 0.514, respectively). The
longer that the uncured adhesive was exposed to saltwater the lower the subsequent axial
load strength was.
An investigation revealed that temperature and time were significant factors with
respect to de-lamination (hydrolysis) of CTECH 14-90-2 adhesive joints under saltwater
submersion. Increasing ambient saltwater temperatures resulted in faster hydrolysis rates.
Hydrolysis occured first at the sapphire/adhesive interface, as CTECH 14-90-2
continued to adhere to the steel substrates. Statistical comparison of means were
conducted to aid in the determination of when the adhesive joint significantly decreased
in strength. When there was at least 95% confidence that the mean was reduced from the
initial immediate pull strength, it was concluded that there was a significant drop in
strength. Wet assembled joint strengths in hot (96 ºF) water were significantly reduced
after three days, while dry assembled joint strengths took six days to reduce. Recall that
wet assembled joints are inherently weaker than dry assembled joints. In room
temperature saltwater, the joint strengths were not reduced until twelve days of
submersion. The reduction in joint strength was attributed to hydrolysis in all cases. In
cold temperature saltwater, hydrolysis was stymied for at least forty-eight days.
Five chemical components were believed to affect hydrolysis rate: impact
modifier, reinforcing agent, acid #1, acid #2, and acid #3. The exact chemical details of
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these chemical components are intentionally forgone due to proprietary reasons. A
fractional experimental design was conducted with assistance from CTECH . An initial
round of experiments led to valuable insight on what chemical components were needed
for immediate pull strength. An ANOVA was conducted on the experimental data. It
was concluded that the impact modifier and the reinforcing agent have the most profound
affect on the immediate pull tensile strength. The impact modifier and reinforcing agent
had F-test p-values of 0.000 implying a strong significance. The acids #1, #2, and #3 also
proved to be significant with confidence levels of 0.016, 0.013, and 0.031, respectively.
The main effects and interaction plots showed that the impact modifier and reinforcing
agent must be at high levels for the maximum immediate pull strength. The second round
of experiments led to valuable insight on the chemical component’s affect on the rate of
hydrolysis. It was found that acid #1 and acid #3 should be removed from the
formulation to attain the best resistance to hydrolysis (F-test p-values of 0.000).
Of the sixteen test adhesives that were formulated, several had immediate pull
strengths similar to that of the current CTECH 14-90-2 formulation. Several adhesives
also have shown an increase in resistance to hydrolysis in hot water conditions, but
CTECH Test Adhesive #3 proved to have the best results. CTECH Test Adhesive #3
had an average dry assembly, immediate pull strength of 1478N, and after twelve days of
hot water storage the residual strength was 908N. Although hydrolysis is still present
when using CTECH Test Adhesive #3, the detrimental impact has been reduced when
compared to the 198N average when the current CTECH 14-90-2 formulation
underwent the same submersion experiment. This was attributed to the absence of acid#1
and acid #3 in CTECH Test Adhesive #3.
CTECH Test Adhesive #8 was chemically opposite to CTECH Test Adhesive
#3 with respect to acid#1 and acid #3. CTECH Test Adhesive #8 completely
hydrolyzed after twelve days of submersion in hot saltwater. It averaged an immediate
pull strength 1183N. An investigation of the use of silane primer coated on both
substrates led to the conclusion that silane coated substrates will result in higher wet
assembly strengths, but silane did not cause any resistance to hydrolysis.
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After extended investigations, CTECH Test Adhesive #3 proved to have the best
resistance to hydrolysis and was adequate for underwater construction in hot temperature
(96°F) saltwater conditions for at least twelve days, assuming that an average of 800 N is
adequate. The same was true for underwater construction in cold temperature (38°F) and
room temperature (70°F) for at least forty-eight days. An ad-hoc experiment was
performed to test whether CTECH Test Adhesive #3 would adhere to polymeric epoxy
based marine anti-corrosion paint. CTECH Test Adhesive #3 averaged 777N under hot
water conditions for twelve days, but most importantly the adhesive tore away paint when
destroyed after the test duration expired, proving that the adhesive and the interfaces were
stronger than the paint. Also, CTECH Test Adhesive #3 performed equal to the current
CTECH 14-90-2 formulation when wet assembled. It had an average value of 1096N
when wet assembled and immediately pulled. When wet assembling and stored in hot
temperature salt water for twelve days, CTECH Test Adhesive #3 averaged a value of
417N when the current formulation of CTECH 14-90-2 averaged 12N.
Several chassis were fabricated using a plexi-glass pin instead of a sapphire pin.
These were bonded to plexi-glass anvils with CTECH 14-90-2 and were stored for
twelve days in hot saltwater (96°F). Although some samples exhibited no hydrolysis
when destroyed, others had significant hydrolysis. The results were very erratic and this
was the major cause for caution when using plexi-glass pins. This was attributed to the
fact that the output light level was 50% that of all previous experiments, so that the plexiglass did not melt. It was possible that the joints were not receiving the proper dosage of
light to cure the adhesive. CTECH #3 was bonded to plexi-glass and there was also
rapid hydrolysis. Lastly, CTECH #8 is chemically opposite to CTECH #3 with respect
to acid #1 and acid #3 so it was suspected that rapid hydrolysis would occur. Rapid
hydrolysis was confirmed after only twelve hours. The hydrolysis was mainly evident on
the sapphire pin, but not on the steel substrate.
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Chapter 1
INTRODUCTION
1.1 Background
The use of polymeric and composite materials in the marine industry is profound;
from the two-stage epoxy protective coatings to caulking and sealant beads for
construction and repair. These systems have inherent limitations such as slow curing
times, and they are primarily limited to dry application. The polymerization is resultant
of evaporation in dry air or thermal curing. Typical application of these polymeric
coatings, sealants, and adhesives is when the vessel is dry-docked. This allows the
surfaces to be clean and dry, and there are no limitations on cure time. Also, many of
these systems exhibit low tensile and shear strength and are subject to decreasing
mechanical properties when subjected to heat and moisture absorption.
There is a need for a robust underwater adhesive that delivers fast and strong
cured joints and can adhere to common engineered materials such as metal, plastic, glass,
or polymeric coatings in severe environmental conditions. The adhesive is desired to be
able to be dry assembled or underwater (wet) assembled. Dry assembly consists of
applying the uncured adhesive to dry surfaces. The subsequently cured adhesive joint
may then be subjected to a wet/high moisture environment. Subjection to a wet
environment may include that the cured adhesive joint will be submerged underwater and
possibly at various temperatures. Wet assembly consists of applying the uncured
adhesive to one or both submerged surfaces. For proper adhesion, the uncured adhesive
must push out any water and then coat (wet) the substrate. The adhesive joint is
subsequently cured and continually subjected to a wet environment.
The adhesive may serve in a variety of situations such as a temporary tacking
mechanism or a semi-permanent to permanent assembly method to fasten mechanical
components. If it is desired to repair damage to a vessel hull, an adhesive repair panel
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system may be employed to semi-permanently seal the crack or hole. This will allow for
bilge pumps (used for removing water in the boating industry) to remove water from the
flooded area. When used in conjunction with traditional metal welding, the system may
be employed for rapid tacking and sealing, and then subsequent vacuum of water and
permanent weld. The same concept will hold for fiberglass repair.
For these applications, the adhesive is desired to quickly cure and exhibit good
mechanical properties such as high tensile, shear strength and dynamic rigidity. The
potential benefit of using the current industrial-use photocurable structural adhesives
(over thermal or evaporation cure epoxies and acrylics) is much faster curing time,
usually in a matter seconds to minutes [5, 12-19, 43]. To use a photocurable adhesive
there must exist a “window” to pass ultraviolet (UV) and visible blue light through.
Figure 1-1 shows the basic steps by which transparent mechanical components are wet
assembled in a marine environment. At least one substrate is transparent (glass or clear
plastic) and acts as a “window” for the UV/visible blue light to pass through. In step 1,
the uncured adhesive is protected until assembly and then dispensed on the transparent
substrate. Viscosity and chemical affinity of the uncured adhesive is very important to
the wetting of the substrate. It is required that the uncured adhesive pushes out any water
from the interface. Steps 2 and 3 show the alignment and then pressing of the two
components together. At this point the adhesive must wet both substrates. Lastly, in Step
4, a UV light source emits light that passes through the transparent substrate. The UV
light polymerizes (cures) the adhesive, and the viscosity of the adhesive rapidly increases.
The cured adhesive joint now is capable of resisting loading and adheres to both
substrates.
It is also desired to adhesively bond two opaque components underwater.
Traditional curing adhesives have been used for this with some success, but the fast and
strong curing benefits of photocurable adhesives are desired. It has been found that is
possible to integrate a “window” in one of the opaque components to pass light UV light
through. An adhesive workholding system, termed Light Activated Adhesive Gripper
(LAAG), has been developed by De Meter to locate and fixture workpieces during
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Figure 1-1: Basic Steps for Underwater Assembly of at Least One
Transparent Component to another Component using Photocurable Adhesive
machining [12-19]. The LAAG system employs a sapphire (gripper) pin as the
“window”, because of its strength, hardness, and optical clarity. The gripper pin is
designed as a component in the fixture. The preferred acrylic photocurable adhesive has
been optimized for dry or low moisture use in LAAG and, when fully cured, has yield
strengths approaching 55 Mpa (7950 psi) [12-19]. The acrylic photocurable adhesive has
proven to be a tough and durable fastening mechanism, and it withstands the large
dynamic stresses associated with machining. Depending on the application, the number,
size, and orientation of the sapphire pins can be optimally arranged in the metal baseplate. The UV light source is a high intensity spot lamp which will be discussed in 2.2.1,
and LAAG systems will be discussed in much further detail throughout Chapters 2-4.
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The use of the photocurable adhesive and a transparent light-guide for
underwater structural assembly of opaque components shows much promise. When
compared to silicones caulks or traditional cure adhesives, the photocurable acrylic
adhesives exhibit excellent mechanical properties and can be rapidly cured. If realized,
the system could be a solution to time-sensitive deep sea repair or assembly applications.
The basic steps by which opaque mechanical components are wet assembled in a marine
environment are shown in Figure 1-2. The most basic configuration is shown with one
cylindrical sapphire pin. Step 1 shows that the uncured adhesive is applied on the
sapphire pin. Steps 2 and 3 show the alignment and pressing together of the two
components. A sectional view is shown through the sapphire pin. Step 4 shows the
application of UV light. Ultraviolet light is transmitted through the sapphire pin to cure
the adhesive.
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Uncured Adhesive to
Sapphire Pin

Component 1

Step 2: Align Substrates
Uncured
Adhesive

Component 2

Cylindrical
Transparent
Gripper Pin
12

1
1
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2

1

2

Step 3: Press Substrates
Firmly Together

1

21

UV Light
Component 1: Opaque Material
with Embedded Transparent
Gripper Pin
Component 2: Opaque Material

Figure 1-2: Basic Steps for Underwater Assembly of Two Opaque
Components using Photocurable Adhesive

2
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1.2 Problem Statement
Photocurable adhesives are widely used in industry for assembly and engineering
operations. They are not commonly used in the marine environment due to novelty.
Traditional cure adhesives are extensively employed though. They may have a service
life in extreme temperature and moisture environments, but they are typically applied in a
dry, clean environment. Adhesive vendors and independent researchers have
characterized the mechanical, physical, and optical properties of photocurable and
traditional cure adhesives with respect to varying process, chemical, and environmental
changes. The environmental changes include moisture uptake, temperature, and
continued UV light exposure.
The LAAG fixturing technology research performed at Penn State has led to a
great insight into the characteristics of photocurable, structural, acrylic adhesives in dry
or low moisture environments. Several acrylic adhesives, such as Dymax 602 Rev-A
and CTECH 14-90-2, have been characterized in previous experiments under dry
conditions [5, 12-19, 43]. CTECH 14-90-2 is the preferred adhesive for LAAG systems
and is the core component of the system. Much work has been performed with respect to
the characterization of the mechanical, physical, and optical properties of the adhesives.
Also, the changes in properties with respect to the photocuring process and changes in
process variables have been extensively researched. Although all experiments were
performed in dry environments, the scientific results can apply to any similar system of
adhesive and hardware.
The feasibility of using underwater structural adhesives has been strengthened by
the advancements of LAAG and also by the work of Love et al. [20-22, 40-42] Through
an extensive series of experiments with photo-curable acrylic adhesives, Love et al. have
demonstrated that:
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1. Acrylic substrates, with uncured adhesive applied above water, can be
immersed and pressed together to a previously immersed acrylic substrate,
resulting in adhesive wetting of both surfaces,
2. One of two LED lamps (reported at 0.25 W/cm2 or 1 W/cm2) can
subsequently transmit light through the transparent acrylic and cure the
adhesive, therefore assembling the two substrates,
3. The initial adhesive joint has a tensile strength up to 5 MPa (725 psi),
4. The adhesive can be bonded to submerged metallic or polymeric substrates,
5. The adhesive joint remains adequate in room temperature water for at least 30
days when bonded to acrylic.
Two main industrial photocurable adhesives were tested: bis-phenol A diglycidyl ether
dimethacrylate (bis-GMA, Cook Composites) and triethylene glycol dimethacrylate
(TEGDMA, Aldrich) with other specialty additives [20-22].
The work is an important initial step for the concept of underwater structural
adhesives, but there are several unresolved issues. There is still little known with regard
to the feasibility of using photocurable adhesives for underwater assembly. The most
prominent issue is the low strengths of the initial adhesive joints. This is most likely
attributed to the use of low intensity LED curing lights. Another major issue is the ability
of the adhesive joint to maintain strength throughout a variety of salt-water temperatures.
This range should include the frigid deep-sea and arctic to the hot tropic temperature saltwaters. Dolez and Love [22] have reported 1/3 decrease in strength when acrylic
adhesive joints are bonded to acrylic substrates when submerged in 40°C (104°F) water
for two weeks. The decrease was attributed to water uptake of the adhesive. The testing
was only with acrylic substrates.
LAAG joints consistently record tensile and shear strengths approximately an
order of magnitude larger, approaching 55 Mpa (7950 psi) [12-19], but this value is
known to be true for only dry environments. The concept for underwater photocurable
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adhesion needs to be evaluated as to determine if the same durable, strong, and tough
joints can be achieved underwater. Along with fiberglass, steel (coated or uncoated) is
the most important engineered material for marine vessels and components, especially for
large vessels. An investigation needs conducted with the use of steel as the substrate. A
far more intense investigation of the effects of water and temperature on the strength
and/or deterioration of an adhesive joint needs to be performed. More specifically, the
factors that affect the rate of hydrolysis need to be identified. Also, an investigation of
the methods that may reduce hydrolysis needs to be performed.

1.3 Thesis Goals and Objectives
The goal of this research is to evaluate the feasibility of using photocurable
adhesives for underwater assembly of steel, mechanical components. The hardware and
scientific advancements of LAAG systems will be applied to a tested, underwater
bonding system. The preferred LAAG adhesive (CTECH 14-90-2) is known to exhibit
excellent mechanical properties for a polymeric adhesive. CTECH 14-90-2 will be
tested to evaluate if these same mechanical properties hold true when bonding to a
submerged steel substrate. This will give insight on the maximum loads that the
underwateradhesive joint will be able to withstand. The affect of surface topography of
the steel substrate will be evaluated. The suspected factors that will impact the
survivability of the underwater joint will also be evaluated. This is carried out by
prolonged submersion in saltwater at various temperatures and subsequent testing of the
residual strength of the adhesive joint. Lastly, the goal is to provide solutions to the
creation of an underwater adhesive system that is robust to environmental degradation
induced by warm and hot saltwater submersion.
The following specific objectives of the research are required to fulfill the
previously mentioned goals:
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1. To evaluate the adaptation of CTECH 14-90-2 and sapphire gripper pins
from dry/low moisture workholding applications to underwater assembly of
steel substrates,
2. Characterize axial load strengths of adhesive joints under varying process
design and environmental conditions,
3. Characterize the impact of hydrolysis on the reduction of strength when the
adhesive joint is subjected to varying process design and environmental
conditions,
4. To evaluate methods to improve hydrolysis resistance such as utilizing a
silane primer coated on the substrates and alternative chemical configurations
based on CTECH 14-90-2 adhesive.

1.4 Research Scope
The most apparent limitation to applying the findings of this research pertains to
the chemical composition of the tested adhesives. CTECH 14-90-2 is used throughout
the entire work unless stated otherwise. With the vast selection of acrylic adhesives that
are being formulated, the findings of this work may not necessarily apply to another
photocurable acrylic adhesive. The mechanical properties and the resistance to
hydrolysis vary greatly among the formulations, this is actually inadvertently proven in
8.3 and chapter 9, and this fact is most definitely common knowledge among chemists. It
is a safe assumption that the concepts of hydrolysis and the contributing factors that are
presented can be extended to underwater adhesives, but the impacts of hydrolysis vary
among acrylic adhesives.
To attempt to replicate the quality adhesive joints obtained by LAAG systems, the
LAAG hardware was used in the following work. Discussed in more detail in 4.1, one
substrate is sapphire and the other is smooth mild steel. Both surfaces are cleaned with
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alcohol before assembly, and it is assumed that the substrate will be free of any rust,
paint, grease, or biological matter.
Another major limitation is the substrate materials. This is important because of
the adhesion theories of diffusion, chemical bonding and experimentation verify that
substrate material is a factor in the resistance to hydrolysis. According to theoretical
thermodynamic models, every interfacial combination of adhesive and the adherend will
have a different work of adhesion, the resistance to separate at the interface. This is due
to the individual surface free energies. Mild extensions can be made to include polymer
coatings such as epoxy anti-corrosion paints, fiberglass, plastics, and other metals. This
again depends on the chemical composition, as the interaction between adhesive
formulation and substrate with respect to hydrolysis is not known in many cases.
The only UV light source used in this research was a metal halide spot curing
lamp with a liquid light guide. This is an important limitation because LED or SLM
(Semiconductor Light Matrix) sources may not provide the required irradiance at the
substrate. Also, to apply the optimal dosage of radiation, a cure time of sixty seconds
was used for all experiments.
Another issue that needs to be presented is the fact that adhesive is applied to the
substrate above water. This is not a major limitation to scope because it will be proven
that the adhesive effectively wets the substrate that is submerged, and the adhesion at that
interface is adequate. Therefore, it can be extended that the same would apply if the
adhesive had to wet and adhere to both substrates. A dispenser that protects the uncured
adhesive from water exposure is definitely not out of the realm of reason. The
discussions in Chapter 6 will further relax this limitation. Static and dynamic loading of
the adhesive joints is neglected, although it is reasonably suspected that tensile stresses
would increase the rate of hydrolysis. Lastly, the submerged liquid in all experiments is
saltwater with approximately the same salinity as sea water.
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1.5 Impact on Engineering Practice
This investigation has the most profound impact on the design of structural
photocurable adhesive joints for temporary light-load bearing or temporary repairs of
marine components when fast curing is needed. Depending on the environmental
conditions, the adhesive joints will be permanent. Also, the concept is ideal for less
sophisticated applications such as general repair of plumbing, outdoor equipment, or any
situation where rapid curing, strong joints, and resistance to severe environmental
conditions are necessary. Obviously, the sapphire pins would be replaced with a
transparent plastic in these cases.
The findings may also be beneficial to LAAG system design by defining more
properties to the catalogue of possible adhesives. This includes adhesive formulations
that are or are not susceptible to hydrolysis. For instance, if the adhesive joint is exposed
to warm coolant for lengthy machining cycles, problems of hydrolysis may arise. This is
highly unlikely though since CTECH 14-90-2 hydrolysis is not an issue for at least six
days in worst case conditions. On the other hand, the system may benefited by using
adhesives that hydrolyze easily if work-piece materials and finishes are sensitive to the
scraping or grinding required to remove residual adhesives. In this case, the parts can be
sprayed with a high pressure, warm, and non-oxidizing coolant to remove residual
adhesive, if applicable.

1.6 Impact on Engineering Science
The most profound impact on engineering science is the identification of what
chemical components affect the rate of hydrolysis. This is only possible by thoroughly
identifying how varying process design and environmental conditions affect the
hydrolysis rate. Also, a better understanding of the viscoelastic properties of the adhesive
will be discovered. Lastly, validation of some adhesion theories will be presented. These
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topics pertain to only the tested CTECH 14-90-2 acrylic adhesive and the experimental
deviations of CTECH 14-90-2 acrylic adhesive.

1.7 Thesis Overview
The following chapter presents background information to provide an
understanding of photocurable adhesives and technology, curing light technology, and
typical use of adhesives and sealants for marine applications. To understand hydrolysis’,
temperature’s, and moisture’s effects on adhesives, several adhesion theories and the
standard viscoelastic model will be presented. Also, since LAAG systems are the
foundation of this research, a general introduction will be presented. The relevant
literature is reviewed in Chapter 3 including some current LAAG research. Chapter 4
presents the testing methods that were used and the methodology of this research.
Chapters 5-9 present the findings of the five major investigations. Chapter 10 presents
summaries of the findings and presents suggestions for future work.
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Chapter 2
BACKGROUND
2.1 Typical Use of Adhesives and Sealants for Marine Applications
This section discusses the use of adhesives and sealants for marine applications.
It is important to briefly mention some other underwater uses, which are directly
applicable to marine use. Adhesives and sealants are widely used for maintenance and
repair work of pipelines, oil rigs, hosing, and civil structures. Adhesives are generally
used in situations where structural integrity is required, and they may or may not be used
to make the assembly airtight. Sealants, caulks, and coatings are generally used to block
water. These may or may not be applied in thin layers and are generally much weaker in
strength when compared to adhesives.
The following examples describe the use of adhesives and coatings when initially
bonded to dry substrates, or dry assembly. The adhesive or coating is then subsequently
subjected to underwater (wet) conditions. Sprut (European manufacturer) specializes in
adhesives and coatings used for underwater purposes [57]. Adhesives, such Sprut-9, are
used for internal and external surface repair of pipelines. A specific application is the
repair of “stream” corrosion, where water and solid suspended matter wear away grooves
in the bottom of the pipe. Structural strengthening of pipelines is performed by winding
glass fiber or, for better strength, anti-corrosive metal wire around the pipeline. Polymers
are then coated around the wrapped pipeline and cured by a chemical activator. Sprut-9
can be applied to rusty, wet surfaces and “controllers” allow five minute to two day
curing. Corrosion due to saltwater, acids, and the oils and gasses themselves wreak
havoc on oil and gas tanks. Sprut-12 and Sprut-14 polymeric compositions can be
applied directly on corroded areas without cleaning rust, salt, water, and oil from the
surface. If the corrosion has appeared to weaken the structure, reinforcing elements are
mixed in.
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Resorcinol-formaldehyde adhesive is a two-part adhesive systems which cures on
addition of formaldehyde and is impervious to water (even boiling water), greases, oil,
and most solvents. This is only true for cases in which the adhesives are applied to a dry
surface and subsequently immersed in the liquid. They, along with resorcinol-phenolics,
make excellent marine-plywood adhesives [39, 51]. Polysulfide liquid polymer based
sealants are also used in marine-wood application and polymers used for composites,
such as fiberglass, are vast [39]. Adhesives with or without fiber or particulate fillers are
commonly used for repair of boat, bathyscaphe, kayak, canoe or jet-ski fiberglass repair.
This is always done when the vessels are dry docked. Less elaborate repairs of plumbing,
residential hot water tanks, and outdoor recreational equipment (possibly scuba
equipment) are suggested applications of adhesives by North Sea Resins [47].
Polymeric composites, such as Silor and LING brands [57], can be used for repair
of monolithic structures such as piers, dams, dikes, and bridges. Silor that is impregnated
with concrete is applied as a 0.5 mm coating to dry concrete and stone providing
corrosion resistance to acidic, saltwater, and aerobic carbothionic bacteria attack. [57]
All of the previous applications and uses are considered assembly where the substrates
are not submerged (dry assembly), although the cured adhesives or resins are in direct
contact or submerged in water subsequently.
There are examples where the substrates are submerged (wet assembly) and
adhesives and sealants are used. Divers can make temporary repairs to ships that cannot
reach the dry dock. The use of metal or plastic filler plates are used in conjunction with
adhesives or sealants to fill in large breaches and holes. The repair plates are temporarily
secured using suction cups, while the sealant cures. Adhesive brand names for this
purpose include Sprut-4, TSAU, and LING [57]. An interesting case of use of
underwater adhesives is the temporary cutting of a floating drilling rig to allow passing
through a narrow lock on the river Volga. A temporary steel box was adhesively welded
on the rig body. Water was then evacuated from the box to allow divers to cut the rig
body using electric metal welders. After passing through the lock, the two rig body
halves were aligned, and the temporary box was again adhesively welded. Water was
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evacuated, and divers could now adhesively weld the two halves back together until the
rig could reach dry dock and be permanently metal welded. The adhesive was wet
assembled for the attachment of the temporary boxes, but it was dry assembled for the
reattachment of the two rig halves. In the 1980’s, adhesives were used to temporarily
seal holes and breaches in a sunken Bulgarian merchant ship with VAK adhesive, and
compressed air was subsequently used to raise the ship. [57]

2.2 Photocurable Adhesives & Technology
Today’s photocurable adhesives have the ability to be applied in the gel state and
to harden and adhere after being exposed to UV light for a matter of seconds.
Photocurable adhesives have proven to be a viable technology since the 1970’s in
automotive, electronics, and optics manufacture for structural applications. Specific
solutions have been developed for automotive headlight assembly, printed circuit board
fabrication, and fiber optic coupling. [24] These adhesives are also proving to be
important for engineering and workholding applications with the development of LAAG
systems. Other applications include, but are not limited to, dentistry, medical implants
[24,55], and rapid prototyping technologies [5]. The use of photocurable adhesives for
underwater construction is a relatively novel concept that eventually may compete with
traditional underwater plastic or metal welding.
Thin layers of photocurable coatings are commonly used for large areas and cure
in fractions of a second. The thin layer coatings are generally less viscous and are
sprayed to the substrate. The thin layer coatings are not structural and are commonly
used for applying inks or protecting of surfaces. Oxygen inhibition, which retards the
development of the cure on the exposed surface coating, becomes the major issue with
curing of thin layers, especially with photoresists and inks. Methods of dealing with
oxygen inhibition include flooding the area with nitrogen gas or adding amino alcohols to
the adhesive formulation, but the most convenient method is to use the highest intensity
UV flood lamps on the market. The “sandwich” assembly of thick layer, structural
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adhesive negates the effect of oxygen inhibition. This is also true for LAAG systems.
Figure 2-1 shows the division of photocurable adhesives at the top-most level. Thin layer
coating applications account for approximately 90% of photocurable resins consumed in
the U.S.
In general, photocurable adhesives are much more expensive than traditional
epoxies and solvent based resins and equally priced with silicones and cyanoacrylates.
[3] The consumable and capital costs (curing light equipment) can be easily justified by
the major increases in productivity. Whether it be optics, manufacturing, workholding, or
dentistry, the non-value added time for waiting for the adhesive to cure is reduced from
minutes or hours to a matter of seconds. Other significant benefits over traditional
adhesive systems include, but are not limited to, a reduction in volatile organic
components, easier use, precise control, less waste and non-conformances, all in line
processing (%100 Q.C.), and major reduction in energy when compared to thermal cure
systems. [3]

Figure 2-1: The Two Divisions in Photocurable Adhesives: Thin and Thick
Layer Curing Resins [3]

Ultraviolet (UV) light, which is 200 nm-400 nm in the spectrum, is the main
trigger of photoinitiators that polymerize (harden) the adhesive gel. Typically, the
adhesives are also sensitive to the low wavelengths of the visible range of the spectrum
also. When the adhesive undergoes radiolysis, or the absorption of radiation to induce
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polymerization, the hardened bulk materials exhibits properties most similar to the base
resins, oligomers, and monomers. The photoinitiators (organic molecules) respond to UV
light (300 nm-400 nm), some visible light (400 nm-500 nm), or both. One commonly
used photoinitiator is camphorquinone which has maximum response around 450 nm.
[3,4,24]
The photoinitator emits an electron when it absorbs light and then becomes a free
radical species. The free radical now forms double bonds with adjacent monomers and
oligomers, initiating a polymerization chain reaction. The base resins, monomers, and
oligomers, are polymerized by free radical species produced by the splitting of the
photoinitiators. If the photoinitator, light, and monomer concentration is adequate, the
chain reaction is self-sustaining. Photocurable adhesives that utilize free-radical species
are known for fast curing properties. [3, 48]
The bulk of photocurable adhesive consists of base resins, oligomers, and
monomers that are considered the backbone of the adhesive. The oligomers are medium
length polymer chains that contribute to the mechanical properties of the cured adhesives,
whereas the monomers mainly provide adhesion qualities to one or more substrates.
Another group of chemical components, the adhesion promoters, link to silicon or metal
substrate atoms as a secondary reaction with the photoinitators. [3] A common adhesion
promoter is glycidoxypropyl trimethoxy silane. Fillers which are intended to reduce
shrinkage when the adhesive is being cured and adjust rheological (viscosity) and
mechanical properties. Common examples of fillers are calcium carbonates, titanium
dioxide, and clay. Most adhesives manufactures are producing very low shrinkage
adhesives that shrink only 0.1%- 0.2% compared to first-generation adhesives which had
3%-5% shrinkage rates [11, 24]. Other chemical components include defoamers, surface
drying regulators, wetting agents, and freeze-thaw stabilizers. There are many finetuning additives that are used to alter viscosity, increase glass transition temperature,
increase adhesion to specific substrates, and increase resistance to certain environmental
conditions. There are many categories of base resins used for photo-curable adhesives
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and there are many subcategories within. Although the following experiments use only
CTECH 14-90-2, which is an acrylic, the main classes will be summarized:
Epoxies: These are generally brittle (can be modified with hydroxylfunctionalized poly (oxyalkylene) to reduce brittleness), exhibit almost no shrinkage
upon curing, and are resistant to water, heat, and chemicals. Along with acrylics, they
have high tensile and shear strengths. They are slower curing than adhesives that
polymerize via. free radical processes such as acrylics. Cycloaliphatic is faster curing
than bisephenol-A epoxy resins and epoxidized novolacs. Epoxies are applicable for
temperatures ranging from -250 F to 400 F and epoxy-phenolics are designed for service
up to 500 F. [2, 48]
Plastics Adhesives: Photo-curable adhesives for plastics must overcome very
low surface free energies and poor wettability (discussed in 2.3) of plastic substrates. [48]
Cyanoacrylate or anaerobics (esters of alkylene glycols and either acrylic or methacrylic
acids) are commonly used to bond plastics. [2] The properties that make these excellent
for bonding plastics (good organic solvents for base resins that infuse into the plastic
substrate) make them poor for bonding to metal, glass, or sapphire. Also, uncured plastic
adhesives may dissolve quickly when exposed to water.
Thiol/Alkene Adhesives: Thiol compounds are effective in producing thiyl free
radicals when exposed to radiation which in turn polymerizes alkene monomers.
Thiolene is known to exhibit very low shrinkage but adhesion is poor to metals and
sapphire. [48]
Acrylates: Acrylates (esters of acrylic acid) are the base for the majority of
photo-curable adhesives that polymerize via. free radicals. Standard acrylic adhesives,
such as poly-methly methacrylate (PMMA), are known for excellent optical clarity, color
stability, exceptional weatherability, and high strength to weight ratios. Dymax 602
Rev-A (urethane acrylate) and CTECH 14-90-2 are adhesives in this class. Dymax
602 Rev-A is known to cure by UV light, visible light, heat, and certain chemical
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activators. Figure 2-2 shows the asymptotic cure of Dymax 602 Rev-A when cured by
chemical activator.

Figure 2-2: Continued Polymerization of Dymax 602 Rev-A Resulting in
Continued Strengthening of Adhesive [24]

From previous characterization work done at Penn State [18], it was found that
CTECH 14-90-2 asymptotically cures when exposed to UV light over a long duration
and continues to cure even after the light source is removed (dark polymerization). The
majority of dark polymerization, which is also asymptotic, takes place about three
minutes after the light source is removed. CTECH 14-90-2 contains thermal activators,
so there is a possibility of another secondary cure mechanism. Secondary curing results
in continued polymerization of the adhesive for all adhesives that operate via. free radical
splitting. Therefore, this group of adhesives gains most of there strength during the
primary cure by UV/visible light, as most monomers are polymerized, but a secondary
cure also takes place by dark polymerization or subsequent thermal curing. It was
determined that the optimal UV light exposure (cure) time is 60 seconds for CTECH 1490-2 [12, 17]. Dark polymerization will be discussed in further detail in Chapter 3, but
the concept is universal to all photocurable adhesive that operate via free radical
polymerization.
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2.3 Curing Light Technology
Handheld LED, semi-portable curing lamp, and large area flood UV light supplies
are available to cure photcurable resins. This leads to foremost requirement for the
application of photocurable adhesive technology; there must be a “window” to pass the
UV light through. As mentioned before, the system tested in the following experiments
uses a sapphire pin as the light window. The curing equipment typically costs 3K-20K,
but may approach 75K if there is high degree of customization for integrated
manufacturing purposes. There are several manufacturers that specialize in the
development of curing light systems that vary greatly by intended application;
electronics, thin-film, automotive, adhesives, general use, etc. They range from compact
DC powered units to large area floodlamps and vary in output irradiance. The following
discussion presents several curing lights on the market and presents advantages and
disadvantages.
Handheld and Compact Units: Handheld UV light curing units have the distinct
advantages of being truly portable (internal DC source), maneuverable, and are free of
electrical connections. North Sea Resins® [47] has marketed a flashlight that utilizes
Light Emitting Diodes (LEDs) as shown in Figure 2-3. The NSR® 4 LED flashlight is
dive rated for 1000ft. and intended for curing adhesives used for general purpose repair

Figure 2-3: North Sea Resins® High Intensity LED Flashlight [47]
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of water-sport equipment, plumbing, gel-coat, and fiberglass.[47] The output
specifications could not be found and it is suspected that the NSR® LED flashlight would
suffer from the same limitations of the Phoseon® product that is discussed next.
Phosean® Technology [50] has introduced a product line featuring Semiconductor
Light Matrix (SLM) technology. The solid state device array has benefits of increased
life cycles, pure UV light, and reduced power consumption when compared to traditional
UV light sources. Although Phoseon® products are very compact, they do require an
external power source unlike the NSR® LED flashlight. The RX Starfire lamps are
intended for curing widths of 300mm and have been mounted to robots for automotive
UV coatings curing such as in Figure 2-4.

Figure 2-4: Robot Integrated with UV Curing Lamp for Automotive
Coatings Application [44, 50]
The Phoseon® Firefly is a compact (5.3 in. x 2 in. x 3 in. envelope) device that
utilizes SLM technology, operates in the 380 nm-420 nm range, and has a claimed output
irradiance of 1.5 W/cm2. The Firefly is shown in Figure 2-5.
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Figure 2-5: Phoseon® Firefly UV Curing Lamp with 25mm x 25mm Curing
Area and 1 kg weight (Claimed 1.5 W/cm2 Output Irradiance) [50]
Another compact device worth mentioning is the CoolLED® 2600 UV LED
Curing Pen [10]. The CoolLED® Curing Pen can be equipped with a 8 hr. internal DC
power supply and has the same benefits of LED arrays and Phoeson® SLM technology.
The spectral output is 385 nm-400 nm with a peak around 385 nm and CoolLED® claims
an output of 0.8 W/cm2. The spectral output for SLM and LED array based curing lamps
have one pure UV peak and are bell shaped. Shown in Figure 2-6, the CoolLED® Curing
Pen has several drawbacks. Along with low output irradiance, it appears from the data
sheets that the output can only be intermittent with a series of 5 or 10 seconds pulses and
then a 15 or 30 second lockout. [10]
Even though there are obvious benefits of a compact and truly portable UV curing
system, and SLM and LED array technologies provide zero deterioration of output over
the lifetime of use and low power consumption, there is a major limitation to there
applications; low output irradiance. As an example, Dymax ® 602 adhesives require at
least 2 W/cm2 of intensity reaching the substrate interface for an optimal cure [16, 24].
SLM and LED array technologies are promising, but until more intense outputs are
available other equipment must be used.
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Figure 2-6: CoolLED® 2600 UV LED Curing Pen (Claimed 0.8 W/cm2
Output Irradiance) [10]

Semi-portable Spot Lamps: Several manufactures have UV/visible light curing
spot lamps that can deliver intensities anywhere from 3 W/cm2 to 30 W/cm2. Spot lamps
are a mature technology and utilize a 50W-200W metal-halide short arc or high pressure
mercury vapor short arc lamp. Traversing aluminum reflectors focus the radial light from
the lamp into a focused light that enters a light guide. [24, 26] The light in not collimated
like laser light. Other bulb technologies on the market utilize Xenon arc or pulse lamps
[61] or electrodeless bulbs with a microwave irradiator [32]. The spectral outputs of
spotlamps are significantly different than that of the previously described SLM and LED
array based curing lamps. Rather than a bell shape, the spot lamps have several peaks on
the spectral distribution. For example, the Dymax® BlueWave™ 50 has a spectral
distribution shown in Figure 2-7. Notice that the output spikes lie in the UVB (280 nm320 nm), UVA (320 nm-395 nm), and the visible blue light range (400 nm-420 nm).
More than 50% of the output is out of the UVA range. [24] Photocurable adhesives can
be “tuned” to polymerize at specific wavelengths of light between 280 nm-420 nm by
using matching organic photoinitiators.
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Figure 2-7: Spectral Distribution of Dymax® BlueWave™ 50 UV/Visible
Light Curing Spot Lamp Showing Multiple Output Spikes [24]

The short arc lamps are subject to degradation causing the output to be reduced
after 1000-2000 hours of use. Manufactures have developed methods to provide a
consistent output throughout the life of the short arc lamp. Dymax® systems intentionally
reduce the initial output of a new short arc lamp and automatically increase the output to
adjust for output degradation [24]. The Exfo® Omnicure® (shown in Figure 2-8) utilizes
an adjustable iris and closed loop feedback to allow the user precise control of adjustable
output irradiance and also has self corrective methods to compensate for short arc lamp
degradation [26]. Features similar to most spot lamps are timer operated shutters and
foot or pushbutton activators. The actual output interface of the spot lamp system is a
flexible light guide that range from 3mm-8mm. Light guides can be liquid filled or
composed of quartz fibers and there are also 2-pole, 3-pole, and 4-pole light guides. The
immediate advantage of multi-pole light guides is that several adhesive joints can be
cured simultaneously. [24, 26]
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Figure 2-8: Exfo® Omnicure® UV Curing Spot Lamp [26]

2.4 Theory of Adhesion
To date, it is agreed that the best method to quantify adhesion is to destroy the
joint and measure the tensile strength, shear strength, or combination thereof via data
acquisition hardware and software. This is the method that is employed for the following
work using a custom-built test rig to manually destroy the samples, dual piezo-electric
force transducers, signal processing hardware, and data acquisition software. The axial
load testing apparatus and procedure will be discussed in greater detail in 4.1.
Thermodynamic models prove difficult to accurately describe adhesion and will not be
discussed, but some more general theoretical qualitative models of adhesion can be used
to explain the adhesion. Although there is not one specific widely accepted theory, it is
agreed that aspects of all the theories contribute to the total adhesion [9, 35, 39]. The
proposed theories fall into the following categories:
Diffusion Theory, Autohesion: This is described as the intermolecular
entanglements because of the interdiffusion of molecules at the adhesive/adherend
interface [59]. This is applicable mainly to polymers bonded to polymers (more
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specifically, rubbers [35]) where the long polymer chains are mobile and can diffuse and
intertwine across the interface [39, 49]. As would be expected, the interdiffusion is
dependent on the chemical affinity and the mobility of the adhesive/adherend polymer
chains. This explains the plastic adhesives category where the plastic adhesive infuses
into the plastic substrate and visa versa. As mentioned before this applies only to
polymers (mainly elastomers) and does not apply to dissimilar polymers and definitely
not the system of polymers to metals/sapphire. This does prove to be applicable to the
case of bonding polymer adhesives to polymer paints such as Anti-Corrosion Paint (ACP)
or to acrylic substrates.
Chemical Bonding, Acid-Base Interaction: Chemical bonds that are associated
with adhesion are the primary bonds such as ionic, covalent, metallic, and acid-base
bonds and the E. van der Wall’s secondary bonds. Through the work of Good and
Girifalco [33, 34] the additive relationship of the London dispersion forces across the
interface are described by the interaction force:
F12 = FVDW + FDD + FDI + . . .

[Eq. 2.1]

where FVDW is the van der Waal’s force; FDD is the dipole/dipole interaction force; and
FDI is the dipole/induced dipole interaction force. Although it is tempting to express the
surface energies in the same additive manner, Fowkes [29] contended that all materials
display van der Waal’s forces across the interface, and certain materials, such as totally
saturated hydrocarbons, display only the van der Waal’s forces. The van der Waal’s
forces are originated by the “instantaneous dipole formation when the electrons in an
atom, or molecule, are asymmetrically distributed around the nucleus or nuclei.” [35]
The extension of van der Waal’s theory to adhesion is a difficult task and the calculated
van der Waal’s force may exceed the measured tensile strength by an order of magnitude
[29, 35].
Covalent bonding theory states that adhesion occurs because of sharing of
electrons resulting in a strong bond. Covalent bonding theory has been supported using
secondary mass spectrometry to study silane coupling agents coated on mild steel
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surfaces [38]. This is shown by the presence of FeSiO+ radicals. Ionic bonding is the
giving or receiving of electrons between ion-pairs which are mainly used to describe
cohesion of the bulk adhesive [38]. Metallic bonding obviously would not apply with
polymers.
Electrostatic Theory: This states that electrostatic forces cause the adhesive to
resist separation from the adherend. The adhesive and adherend must be opposingly
charged polar surfaces to form the electrical double layer for ion exchange to occur.
Also, the surfaces must be very close to allow electrons to travel across the interface. For
this theory to be plausible, electrical discharges would occur upon peeling of the adhesive
from the adherend which has been noticed experimentally. [9, 39, 49]
Coulombs’s constant or the electrostatic constant is defined as:

is the electric constant. The well known Coulomb’s law gives the force

where

between two ions:

where

1

and

2

are opposing, attractive charges and r is the distance of separation. For

Al3+ and O2- ions the attractive force per area would be 1600 MN m-2 assuming there is
one ion-pair every one 1 nm on a square lattice interface [38]. Note, that this value is
much higher than experimentally measured [38].
Weak Boundary Layer Theory, Rheolological Theory: Bikerman [7, 39] first
described this theory suggesting that although failure appears to be at the interface
(adhesive failure), the real failure mode is cohesive or a weak boundary layer which is
due to a concentration of impurities near the interface. This is more of an engineering
approach to adhesion, stating that failure is due to the bulk material properties and local
stresses at the interface [8, 9].
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Absorption, Wettability: Absorption theory is really an extension to the fact that
intimate (a few angstroms) intermolecular contact results in secondary forces, or the van
der Waal’s forces, that were discussed previously. This is the most generally accepted
theory [38] because chemisorption is allowed, so the primary bonds that were mentioned
previously also contribute to adhesion, in addition to acid-base interactions and hydrogen
bonding (H bonding to F, O, N). The intimate intermolecular contact idea, needed for
this theory to be true, is explained by wettability, illustrated in Figure 2-9. Here the
tensions at the three-phase contact point are indicated: subscript VL refers to the
liquid/vapour point, SL to the solid/liquid point, and SV to the solid/vapour point [38].
The contact angle ( ) will be set in accordance to the fact the total surface energy is
minimized.

Figure 2-9: Sessile Drop of a Liquid on a Solid at Equilibrium with Surface
Tensions and Contact Angle ( ) Shown [9, 54]

The previous discussion does not apply to dynamic wetting. The main factors that
affect the wettability of a specific fluid and substrate are viscosity of the liquid,
hydrophobicity (little affinity for water) or hydrophilicity (great affinity for water) of the
substrate, chemical affinity, substrate cleanliness, etc. Another important factor is
surface roughness of the substrate. Figure 2.10 shows water drops on wood and the
respective contact angles. The wood has been sanded with finer grit sandpaper in the
direction of the arrow causing a smoother surface. Although this example is very basic,
the same principles apply to any substrate. Notice that as the surface becomes smoother
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Decreasing Surface Roughness
Figure 2-10: Sessile Drops of Water on a Composite-board Showing the
Relationship of Decreasing Surface Roughness and Contact Angle ( ) [9, 54]

0° and liquid covers more surface area or there is good wettability. As

0°

there is a lessening degree of wettability. This same concept holds for decreasing the
viscosity of the liquid or gel which would increase the wettability. By application of
pressure to the liquid or gel, the surface would be complete wetted. There are
consequences of wettability when using adhesives if the viscosity is too high and/or the
surface is too rough. Voids or pockets of solvents can become trapped at the interface in
areas of surface defects or irregularities causing a weakening of the adhesive force. More
concerns arise when assembling adhesive joints underwater and will be discussed in the
subsequent chapters.
Mechanical Theory, Mechanical Interlock Theory, Hooking: This theory
states that interlocking, keying, and hooking are the fundamental reason why an adhesive
resists separation from an adherend [38]. This theory is confounded with infusion in
some systems and is enhanced by substrate roughness, porosity, and system wettability.
Even though this is not accepted to be the sole contributor of adhesion, the mechanical
theory cannot be overlooked as a interacting factor with the physical and chemical
theories [39, 49].
On a final note about adhesion theory, the previous discussion is based on
classical work of scientists but there is still not a unified approach to explaining adhesion.
In the 1980’s, adhesion scientists such as S. Wu and K. Mittal, attempted to create
generalized relationships for optimum bond strength. They attempted to include the
previously discussed thermodynamic principles, the results summarized in the adhesion
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theories, chemical bonding, and bulk material cohesion and mechanical properties [35].
The dependence of the relationships became, needless to say, overwhelming and to this
date there are many complexities that are faced by the adhesion scientist. These
complexities spill over to explain the reason why adhesion fails which will be discussed
next.

2.5 Temperature and Moisture Effects on Polymers
Environmental conditions have significant effects on all engineering materials,
and polymers are definitely not an exception. Temperature and moisture causes chemical
and physical changes to uncured adhesive, cured bulk adhesive, and adhesive/adherend
interfaces. With the vast amount of chemical compositions, substrate materials,
composite materials used, and unknown environmental conditions and forces in service
the amount of the amount of characterization work is immense.
As the polymer is cured by thermal activation, chemical means, or by radiolysis,
internal stresses arise. Polymerization results in shrinkage which induce internal stresses
[11, 24]. Adhesives manufactures have developed low modulus and low shrinkage
(0.2% - 2%) adhesives so modern UV adhesives are not greatly impacted by shrinkage
induced stresses. Thermal induced stresses caused by thermal cycling and differential
expansion and contractions of the adhesive and substrate are also very low. Thermal
induced stresses (σTHERMAL), which would act as shearing and peeling stresses at the
adhesive/adherend interface, in the simplest model, are the integration with respect to the
temperature of Young’s modulus of elasticity for the adhesive (EADHESIVE) and the
substrate (ESUBSTRATE), Poisson’s ratio of the adhesive (
coefficients of thermal expansion for the adhesive (
(

SUBSRATE)

as shown [4, 24]:

ADHESIVE),

ADHESIVE)

and the difference in

and the substrate
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Integration accounts for the fact that Young’s modulus and the coefficient of thermal
expansion are subject to major change over temperature cycling. An approximation can
be made to Eq. 2.4 that simply relates the thermal stresses to the average Young’s
modulus of elasticity over the temperature range (EAVG), the degree of temperature
change ( T), and the difference in coefficients of thermal expansion for the adhesive
(

ADHESIVE)

and the substrate (

SUBSRATE)

σTHERMAL = (

as shown [4, 24, 52]:

ADHESIVE

SUBSRATE)

* T * EAVG

[Eq. 2.5]

Table 2-1 [24] shows the typical properties for Dymax 602 Rev A. Young’s modulus of
elasticity is listed as 1450 MPa and the coefficient of thermal expansion is 100 x 10-6
cm /cm / C. There are much more extravagant and accurate methods for determining
shrinkage internal stresses and thermal stresses that take rigidity, vibration, thickness,
interphases, etc. into account [35, 38, 59].
Table 2-1 [24] also shows the water absorption in 24 hrs is 5% and the boiling
water absorption in only 2 hrs is 8%. Not only do polymers and adhesive swell and are
subject thermal stresses when in service, they also face reduction in mechanical
properties when temperature increases, especially beyond the glass transition temperaure.
The thermal limits are also given as temperatures where the cured adhesive becomes very
brittle and the temperature where it degrades which is -65 F and 300 F, respectively.
These are the extreme limits, but even in the normal operating range of temperatures, for
a given viscoelastic adhesive, the tensile strength and creep rate are majorly affected by
temperature.
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Table 2-1: Typical Cured Properties, Dymax 602 Rev A Series Multicure
General Purpose Bonding Adhesive Preliminary Product Data Sheet [24]

The following discussion presents the basic differential constitutive models; the
Maxwell Model and the Kelvin-Voight Model. Then the standard viscoelastic solid
(Zener) model that is commonly used to model polymers will be presented. This is meant
to be an overview to show the reason temperature affects the mechanical properties of
polymers, like CTECH 14-90-2 adhesive. For an in depth coverage see Drozdov, Ferry,
and Betten [6, 23, 25].
Differential constitutive models connect the stresses and strains at the current
instant t by linear differential equations. Elastic linear springs, which obey Hooke’s law,
and viscous dashpots, which obey Newton’s law are configured in serial or parallel
combinations in rheological models to represent viscoelastic behavior. To derive the
differential equations; for parallel elements the strains coincide, so the stresses are
additive of the individual element and for serial elements the stresses coincide, so the
strains are additive of the individual elements. Figure 2-11 shows the common
constitutive models. Notice that for the standard viscoelastic solid (Zener) model, the
Maxwell model is connected in parallel with a spring. [23]
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Maxwell Model

Kelvin-Voight Model

Zener Model

Figure 2-11: Differential Constitutive Models: Maxwell Model, KelvinVoight Model, and the Standard Viscoelastic Solid (Zener) Model [23]
The constitutive equation for Maxwell’s model is derived as [23]:

where ε is strain; σ is stress; E is Young’ modulus, and η is Newtonian viscosity. The
constitutive equation for Kelvin Voight’s model is derived as [23]:

The constitutive equation for the standard viscoelastic solid (Zener) model is derived as
[23]:

For zero initial conditions, eq. 2.8 is equivalent to the Volterra integral constitutive
equation [23]:

Where Young’s modulus is [23]:
E = E1 + E2

[Eq. 2.10]
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the relaxation measure [23]:

and the relaxation measure parameters [23]:

and

Relaxation describes how polymers relieve stress under constant strain due to creep.
From Eq. 2.9 it can be seen that the Zener model best represents time historic creep and
stress relaxation. Another important observation is that Young’s modulus and viscosity
are constants, and this is one way of modeling the effect of temperature. Although it
varies greatly with different polymer compositions, a general rule is that Young’s
modulus and viscosity decrease with increase temperature. Creep becomes a major factor
when temperatures are approaching Tg and the joint strength will weaken. Creep
generally follows an immediate strain (induction period) and then a logarithmic decline
until fracture where the curve and recoverability varies greatly among adhesives.
Hydrolysis is described by the failure mode where there is de-lamination at the
adhesive/adherend interface. Water ingress along the interface reduces the chemical links
between the adhesive and the adherend. Several theories are available for describing the
hydrolysis mechanism in a scientific manner. These theories are typically related to the
previously mentioned adhesion theories. Hydrolysis cannot be attributed to gross
adherend corrosion. Hydrolysis may have been first noticed in epoxy/aluminum alloy
joints. Interestingly, this delamination at the adhesive/adherend interface as the primary
failure mode has been rejected by subsequent investigators. The interfacial layer is
known to have different properties than the bulk adhesive. This may include lower
crosslink density and lower concentration of filler particles. Surface activators migrate to
the interfacial layer during photopolymerization. Also, oxide layers on the metallic
substrate will cause mechanical weakening. [38]
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Hydrolysis is defined as the “displacement of adhesive on the adherend by water
due to the rupture of secondary bonds at the adhesive/adherend interface.” [38] Even
though the thermodymanic models of adhesion are not presented, they do contribute to
adequately describing hydrolysis. Basically, surface free energies are used to describe
the resistance to separation at an interface. If a substance with a higher surface free
energy interferes, the secondary bonds are broken. This is especially true for hot water
which is very polar. In thermodynamic models, the work of adhesion is a function of
polar and dispersion surface free energies. The secondary forces (Van der Wall’s forces)
are included along with other chemical bonds. Using thermodynamic models of work of
adhesion and given the surface free energies of material, the work of adhesion at the
interface can be calculated. For example, in a dry environment, the work of adhesion for
an acrylate/Fe2O3 interface is 270 mJ m-2 [38]. In water, the same interface has a value of
-167 mJ m-2 [38] The negative value indicates that the interface is unstable in water, and
hydrolysis will systematically reduce the joint. It must also be noted that the model, and
experimentation, does allow for hydrolysis to be reversible. [38]
The other previously mentioned theories of adhesion have also been related to the
hydrolysis mechanism [38]. Recall Eq. 2-2 and 2-3 in the discussion of electrostatic
theory. The electrostatic force will be reduced as water enters the interface. This is
because the relative permeativity (which is inversely related to electrostatic force)
increases. This theory is not generally accepted as the main mechanism of hydrolysis
(mainly because it is not a greatly accepted adhesion theory). The thermodynamic
models best describe hydrolysis, but the breakdown of primary and secondary bonds are
the true cause of the reduction of free surface energies. The acid-base theory suggests
that the “ionic character of hydroxylated metal oxide substrate and the organic functional
group” of the adhesive causes adhesion [38] The name and definition would suggest that
there is ionic bond between the adhesive and substrate at the molecular level, and since
water is polar it will breakdown the bond. The theory is actually related to electrostatic
theory, especially at the interface. The acid-base theory, the electrostatic theory, and the
ion-pair theory become very difficult to calculate especially with regards to hydrolysis.
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This leads to the fact that hydrolysis is usually quantified by experimentation.
Experimentation has led to the concept that chemical formulation has significant affects
on the rates of hydrolysis. 2-ethylhexyl methacrylate (2-EHMA), 2-hydroxyethyl
methacrylate (2-HEMA), and ethyleneglycol dimethacrylate (EGDMA) monomers and
polybutadiene dimethacrylate and bis-phenol-A diacrylate resins bonded to steel and
glass. The 2-HEMA monomer and the polybutadiene dimethacrylate combination lost no
strength (12 MPa before and after) after being submerged in boiling water for 1 hr. With
the addition of -aminopropyltriethoxysilane adhesion promoter to the previous
combination, there was a 17% strength loss after 1hr. submersion in boiling water. The
other combinations using bis-phenol-A diacrylate resin and 2-EHMA or EGDMA
monomers, with or without the silane adhesion promoter, had strength reductions of 33%100%. The reduction was due hydrolysis and it was shown that the difunctional
monomers and resins are inferior to the polar monomers [46, 48].

2.6 LAAG Workholding Technology
Light Activated Adhesive Gripper (LAAG) workholding technology has
undergone continuous development over the past 5 years. The concept, developed by
De Meter [19], is an alternative to traditional mechanical (lead-screw or spring),
hydraulic, or pneumatic fixturing mechanisms. Many of the elements are used in these
experiments and were or will be further discussed. The fundamental elements include:
1. Cylindrical sapphire pins that act as light guides and are secured in a metallic
structure. The number, orientation, and size of the sapphire pins are
application specific. The orientation of the sapphire pins can be a simple
triangle or square to very complex arrangements in the fixture.
2. Discrete adhesive joints that, when cured, achieve tensile strengths of 55 MPa
and are dynamically stiff. The preferred adhesive for ferrous materials is
CTECH® 14-90-2, but several other adhesive are “tuned” for aluminum,
plastic, stainless steel, or glass substrates.
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3. The adhesive can be cured in a matter of seconds using a spot curing lamp,
such as the Dymax® Blue WaveTM or Exfo® OmnicureTM 200 Watt metal
halide lamps. The lamps can be integrated with the LAAG system and by
using the splitting light guides, several adhesive joints can be cured
simultaneously.
The LAAG system has several immediate benefits over traditional mechanical
fixtures. Accessibility to the part during machining is not inhibited by bulky vise jaws
and/or manual, hydraulic, or pneumatic clamps. It is entirely feasible to use only one
surface of the work-piece for adhesion and still maintain the dynamic rigidity needed for
precision machining. This concept is unheard of among traditional mechanical fixtures
and may reduce the amount of re-fixturing time. Strategic positioning of adhesive joints,
even on contoured surfaces, is possible. The forces that the work-pieces are subjected to
by mechanical clamps cause elastic, pre-load deformation, which are minimized by
adhesive joints resulting in tighter tolerances to be produced. As mentioned the joint can
be cured in a matter of seconds, but it can also be destroyed in a matter of seconds.
Several methods have been tested for the de-bonding of the adhesive joint after
machining. These include applying a very high and sudden shear force to the work-piece,
mechanisms that apply a cleaving force, or rotating gipper pin housings. Also, Nd:YAG
laser can de-bond the work-piece in a matter of seconds. The adhesive joints thermally
degrade and carbon black powder is mixed in the uncured adhesive to improve debonding times. [19]
De Meter has developed a LAAG demonstration fixture at Penn State. The
fixture allows for bonding of the workpiece and then subsequent machining. As
mentioned a LAAG system consists of discrete, adhesive joints that secures the
workpiece to the fixture. The fixture is then attached to the bed of the machine tool.
De Meter has developed a modular approach to the design of LAAG fixtures. This
begins threaded gripper pin housings that can be inserted in any type baseplate with
matching threaded holes. The sapphire pins are conveniently secured in the metal
housing using photocurable adhesive (Shown in Figure 2-12). De Meter has developed
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several jigs and methods used to properly align, space, and bond the gripper pin in the
housing using photocurable adhesives. This also allows for a convenient means to debond the workpiece. A pneumatic powered socket drive can be attached to the hex head
of the gripper pin housing. The torque action will destroy the adhesive joint.

Side View

Hex Head

Top View

Sapphire Pin Secured in
Housing with Photocurable
Adhesive

Figure 2-12: Modular LAAG Gripper Pin Housing and Gripper Pin

Figure 2-13 shows the LAAG demonstration fixture. Notice that there are four
inserted gripper pin housings with gripper pins and four workpiece bottom locator pads.
There are three side locating pins to prevent vertical and horizontal translation of the
workpiece. Lastly, a de-bonding mechanism is integrated based on the mechanical
advantage of threads. The advancing pad will cause excessive cleavage forces necessary
to de-bond the workpiece. Figure 2-14 shows the LAAG demonstration fixture after the
uncured adhesive has been dispensed on each gripper pin.
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4X Workpiece Base Pads

3X Side Locating Pins

De-bonding Mechanism

4X Gripper Pin Housings
with Gripper Pins

Figure 2-13: LAAG Demonstration Fixture with Four Gripper Pins and
Appropriate Datum Positioning Hardware

4X Uncured Adhesive on
Applied to Each Gripper Pin

Figure 2-14: LAAG Demonstration Fixture with Applied Uncured Adhesive
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The fixture is now ready to accept the workpiece. When the workpiece is placed
on the fixture, it contacts the four bottom locating pads. By design, the workpiece does
not contact the gripper. The locating pads maintain a 0.0025” clearance (bondline). Any
excess, uncured adhesive is squeezed outside. The clearance can be adjusted to any size.
Next, the light guide output from the curing lamp is inserted in a recess in the hex head of
the gripper pin housing. For CTECH 14-90-2, the curing lamp was set to full power (19
W/cm2). The adhesive was photocured for 60 seconds (See Figure 2-15). These values
are dependent on the adhesive type and the desired strength of the joint. The photocuring
process was repeated for the remaining three joints. Note that a multi (four)-pole light
guide may be used to cure all joints simultaneously.

Base Locator Pad
Workpiece

Adhesive Layer
Being Cured
Side Locator Pin

LAAG Fixture

Light Passing Through
Sapphire Pin

Figure 2-15: Single LAAG Adhesive Joint Being Photocured
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After the workpiece is processed, it is de-bonded using any of the previously
mentioned techniques. For this case, the integrated cleavage pad was used. Notice in
Figure 2-16 that residual, cured adhesive remains on the workpiece and gripper pin area.
This topic is currently being researched, and several methods have been developed at
Penn State to remove the residual adhesive. Notice that there are two rings of cured
adhesive which are most apparent on the workpiece. The primary cure is approximately
the same diameter of the gripper pin. This area is fully strengthened adhesive, as long as
the workpiece surface received the critical irradiance level of light. The secondary ring is
due to the curing of extra adhesive that was pushed out of the primary zone during initial
assembly. UV light sources does not provided collimated light. Also, ray scattering is
caused by interfaces with differing indexes of refraction, acceptance angles, and solid
particles in the adhesive. This stray light causes the secondary area to be cured. The
secondary ring does not typically add any joint strength. It is suspected that thicker
bondlines, more reflective substrates, and adhesives with high levels of photoinitators
will increase the strength of the secondary cure zone.

LAAG Fixture

Residual, Fractured
Adhesive

Workpiece
Primary Ring of Residual,
Fractured Adhesive

Secondary Ring of Cured
Residual Adhesive

Figure 2-16: Residual, Cured Adhesive on Workpiece and LAAG Fixture
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2.7 Concepts for Applying LAAG Technology to Underwater Adhesive Assembly
LAAG technology shows promise as method to assemble mechanical components
underwater. There are some limitations to the applications where it can be implemented
intrinsic to LAAG hardware. Because of the discrete adhesive joints, the LAAG system
would not be able to make a structure watertight. Consider Figures 1-1 and 1-2. When
the transparent surface was illustrated, it would be possible to make a component
watertight, but this is not the case for the discrete joints in Figure 1-2. This would not
pose too much of an issue because watertight caulking sealants could be used in
conjunction with the LAAG joints.
This would pose the question: why not just use the watertight caulking sealants?
These caulks are typically flexible and soft, not used as structural elements because they
are to viscoelastic, and take a long to cure. The LAAG joints could temporarily hold a
repair panel, providing adequate strength and rigidity. The caulk could then be applied as
sealer. It is not out of the realm of reason to integrate a gasket, seal, or flexible rubber
membrane into the repair panel to seal out water. After the repair panel is installed, water
can be evacuated from the vessel, tank, or pipe if needed and the repair will suffice until
dry-docking or permanent repair. It is also possible that the photocurable adhesive could
be used without the LAAG hardware for small cracks or holes or to repair damaged
layers of marine paint or fiberglass gel-coats. A build-up method could be used to fill in
medium size holes or cracks where uncured adhesive is apllied around the edge and then
cured. Another layer of uncured adhesive is applied on top of the previously cured
adhesive and subsequently cured, and so on. Lastly, the LAAG system alone would be
ideal to any assembly of components where a watertight structure is not needed.
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Chapter 3
LITERATURE REVIEW
Previous LAAG research has led to the development of a scientific understanding
of the physical, optical, and mechanical properties of several photocurable adhesives.
The adhesive is the core component of LAAG systems. There is now a variety of
preferred adhesives that are chemically optimized to bond onto various engineered
materials. CTECH 14-90-2 is the preferred adhesive for bonding onto ferrous materials.
De Meter et al. [5, 12-19, 43] have characterized several key properties of CTECH 1490-2:
1. The critical irradiance of the adhesive has been characterized.
2. The optical attenuation of the adhesive has been characterized.
3. The effects of continued (dark) polymerization have been determined with
respect to adhesive tensile strength.
4. The development of adhesive tensile strength as a function of light exposure
time has been characterized.
Also, the optimal design parameters have been investigated with respect to other
elements of the LAAG system. Specialized Finite Element Analysis (FEA) software has
been implemented to optimally design LAAG fixtures. The design parameters include
include the number, size, and orientations of the sapphire gripper pins. Experimental
yield force data has been coupled with FEA in attempt to model a single adhesive joint.
Love et. al [36,37,40-42] has also characterized the mechanical and curing
properties of photocurable acrylic adhesives. With regards to underwater structural
adhesives, Dolez and Love [20-22] have intensively studied the assembly of clear acrylic
substrates. Also, the wet assembly of an acrylic substrate to various plastic and metallic
substrates has been investigated. The findings are limited to only acrylic substrates and
are also limited by low initial adhesive strengths. This is most likely due to the use of
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low irradiance light sources. Submersion tests have also been performed, but only acrylic
substrates and room temperature submersion have been studied.

3.1 Previous Characterization of CTECH 14-90-2 Adhesive for LAAG
Workholding Applications
A very important concept used in the experiments in this document is the optimal
curing time. The results that are put to use from previous characterization by Demeter et
al. [12, 17] are easily taken for granted. The most relevant findings are summarized in
Figure 3-1. The model was developed with respect to axial load strength of the adhesive
which is more practical than modeling with respect to viscosity changes. The model was
developed from data using a 20 W/cm2 light source and a nominal joint thickness of 30
microns. Testing was performed immediately after curing as to reduce any dark
polymerization effects. Notice that greater than 95% of possible strength will be reached
after 60 seconds of cure for CTECH 14-90-2. [12, 17]
Another aspect that could be easily taken for granted was the previous selection of
the best adhesive to be used for bonding to ferrous materials. Demeter et al. have
evaluated several adhesives and have concluded that CTECH 14-90-2 is the preferred
adhesive for LAAG systems bonding to ferrous materials. This adhesive does have a
slower developing cure than other tested adhesives. [12, 14-18]
The critical irradiance value is the minimum required input irradiance necessary
for the joint to strengthen at the maximum rate. For input irradiance less than the critical
irradiance value, the cure rate decreases with decreasing input irradiance. The critical
irradiance value for CTECH 14-90-2 was found to be 9.563 W/cm2. [12] The values
given in the legend of Figure 3-2 are given in mW/cm2. The asymptotic curve with
respect to cure time indicates that this is the critical irradiance value.
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Figure 3-1: Curing Time Required to Obtain >95% of Axial Load Strength
for CTECH 14-90-2 [12, 17]
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Figure 3-2: The Effect of Input Light Irradiance on the Rate of Strength
Development of an Adhesive Joint Comprised of CTECH 14-90-2 Bonding a
Machined, Cast Iron Sample [12]

It is important to describe the equipment used to verify this value. Radiometers
are used to measure the irradiance output of a UV light source. The Dymax® ACCUCAL™-30 [45] is one type of radiometer. The device’s use is shown in Figure 3-3.
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Notice that the adapter accepts a 5mm light guide from a Dymax® BlueWave™. This
allows for consistent alignment of the light guide. The ACCU-CAL™-30 is calibrated
from the factory to accept specific ranges of light. Any light out of this range is not
included in the output value. It was apparent from Figure 2-7 that Dymax® BlueWave™
curing lamp has several spikes in spectral output. Therefore these types of radiometers
allow the user to obtain irradiance values of specific UVA, UVB, or visible blue ranges.
Figure 3-4 shows two ACCU-CAL™-30 radiometers. Notice that the hardware is
identical. The only difference is that one radiometer is sensitive to wavelengths of light
in the UVA range (300 nm to 400 nm), while the second radiometer is used to measure
light in the visible blue range (380 nm to 480 nm).

Figure 3-3: Use of Dymax® ACCU-CAL™-30 Radiometer to Measure
Irradiance [5]
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Figure 3-4: ACCU-CAL™-30 Radiometers Calibrated for UVA Range (300
nm to 400 nm)(Left) and Visible Blue Range (380 nm to 480 nm)(Right). [5]
An alternative to the Dymax® radiometer, is the Exfo ® R2000™ radiometer
(shown in Figure 3-5). There several benefits to this type. First, the R2000™ is sensitive
to a broad range of light (250 nm to 600 nm). The unit also accepts several different
diameter light guides. The red and blue anodized light guide adapters are shown next to
the unit. Lastly, when used in conjunction with the Exfo® Omnicure™ curing lamp, the
device can be used to precisely calibrate and monitor the irradiance output. This is done
using a closed-loop feedback system along with a remote communication with the curing
lamp.
Both types radiometers measure irradiance at the output of the light guides, so any
attenuation of light is accounted for. Transmission losses also occur through the sapphire
gripper pins and the adhesive. Scattering of light also causes losses at the light
guide/sapphire interface and the adhesive/sapphire interface. This type of radiometer was
used for the measurements in Figure 3-2.
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Figure 3-5: Exfo® R2000™ Radiometer which is Sensitive to light in the 250
nm to 600 nm Range [26]

The topic of dark polymerization is quite intriguing considering that
photopolymerizable adhesives have the ability to continue to polymerize even after the
light source has been removed. Demeter et al. [5,18,43] have characterized this
phenomena for several adhesives that have potential for LAAG use. This
characterization is based on two concepts. First, as the adhesive polymerizes, it shrinks
and exerts forces on the substrate. The presence of a dynamic shrinkage forces can be
used a means of detecting continued polymerization. Secondly, any polymerization
subsequent to light curing will directly result in increased strength. As shown in Figure
3-6, the axial load strength when dark polymerization has stabilized is approximately
between 250N to 500N greater than if the adhesive joint was destroyed immediately after
the light source was removed. This effect is shown for cure times up to 30 seconds. It is
a reasonable assumption that as the cure time is increased beyond 30 seconds the dark
polymerization effect would be reduced as less photoiniators and monomers become
available for this secondary cure mechanism. As mentioned, as the adhesive polymerizes
the adhesive volume shrinks and exerts (tension) forces. This concept was used to
characterize the time required for dark polymerization to effectively cease as shown in
Figure 3-7. This concept was implemented for the experiments in Chapters 5-9, as a
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three minute duration was allowed to elapse after the light source was removed. This
allowed for any dark polymerization to stabilize. [18]
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Figure 3-6: Maximum Axial Load Strength of CTECH 14-90-2
Immediately After Cure (Quick) and Also After Dark Polymerization Has Stabilized
[18]

Post Cure Time (min:s)

Avg. Time Required for Post Cure Polymerization to Cease
6:00
4:48
3:36
2:24
1:12
0:00
0

5

10

15

20

25

30

35

Exposure Tim e (s)

Figure 3-7: Time Required for Dark Polymerization to Stabilize for
CTECH 14-90-2 [18]
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Demeter [14, 15] has coupled experimental yield force data with a finite element
analysis (FEA) model. The adhesive joint was modeled as disc and the maximum Von
Mises Stresses were identified. Although the viscoelastic behaviors of the CTECH 1490-2 are inherently nonlinear, the model provided that stress concentrations are located
along the entire outside perimeter of the disc. [15] Although the work in this thesis is
limited to one adhesive joint, it is important to consider the proper design of the
underwater systems when exposed to multiple modes of static stress and dynamic
stresses. This would be similar to the design of LAAG systems where “the number,
spatial arrangement, and size of the gripper pins to be used must be sufficient to hold the
work-piece against worst case machining forces.” Demeter has researched the use
specialized FEA software to analyze complex LAAG systems, and the results were
verified by conducting milling and drilling operations. This concept could be applied to
aid in proper design of underwater systems as well as to model the effects of
hydrodynamic forces exerted on the joints. [14]

3.2 Other Relevant Topics
There has been steady research in the field of photocurable adhesives for
underwater construction, led by Love et al. A method has been developed that uses no
electricity source to cure the adhesive. Love [42] has patented a “Chemiluminescent
photo-curable adhesive curing and bonding system” which is intended for a wide variety
of environmental conditions, including underwater. The basis for the idea is that besides
using UV/visible electric light sources such as spot-lamps, a slurry of reagents such as H2
O2 /oxalate reactions, peroxyoxalate chemiluminescence, polymer based oxalate sources,
oxalate-fluorophore coupled compounds will give off light that is tuned to required range
for photocurable adhesives. The two reagents are separated until it is desired to cure the
adhesive. A mechanism is used to puncture the containers that the reagents are stored,
and the chemical reaction emits light. The system is desirable because it has the quickcuring benefits associated with UV/visible lamp curing, but no electric source or UV
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lamp hardware is needed. The output irradiance of light caused by the chemical reaction
could not be found. The system can employ any photocurable adhesive and one such
formulation is presented:
“photo-curable methacrylate resin is comprised of 50% bisglycidal
methacrylate (Bis-GMA) and 50% triethyleneglycol dimethacrylate with
traces of camphorquinone and aminoalkyl methacrylate. This resin can be
filled with either strontium glass or silica” and the coupling agent
2(3epoxycyclohexylethyl) trimethoxysilane.” [42]
A proprietary photo-polymerizable caulk has been developed that is a “twocomponent mixture of bis-phenol-A-diglycidylether dimethacrylate with
triethyleneglycol dimethacrylate (TEGDMA) as a viscosity modifier.” A LED portable
curing lamp is used that has a spectral output matched to caulk’s photoinitators. [21, 22,
55]
The settling rate of a photocurable that is intended for underwater use has been
characterized by Dolez, Goff, and Love [20]. The settling of molecules in a colloidal
solution may have adverse affects by reducing shelf-life and leading to inconsistencies in
the adhesive. The adhesive is based on a Bis-GMA monomer and the second monomer
used as a viscosity modifier is either TEGDMA or diethylene glycol diacrylate
(DEGDA). Settling rate is dependent on the particle diameter so the constant settling rate
is divided by the square of the particle diameter as shown in Figure 3-8. The constant
settling rate is much more dependent on temperature than the monomers that were tested.
This is due to the reduction of viscosity of the colloid.
Jensen et al. [37] characterized the affects of water aging in a study of two types
of epoxy bonded to steel substrates. Both dicyandiamide-cured epoxy and
polyamidoamine-cured epoxy had a major loss of strength after 1 week of submersion in
a 120 F saltwater or distilled water bath. Also they varied the surface preparation as
acetone wiped or slightly corroded. Surprisingly, the corroded substrate had slightly
more residual strengths than did the acetone wiped surfaces and the type of bath, NaCl or
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Figure 3-8: Constant Settling Rates of TEGDMA and DEGDA with Varying
Temperature [20]

distilled, made no difference. The reduction was in interfacial shear strength as a three
point flexure test was employed. SEM and optical microscopes were used to examine the
failure surfaces. They attributed the loss of strength to the oxide layers at the interface.
[37] Epoxies were also tested by Jackson et al. [36] for the change in dielectric
properties due to moisture ingress. Microwave frequency dielectric analysis was
performed to study the moisture sorption process. Surface void morphology was studied
using SEM and the water ingress due surface voids was found.
Piguet-Ruinet and Love [40] did in situ, Dynamic Photorheological Analysis of
urethane dimethacrylate (UDMA) resins with the hydrophobic crosslinker 1,6hexanediol-dimethacrylate (HDDMA), a hydrophobic crosslinker to characterize
dynamic changes in viscosity. Photo-DSC can be used to measure conversion,
mechanical properties and other functional properties in situ. Figure 3-9 shows the
photorheological curve, or the log relationship between the viscosity and cure time, for
85% UDMA/15% HDDMA at 0.25 W/cm2. The curves were also generated for
0.01 W/cm2 and 0.05 W/cm2 illumination intensities and for dilutent concentrations of
30% and 50%. The adhesive reached viscosities of 1x107 after illumination. [40] Piguet-
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Ruinet and Love [41] have performed studies of epoxy crosslinking reanalyzed dynamic
viscosity changes. Dynamic viscosity advancement was modeled as semi-logarithmic.

Figure 3-9: Photorheological Curve for 85%UDMA/15% HDDMA at 0.25
W/cm2 [40]

The most relevant work to date in the area of underwater photocurable adhesives
has been performed by Dolez, Love et al [21, 22]. The adhesive was applied above water
to an acrylic substrate and the second substrate (steel, aluminum, brass, etc.) was
submerged (wet assembly). “The principle monomer was bis-phenol A diglycidyl ether
dimethacrylate (bis-GMA, Cook Composites). The viscosity modifier is triethylene
glycol dimethacrylate (TEGDMA, Aldrich) for Resin A, and alkoxylated cyclohexane
dimethanol diacrylate ester (CD-582, Sartomer) for Resin B.” [21] A LED lamp,
reported at 0.25 W/cm2, emitted light through the acrylic to photopolymerize the acrylic
adhesive. The samples were immediately tested after photopolymerization. Notice in
Figure 3-10 that the bonding strength is slightly above 1 MPa when the submerged
substrate is steel. It is clear that the submerged substrate material is an important factor
with respect to initial bonding strength. Also, Resin B (using CD) performed slightly
better with metallic substrates, and Resin A (using TEGDMA) performed drastically
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Figure 3-10: Wet Assembly of Acrylic Substrate Using Photocurable Acrylic
Adhesive to Various Substrates and then Immediately Tested [21]

better with plastic substrates. The low initial values were attributed to the fact that upper
substrate was acrylic, and the strength of the sample was inherently limited by the
adhesion to the that substrate.
Submersion experiments were also performed, but only acrylic substrates were
considered as shown by Figure 3-11. Resin A (using TEGDMA) was stable for the 33
day test but was bonding strength was limited by the inherent <5 MPa strength of the
bonds. Resin B (using CD) had a significant reduction somewhere after 20 days. Water
absorption was the attributed cause to the water aging, but there were apparently no
findings associated with hydrolysis. [21]
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Figure 3-11: Photocurable Acrylic Adhesives Bonded to Acrylic Substrates
and Submerged in Room Temperature Water [21]

3.3 Assessment of the Current State of Knowledge
The work by Dolez, Love et al. [21, 22] was limited by initial bond strengths of
less than 5 MPa. This may be due to the fact that the curing lamp output was only 0.25
W/cm2. Also, the long-term affects of water submersion of the adhesive joint were
limited to only room temperature water and use of acrylic substrates. Although the work
was an important starting point for the concept, there are still unanswered questions that
will dictate the use of underwater structural photopolymerizable adhesives:
1. How will CTECH 14-90-2, capable of 55 MPa tensile strengths, adapt to
underwater systems and will the same quality bonds be replicated underwater?
More specifically, will sufficient bonds apply to both smooth and rough steel?
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2. How will water aging affect LAAG joints in various temperature waters,
specifically with sapphire and steel substrates?
3. Even though two adhesives were tested, what additional chemical factors and
what environmental factors affect the rate of aging and hydrolysis?
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Chapter 4
RESEARCH METHODOLOGY
The goal of this work was to evaluate the possibility of using photocurable
adhesives for underwater structural repair. To do so, the ability of CTECH 14-90-2 to
bond to underwater substrates, the affect of substrate topography, and the affect of
temperature and thermal excursion on cured adhesive joints have been investigated and
characterized. The factors that affect the systematic loss of strength due to hydrolysis
were also characterized. Submersion in various temperature saltwater baths was used to
characterize this aspect. The next phase of experimentation consisted of implementing
methods to reduce hydrolysis, such as the use of silane primer, the use of different
substrate materials, and the study of the reformulation of CTECH 14-90-2 conducted as
an experimental design. This work was conducted through experimentation and
concurrent research of LAAG technology, adhesion theory, viscoelastic theory, and the
hydrolysis mechanism. The experimental work was backed by statistical techniques such
as comparison of means, ANOVA, and experimental design, where needed. This
document is presented in the same sequential manner as the experiments were carried out
and is summarized as follows. Before the methodologies of the experiments are
presented, it is important to describe the methods for dry and wet assembly of the test
coupons and the axial load experiment hardware and procedure.

4.1 Methodology for Coupon Assembly and Axial Load Testing
The methodology for all experiments began with the assembly of a test coupon.
This may have been a wet or dry assembly. The coupon was then subjected to the
prescribed experimental conditions. Each experiment in the following chapters will
include an individual methodology describing the important details of what was done
with the test coupon after assembly, i.e. submersion, immediate pull, etc. It will also be
explained in the individual methodologies whether the assembly occurred in open air
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(dry) or underwater (wet). Lastly, all coupons underwent testing of axial load strength.
The following methodology is applicable to all experiments. The methodology of
assembly of the anvil and chassis to form the coupon follows, along with details of the
test hardware developed previously at Penn State. The terms dry assembly and wet
assembly will also be defined.
Mechanical components were developed previously at Penn State to allow for
assembly and then subsequent experimentation. The components consisted of a
cylindrical low carbon steel anvil that represented the substrate that is being bonded to.
The substrate end was surface prepped as desired i.e. grinding, roughing, or painting. A
hole was normal to the cylinder axis that allowed for mounting in the test equipment by a
pin. The second component was cylindrical sapphire pin bonded into a stainless steel
cylindrical jacket. The sapphire pin was conveniently held in the jacket using
photocurable adhesive. The sapphire pin was recessed in the jacket to allow easy
alignment of the liquid light guide coming from the UV light source. Sapphire was used
as light guide because of excellent optical properties, tensile strength, and hardness. The
sapphire pin and the jacket assembly will be referred to as the chassis in the rest of the
document. The components are shown in Figure 4-1.

steel anvil
sapphire pin
stainless steel
housing

Figure 4-1: Coupon Components: Anvil (Left) and Chassis (Right)
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To proceed with assembly, the anvil was placed in a vee block. The vee block
was used to align the central axis of the anvil and chassis so that the substrate faces were
perfectly parallel. The vee block and anvil were either sitting on a table in open air for
dry assembly or submerged in a room temperature (unless stated otherwise) salt bath for
wet assembly. Figure 4-2 shows the anvil ready for dry assembly (left) and wet assembly
(right). Uncured adhesive was dispensed on the sapphire pin of the chassis in open air
regardless of wet or dry assembly intent (see Figure 4-3). The chassis with uncured
adhesive was placed in the vee block and aligned with the anvil (see Figure 4-4). With
wet assembly, the chassis with uncured adhesive was plunged underwater, aligned in the
vee block, and immediately cured (see Figure 4-5).

vee block

anvil

vee block
anvil

Ready for Dry Assembly

Ready for Wet Assembly

Figure 4-2: Anvil Aligned in Vee Block: In Open Air for Dry Assembly
(Left) and Submerged in 70 F Saltwater for Wet Assembly (Right)
There was one more difference between wet and dry assembly; a 0.0025” gap
thickness (bondline) was maintained for dry assembly, and the bondline was negligible
for wet assembly, as the chassis and anvil were completely pressed together. The reasons
for this were determined by preliminary experiments that are omitted from this section
but will be briefly explained. For dry assembly, when the chassis and anvil were fully
pushed together adhesive was squeezed out of the interface. This may have starved the
joint of adhesive. Also, it was impossible for the user to apply the exact same amount of
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uncured adhesive applied on sapphire pin

Figure 4-3: Chassis with Uncured Adhesive Applied to Dry Sapphire Pin

Figure 4-4: Process of Test Coupon Dry Assembly
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light guide

Figure 4-5: Underwater (Wet) Assembly

pressure every time resulting in varying bondlines. It was suspected that bondline
thickness affected the tensile strength of the joint because of the viscoelastic properties of
the cured adhesive. For wet assembly, a zero bondline was found to be superior. By
pushing the anvil and chassis completely together, the adhesive wetted the substrate more
effectively. As mentioned, the bondline thickness was suspected to affect axial load
strength, therefore the dry assembled joints were inherently stronger than wet assembled
joints. Also, the increased bondline of cured dry assembled joints increases the contact
area with water when submerged. This will increase water absorption and the ease of
water to ingress along the interfaces. Fortunately, these theories would negate each other
to some extent.
Next the liquid light guide is inserted in the chassis and then UV light from the
metal halide spot lamp is applied for 60 seconds. It was determined from previous
investigations by Demeter et al. that the critical irradiance of CTECH 14-90-2 is 9.5
W/cm2 [12]. Using the radiometers described in Section 3.1, the output at the light guide
of the spot lamp averaged approximately 19 W/cm2 at max power. Both the critical
irradiance value and the spot lamp output include the UV and visible blue portions of the
spectrum. There were losses due to scattering of light at the interfaces and attenuation
losses as the light passed through the adhesive and the sapphire. Since the output of light
was 10 W/cm2 greater than the critical irradiance of the adhesive, it was assumed that
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more than enough light was reaching the adhesive substrate interface. The
photopolymerization of the adhesive joint is shown in Figure 4-6. The assembled coupon
is shown in Figure 4-7.

UV light escaping
from bondline

Figure 4-6: Adhesive Undergoing Photopolymerization

Figure 4-7: Completed Coupon
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The coupon now underwent the prescribed experimentation such as temperature
excursion, submersion in a temperature controlled saltwater bath, or immediate testing of
axial load strength (quick pull). After being subjected to the prescribed experimental
conditions, the coupons were mounted into a retrofitted test vise and destroyed. This was
known as “pulling.” A retrofitted vise, developed previously at Penn State, was used to
deliver the tensile load required to destroy the adhesive joint. Swivel cups were used to
lock out all degrees of freedom except for the purely uniaxial load. Pins were used to
couple both ends of the coupon to the swivel cups. Two Kistler 9251 piezo-electric,
three component force transducers provided an electronic signal that was proportional to
force exerted when the joint was being pulled. Because of the uniaxial arrangement, only
the Z-axis of the transducer was subjected to forces and the transducer was calibrated to
measure up to 5000N. The vise is shown in Figure 4-8.
The operator provided the power necessary to destroy the joint, and because of the
large mechanical advantage associated with a lead screw, it was fairly easy to destroy a
2000N adhesive joint. It was suspected that the rate that user turned to lead screw of the
vise would affect the maximum tensile force that was recorded. It was determined that
this was true, and the force required to destroy the adhesive joint was strain rate sensitive.
An ad-hoc experiment was performed to test the viscoelastic properties of the adhesive.
First, several coupons were destroyed by applying a slow rate of tensile force. This was
performed by operator “feel”. Several coupons were destroyed by applying a very fast
tensile force. It was observed that the recorded maximum axial load strengths were much
higher for the latter. This was due to viscoelastic properties of the adhesive. Although a
formal experiment and statistical analysis was not performed, the ad-hoc experiment led
to the practice of applying constant and equal strain rates for all experiments.

63

Figure 4-8: Retrofitted Vise with Assembled Coupon Loaded

The remainder of the tensile force testing system was developed for
characterization of LAAG joints at Penn State. The output from the transducers was fed
into a Kistler 5010 charge amplifier that boosted the very low signal generated by the
piezo-electric sensors. The analog to digital interface between the amplified signal and
the PC was a SIGLAB 20-42 data acquisition unit. SIGLAB data acquisition software
was used to analyze and display the force. To test the coupon, the operator constantly
increased the force applied to the adhesive joint. The software analyzed the applied force
for the entire event (about eight seconds), and the maximum force was outputted as the
axial load strength. The maximum force occurred slightly before the moment the coupon
was destroyed. The entire tensile force testing system is shown in Figure 4-9
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Figure 4-9: Entire Testing System Showing Retrofitted Vise, Kistler Signal
Amplifier, SIGLAB PC-Interface, and DYMAX Curing Spot Lamp [5]

4.2 Evaluation of the Axial Load Strength of Dry Assembled Coupons
To provide for the foundation of implementing CTECH 14-90-2 for underwater
use, first the dry assembled properties were explored. It was suspected that oxides, biofouling, and any other foreign material will inhibit a strong adhesion. For this
experimentation, it was assumed that the substrate was prepared to a smooth (grinding) or
rough (bead-blasted) topography. In both cases, any oxides, bio-fouling, paint, or any
other foreign materials were stripped away leaving a metallic surface. Also, the thermal
characteristics of the cured adhesive were explored using dry assembled coupons. This
included the strength of the adhesive at various temperatures and thermal excursions,
where the joint is subjected to extreme temperatures and allowed to return to a base
(room) temperature.
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4.2.1 Impact of Substrate Surface Topography
By the theory of mechanical interlocking, a rougher surface should result in better
adhesion. The fact that the smooth surface was more lustrous and reflected more light
back into the adhesive may counteract the mechanical interlocking theory. This was
unlikely because the critical irradiance value was achieved for all experiments. Also, the
weak boundary layer theory predicted that the rougher substrate will provide less
adhesion. The objective of this investigation was to determine if substrate topography
affects the dry assembled axial load strength.
Sample coupons were dry assembled at room temperature (70 F) using mild steel
substrates with rough (bead-blasted) and smooth (ground) surfaces. Dark polymerization
was accounted for and then the coupons were immediately destroyed at room temperaure.
A comparison of means was conducted to determine if there was a statistical difference
when bonding to a rough or smooth substrate. The metric of interest was axial load
strength and the failure mode by observation.

4.2.2 Impact of Adhesive Temperature at Test
A model for a typical structural adhesive is brittleness far below glass transition
temperature (Tg), elastic and then more viscoelastic behavior approaching and around T g,
and then viscous flow or degradation depending whether it behaves as a thermoplastic or
thermoset. The photocurable adhesive tested exhibited some properties of a thermoset
plastic when cured, whereas it did not revert back to viscous flow when heated past the
Tg. The goal of this experiment was to examine the cured adhesive’s sensitivity to
various temperatures.
The coupons were dry assembled at room temperature (70 F). Ground mild steel
anvils were used in all cases. The temperature response at five temperatures varying
from freezing temperature (< 0 F) to a very hot temperature (>100 F) was investigated.
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The prepared coupon was allowed to thermally soak to the desired temperature. The
coupon was then insulated until it was destroyed and the axial load strength was
recorded. It was important that the coupon be destroyed at the same temperature that it
was allowed to thermally soak to. The metric of interest was axial load strength and the
failure mode by observation.

4.2.3 Impact of Adhesive Temperature Excursion Prior to Testing at 70 F
A second investigation of temperature sensitivity was performed to study the
impact of hot and cold thermal excursions. The difference from the previously discussed
temperature investigation was that the coupons were allowed to return to room
temperature before being destroyed and measuring axial load strength. Basically, the
assembled coupons were allowed to thermally soak at the tested excursion temperature
and then allowed to return to a base (room) temperature where they were destroyed. The
goal of this experimentation was to determine if there were non-recoverable effects to
dynamic modulus, and the testing also shed some light on the affects of thermal cycling.
The metrics in both cases were again the axial load strength, failure mode by observation,
and interestingly, sound by observation became an indication to the changes in Young’s
modulus. Both cases also employed ground mild steel as the substrate, and dry assembly
was done at room temperature (70 F).

4.3 Evaluation of the Axial Load Strength of Wet Assembled Coupons Tested
Immediately After Assembly

Now that the ability to bond to smooth or rough substrates and the cured
adhesives sensitivity to temperature have been examined, the ability to adhere to a
submerged substrate must be evaluated. This included smooth and rough submerged
mild steel substrates. It was also suspected that if uncured adhesive was exposed to
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saltwater, the outer skin would react with the saltwater and inhibit the ability to adhere.
This theory was evaluated at various exposure times and various saltwater temperatures.

4.3.1 Impact of Substrate Surface Topography
The experiments described here and in 4.3.2 used wet assembled coupons, so the
anvil was submerged in room temperature (70 F) saltwater when assembled. By the
theory of mechanical interlocking, a rougher surface should result in better adhesion.
This may not apply when the adhesive joints are wet assembled as water can be
entrapped in surface irregularities and also wettability becomes an issue. The goal of this
experiment was to determine if water entrapment due to wet assembly affects adhesion to
either ground or bead-blasted substrates.
Samples were prepared adhering to mild steel substrates with rough (beadblasted) and smooth (ground) surfaces. The adhesive was applied to the chassis above
water. The chassis with uncured adhesive was plunged into the room temperature
saltwater bath and then immediately pressed up to the anvil. The coupons were
immediately pulled at room temperature. Dark polymerization was accounted for.

4.3.2 Impact of Prolonged Submersion of Uncured Adhesive Prior to Cure
It was suspected that water reacts with uncured adhesive causing a reduction in
the axial load strength of the adhesive joint. An experiment was performed to investigate
if water reacts with uncured adhesive. The uncured adhesive was applied above water to
the chassis and then exposed to various temperature saltwater baths for different
durations. The coupon was then wet assembled in the same temperature saltwater bath.
The coupons were allowed to return to room temperature before being destroyed.
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4.4 Evaluation of the Axial Load Strength of Coupons Tested After Prolonged
Submersion in a Temperature Controlled Saltwater Bath

In all previous experiments, the coupon was tested immediately after assembly.
Now the assembled coupons were submerged in a temperature controlled saltwater bath.
Due to water absorption, NaCl corrosion, and water ingress along interfaces (hydrolysis),
submerged adhesive joints systematically weakened when they were submerged in
saltwater. It was suspected through scouting experiments and literature that water
temperature, assembly methods, and exposure time were the main factors affecting the
rate of hydrolysis. Hydrolysis was found to be the main cause of strength degradation.
This experiment was designed to test how varying these factors affect the rate of
hydrolysis and joint strength deterioration.
Coupons were either wet or dry assembled at room temperature using smooth
steel anvils. They were then stored in a saltwater bath at the appropriate testing
temperature for the planned submersion duration. The tested saltwater temperatures were
cold ( 38 F), room ( 70 F), and hot ( 96 F). After the time duration was expired, the
coupons were removed and destroyed at room temperature. The coupons were allowed to
thermally soak to room temperature so that the temperature sensitive properties of the
adhesive did not mask the residual strengths. The metrics were the residual axial load
strength and the de-lamination at the interface due to hydrolysis which was observation
based.

4.5 Evaluation of the Techniques to Improve Hydrolysis Resistance of Coupons
Utilizing CTECH 14-90-2

Now that the factors have been determined that affect the systematic decay of
adhesive strength due to hydrolysis, several methods were employed to reduce the rate of
hydrolysis. Based on the previous experimentation, the worst case environmental
conditions were found and tested. The coupons were wet or dry assembled and then
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submerged in the temperature controlled bath for the planned time duration. After the
time duration was expired the coupons were destroyed and residual axial load strength
was recorded along with the failure mode. Based on the previous experimentation and
expert advice from CTECH it was determined that a silane primer or reformulation of
CTECH 14-90-2 may inhibit hydrolysis.

4.5.1 Impact of Using Silane Primer
CTECH

8204 Silane Primer was employed in attempt to reduce the

encroachment of hydrolysis at the adhesive-ground metal substrate interface and/or at the
adhesive-chassis interface. Silane has been proven as a successful chemical to make a
substrate hydrophobic, and it also improves adhesion. Typical adhesion promoters are aminopropyltriethoxysilane and alcoxy-class silanes. [60] The idea is reasonable because
alkoxy silanes possess both organic and inorganic properties that enable them to react
with polymer and mineral components (mild steel substrate), forming durable covalent
bonds across the interface.
The chassis and ground anvil surfaces were coated with the silane primer and
allowed. The coupons were dry or wet assembled at room temperature. The coupons
were then submerged in a hot temperature saltwater bath. After the prescribed duration
expired, the residual strengths were tested.

4.5.2 Impact of Reformulating CTECH 14-90-2
In all experimentation up to this point, CTECH 14-90-2 adhesive has been
used. Hydrolysis was due to water ingress and breakdown of the adhesive/adherend
bonds. The chemical composition was known to affect adhesion in all of the adhesion
theories and in practice. The composition of CTECH 14-90-2 was reformulated with
regards to five chemical components to determine the impact on hydrolysis. A fractional
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experimental design was employed to reduce the combinations that were needed to be
formulated by CTECH and ANOVA was used to analyze the data. CTECH was kind
enough to provide expert advice and formulate sixteen test adhesives. Two experiments
were performed using the test adhesives. The first gave insight to what chemical factors
affect the strength of dry assembled and immediate destroyed coupons. The second
experiment focused on what chemical factors affect the rate of hydrolysis in a hot
saltwater bath for twelve days.

4.6 Extended Evaluation of Reformulated Adhesives
The chemical reformulation gave great insight on the chemical components’
impact on hydrolysis. It also presented an adhesive (CTECH #3) that resisted
hydrolysis better than any other tested adhesive. To begin to do a thorough evaluation of
CTECH #3 several additional experiments were performed. This included the ability to
be wet assembled and the evaluation of stability in room and cold temperature saltwater
baths. Also, long duration submersion for twenty four and forty eight days was tested.
A secondary experiment was performed on the chemically opposite formulation
of CTECH #3. CTECH #8 was further tested as a candidate to be used if hydrolysis
was desirable. CTECH #8 may be applicable for LAAG manufacturing systems for
parts where residual adhesive is difficult to remove. Lastly, for both CTECH #3 and
CTECH #8 the temperature sensitivity of dry assembled joint strength was also
investigated.

4.6.1 Extended Evaluation of CTECH #3

To strengthen the possibility of use of CTECH #3 as an underwater structural
adhesive, several additional experiments were performed. The ability of the adhesive to
bond to submerged substrates was evaluated. Most importantly long duration submersion
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experiments were performed in cold, room, and hot temperature saltwater. Since
CTECH #3 was the best tested adhesive when bonding to steel, the adherence to acrylic
will also be examined.

4.6.1.1 Extended Submersion and Wet Assembly Experiments
CTECH #3 was tested for long durations (24 and 48 days) in cold, room, and hot
temperature saltwater baths. The coupons were dry assembled to ground steel substrates
in these experiments. Wet assembled coupons were also stored for 12 days in hot
temperature saltwater. In all experiments involving submersion, the coupons were
allowed to thermally soak to room temperature after submersion in attempt to negate the
temperature sensitivity of the adhesive.

4.6.1.2 Evaluation of Acrylic Substrates and Light Guide Pins
It was suspected that the substrate material affects the hydrolysis rate. Also, it
was desired to understand whether adhesion to clear plastic materials would be adequate.
Poly (methyl methacrylate) (PMMA) was used as a substrate and light-guide pin
material. PMMA is commonly known as “plexi-glass” or “acrylic glass” and is used
commonly for plastic optical fibers, compact discs, and LEDs. The pins and anvils were
milled on a CNC machine to the desired shape. The PMMA pins were assembled into
the stainless steel housing just as the sapphire pins were to create the chassis. The
coupons consisted of the chassis with the PMMA pin and a PMMA anvil.

4.6.2 Extended Evaluation of CTECH #8
With regard to the chemical components that affected the rate of hydrolysis,
CTECH #8 was the chemical opposite of CTECH #3. It was suspected that CTECH
#8 will hydrolyze very rapidly. To test this, CTECH #8 was dry assembled to ground
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steel substrates and submerged in hot temperature saltwater. Time durations were 12, 24,
and 48 hours.

4.6.3 Extended Evaluation of Impact of CTECH #3 and CTECH #8 Adhesive
Temperature at Test

The methods here are identical to 4.2.2, except CTECH #3 and CTECH #8 are
used.

73
Chapter 5
EVALUATION OF THE AXIAL LOAD STRENGTH
OF DRY ASSEMBLED COUPONS

The mechanical properties and the physical capabilities of CTECH 14-90-2 in
dry conditions will partially dictate how well the adhesive will perform in underwater
conditions and over a broad spectrum of temperatures. Engineered materials are subject
to constant thermal cycling. Polymers are especially sensitive to temperature changes,
and their mechanical properties will be changed. At low temperatures, polymers behave
as a very brittle material, and as temperature increases toward the glass transition
temperature they behave as a viscoelastic material. The temperature sensitivity and the
response to temperature excursions of the adhesive will be characterized. The
experimentation is limited to dry assembly and dry storage.
An adhesive must be robust enough to adequately adhere to common engineered
materials with a variety of surface finishes. This chapter will also focus on the adhesion
to smooth (ground) and rough (bead blasted) steel substrates. It is known that loose
oxides, black oxides, chemicals such as grease, and any other foreign material will inhibit
adequate adhesion. The experiments that follow assume an alcohol cleaned surface.

5.1 Characterization of the Impact of Substrate Surface Topography on the Axial
Load Strength of Dry Assembled Coupons

This experiment was carried out to discover how bonding to smooth (ground) and
rough (bead blasted) steel substrates will affect the maximum tensile axial load strength
of a CTECH 14-90-2 adhesive joint. By the theory of mechanical interlocking, a
rougher surface should result in better adhesion, this would be especially true for pure
shear loading. The fact that the smooth surface is more lustrous and can reflect more
light back into the adhesive may counteract the mechanical interlocking theory. Also,
the weak boundary layer theory would predict that the rougher substrate will provide less
adhesion.
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5.1.1 Methodology
Twenty-five sample coupons were dry assembled using mild steel anvils
(substrates) with rough (bead blasted) and smooth (ground) surfaces. The coupons were
assembled at approximately room temperature (~70º F) and a 0.0025” bondline was
enforced with a feeler gage. Fifteen coupons were prepared using the bead blasted anvils
and ten coupons were prepared with the ground anvils. The roughness for the ground
samples was 0.2 μm (Ra), measured by a profileometer, and it was 3.1 μm (Ra) for the
rough samples. It must be noted that bead blasting leaves random depressions in the
surface, which is different from lay left by sanding or grinding. Dark polymerization was
accounted for by allowing the coupons sit for three minutes after photocuring at full
power (19 W/cm2) for sixty seconds. The coupons were immediately destroyed at room
temperature (70º F), and the maximum axial load strength was recorded.

5.1.2 Results
The results are summarized in the box plot of Figure 5-1. The major observation
was that the ground sample appeared to have an estimated 100N greater mean and it
appeared to have slightly more variation. Both observations were surprising, since by
mechanical interlocking theory the bead blasted samples had more surface area to adhere
and “hook” to. Also, it was suspected that the bead blasted surface resulted in more
variable fracture due to surface irregularities. The observations were proven to be false at
a 95% confidence level by statistical comparison of means and variance. The statistical
results (see Appendix) concluded that the samples came from populations with equal
variances (F-test p-value of 0.126). By the comparison of means, it was concluded that
the samples came from populations with equal means (T-test p-value of 0.067). This
conclusion was borderline, and it is likely that more replicates would prove that adhesion
to a ground surface is slightly better. It may be concluded that the reflective ground
surface allowed for any unabsorbed light to be reflected back into the adhesive resulting
in more polymerization. This was unlikely, because in both cases the critical irradiance
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was achieved resulting in maximum rates of polymerization. Nevertheless, it was
concluded that adequate joint strengths can be achieved with dry assembly to a clean,
smooth or rough surface, and CTECH 14-90-2 adequately wetted the surface.
Figure 5-2 shows the anvil surfaces prior to assembly and after the coupons were
destroyed. Notice the residual adhesive on the anvils in the right side picture. There
appeared to be more de-lamination of cured adhesive from the bead-blasted anvils than
from the ground anvils in all cases. This resulted in the lower tested axial load strengths.

Dry Assy., Bead Blasted Vs. Ground Substrates
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Figure 5-1: Box Plots Showing the Effect of Anvil Surface Topography on
the Strength of Dry Assembled Adhesive Joints Tested at Room Temperature
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Figure 5-2: Smooth Ground and Rough Bead Blasted Substrates (Left) and
Destroyed Dry Assembled Joints with Cured Residual Adhesive on Smooth and
Rough Substrates (Right)

5.2 Characterization of the Impact of Adhesive Temperature on the Axial Load
Strength of Dry Assembled Coupons

Polymers are typically very sensitive to temperature and are modeled by the
standard viscoelastic model. As temperature increases the dynamic modulus decreases
and the viscosity decreases (for thermoplastics). To study the temperature sensitivity of
photocurable adhesives, the following experiment was performed. Coupons were dry
assembled to ground steel coupons using CTECH 14-90-2 adhesive at room temperature
(~70º F). They were subsequently stored for eight hours and tested at the following
temperatures: very cold (~0º F), cold (~38º F), hot (~96º F), and very hot (~120º F). All
attempts were made to thermally insulate the coupons until testing took place. Also, a
batch of coupons was prepared as a room temperature control to account for any dark
polymerization. The methodology used for these experiments is described next.
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5.2.1 Methodology
To execute this investigation, sixty coupons were dry assembled at 70º F using
ground steel anvils in combination with CTECH 14-90-2 adhesive. For each coupon,
the bondline was maintained at 0.0025 in. and the adhesive was photocured for sixty
seconds at full power (19 W/cm2). After assembly and three minutes allowed for dark
polymerization, each batch of coupons was placed into a dry, temperature controlled
environment and allowed to thermally soak for a period of eight hours.
Coupons tested at “hot” and “very hot” temperatures were placed in a heating
blanket with a variable thermostat. Coupons tested at “cold” temperatures were placed in
a refrigerator. Coupons tested at “very cold” temperatures were placed in a refrigerator
freezer. In all cases, a thermometer was placed along side the coupons to monitor
temperature. After each batch of coupons was allowed to thermally soak for eight hours,
individual coupons were removed from their storage environment, placed into a thick
fiberglass insulation sleeve, loaded into the axial load tester, and destroyed. Every
attempt was made to ensure that the adhesive’s temperature did not change until being
tested. For example, if the coupon was stored in a cold (38º F) temperature environment,
the coupon was thermally insulated so that it was destroyed at 38º F. A batch of ten
coupons was allowed to sit at 70º F for eight hours as well. This set served as a control
group. The purpose of using the control group was to measure the possible increase in
joint strength due to continued dark polymerization.

5.2.2 Results
It was determined by a test for equal variances that dark polymerization did not
increase the variation of the sample at a 95% confidence level. The comparison was
made with data from a three minute allowance and an eight hour allowance for dark
polymerization. The F-test p-value was 0.282. A comparison of means was performed
using the same data and assuming equal variances. Although a difference in means must
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be rejected at 95%, the decision was borderline with a T-test p-value was 0.079. The
average after an eight hour allowance for dark polymerization was 109N greater than the
average for a three minute allowance. The statistical results are shown in the Appendix.
The results of this investigation are presented in Figure 5-3. The box plots and
average strength derived for each sample is given. The box plots for each sample gives a
good indication of the sample’s variation. The box plot shows the data of the control
group at 70º F. The graphical presentation indicates that there is a strong inverse
relationship between the strength of the adhesive joints and temperature of the cured
adhesive joint. Using Minitab software, regression analysis was performed on the axial
load strength data with the temperature of the cured adhesive joint as a factor. An inverse
linear model was fitted with a R2 adjusted of 91.5%. The linear model represented the
data quite well and it was statistically proven that the tensile strength is very sensitive to
temperature. The Minitab output is in the Appendix. This data does confirm the
concept that the mechanical properties are sensitive to temperature. According to the
standard viscoelastic model, the strength of the adhesive is governed by changes in the
dynamic modulus, viscosity, and strain rate. From the ad-hoc experiment described in
Section 4.1, it was determined that the adhesive is definitely strain rate sensitive. This
can not be attributed to the results, because a constant rate was applied to the lever arm of
the vise in all experiments. Since the adhesive behaves as a thermoset when cured, the
viscosity remains the same at all temperatures. The temperature sensitivity must be
attributed to changes in the dynamic modulus.
The adhesive was very brittle when frozen, and this actually led to several
sapphire pins chipping or cracking. Also, a high pitch ringing was noticed after testing.
Fracture for the coupons that were less than room temperature (70º F) was sudden and
little elasticity was felt when testing. Figures 5-4 and 5-5 show destroyed coupons that
were tested at adhesive temperatures less than 70º F. The failure mode for all tested
temperatures was cohesive failure, but notice in Figures 5-4 and 5-5 that the residual
adhesive is crazed, meaning that there are random ridges of brittle fracture. Figures 5-6
and 5-7 show destroyed coupons that were tested at adhesive temperatures greater than
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70º F. Notice that the residual adhesive is fractured mainly at one layer. Also, more
elasticity could be felt when testing the coupons that were above room temperature.
These observations all indicate that the dynamic modulus was sensitive to temperature.
Statistical analysis was also performed regarding the variation of the data sets.
It can be seen from Figure 5-3 that the very cold data appears to have more variation than
the data from other temperatures. This was verified (see Appendix) by comparison of the
variance of the room temperature data by a F-test p-value of 0.009. This could be
attributed to the fact that the brittle and crazed fracture is more random than the uniform
cohesive fracture of the other tested temperatures.
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Figure 5-3: Box-Plots and Means of Samples Derived At Different Dry
Storage-Testing Temperatures
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Figure 5-4: Coupons Tested at Very Cold Temperature (0 ºF)

Figure 5-5: Coupons Tested at Cold Temperature (38 ºF)

Figure 5-6: Coupons Tested at Hot Temperature (96 ºF)
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Figure 5-7: Coupons Tested at Very Hot Temperature (120 ºF)

5.3 Characterization of the Impact of Temperature Excursion on the Axial Load
Strength of Dry Assembled Coupons

From the previous investigation, the sensitivity of CTECH 14-90-2 axial load
strength with respect to adhesive temperature was characterized. Now the samples will
be exposed to very hot (120 ºF) or very cold (0 ºF) temperatures and then cycled back to
room (70 ºF) temperature. For example, previously if a coupon was stored at a very cold
temperature, it was subsequently tested at the very cold temperature. In this experiment,
the coupon will be allowed to thermally soak back to a base (room) temperature. This is
termed as a thermal excursion. It is suspected that the mechanical properties may
undergo a non-recoverable change when exposed to a thermal excursion. The
methodology used for this investigation is described next.

5.3.1 Methodology
To execute this investigation, two batches of fifteen coupons were dry assembled
at 70º F using CTECH 14-90-2 adhesive and ground steel anvils. For each coupon, the
bondline was maintained at 0.0025”, and the adhesive was photocured at full power
(19 W/cm2) for sixty seconds. After assembly, each batch of coupons was placed in
either a refrigerator freezer to thermally soak at 0 ºF or a heating blank to thermally soak
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at 120 ºF. In both cases, the coupons were left in these environments for a period of eight
to ten hours to ensure proper thermal transfer. After this time period, the coupons were
removed from the extreme temperature environment and allowed to thermally soak to
room temperature for eight hours. The coupons then were destroyed and the axial load
strength was recorded. A batch of ten coupons was allowed to sit at 70º F for sixteen
hours as well. This set served as a control group. The purpose of using the control group
was to measure the possible increase in joint strength due to continued dark
polymerization.

5.3.2 Results
It was determined by a test for equal variances that dark polymerization did not
increase the variation of the sample at a 95% confidence level. The comparison was
made with data from an eight hour allowance and a sixteen hour allowance for dark
polymerization. The F-test p-value was 0.626. Since the variance was less for the
sixteen hour allowance than the eight hour allowance, the variance of the sixteen hour
allowance was concluded to be equal to the variance of the three minute allowance. A
comparison of means was performed using the data from the eight hour allowance and
the sixteen hour allowance and assuming equal variances. Although a difference in
means must be rejected at 95%, the decision was borderline with a T-test p-value was
0.081. The average after a sixteen hour allowance for dark polymerization was 116N
greater than the average for an eight hour allowance. When comparing the means of the
sixteen hour allowance and the three minute allowance, the T-test p-value was 0.000.
The sixteen hour allowance was an estimated 225N greater than the three minute
allowance. The statistical results are shown in the Appendix.
The results of this experiment indicate that there were permanent changes to the
mechanical properties of the adhesive after a temperature excursion. From the box plot
in Figure 5-8 it can be seen that the variation of the coupons that underwent thermal
excursions has been increased. This is verified by a comparison of variances. The
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variances of the hot and cold excursion data compared to the room control data
significantly differs at 95% confidence levels. The F-test p-values were 0.012 and
0.0000, respectively. The estimates of variance were doubled and tripled, respectively,
when compared to variance estimate of the room control data. The data of the cold
excursion is not statistically larger than that of the hot excursion, but with a F-test p-value
of 0.06, it is borderline. It was also statistically proven that the very hot excursion
sample is taken from a distribution with a higher mean (estimated at 231N) with respect
to the very cold excursion and the room control means. The means of the very cold
excursion and the room control were concluded to be equal. It is currently unknown why
this phenomenon occurs. From the data would be suspected that there were permanent
changes to the dynamic modulus and the changes were very random. But this cannot be
proven, especially with an experiment of this type. It is possible that there was some
source of systematic error, such as not enough time for the coupons to thermally soak
back to room temperature. It is also possible that thermal curing has taken place, but
unlikely. The most likely reason is some unknown interaction of the excursion with dark
polymerization.
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Figure 5-8: Box-plots of Samples Subject to Temperature Excursion
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Chapter 6
EVALUATION OF THE AXIAL LOAD STRENGTH OF WET ASSEMBLED
COUPONS TESTED IMMEDIATELY AFTER ASSEMBLY
In Chapter 5, the dry properties of CTECH 14-90-2 have been characterized.
This chapter focuses on adhesion to submerged steel substrates. It was suspected that
there may be an interaction between wet assembly and the topography of the substrate.
To evaluate this, coupons were prepared using smooth and rough substrates. It was also
suspected that if uncured adhesive was exposed to saltwater, it reacts, causing inadequate
adhesion. The reaction of uncured adhesive to saltwater was investigated for exposure
times of thirty seconds and sixty seconds in various temperature controlled saltwater
baths.

6.1 Characterization of the Impact of Substrate Surface Topography on the Axial
Load Strength of Wet Assembled Coupons
The feasibility of the use of CTECH 14-90-2 as an underwater structural
adhesive is partially dictated by the ability of the adhesive to wet the submerged
substrates. At best, the adhesive will be able to be dispensed underwater without any
intervention, otherwise for some applications water evacuation or surface grinding will be
necessary. For this experiment, the wettability of submerged smooth (ground) and rough
(bead blasted) substrates was evaluated. The roughness for the ground samples was 0.2
μm (Ra), measured by a profileometer, and it was 3.1 μm (Ra) for the rough samples. It
must be noted that bead blasting leaves random depressions in the surface, which is
different from lay left by sanding. It is suspected that water would not have a path to
escape in the depressions caused by bead blasting, resulting in the worst case surface
topography for water entrapment. If there is a path for the water to escape, which may be
the case depending on the grinding or sanding method, water entrapment may not be an
issue. The methodology of the experiment is presented next.
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6.1.1 Methodology
To execute this investigation, a total of twenty-five coupons were prepared under
wet assembly conditions. CTECH 14-90-2 adhesive was applied to the chassis above
water, and the anvil was in a saltwater bath maintained at room temperature (70 ºF). The
saltwater was created by adding aquarium sea salt to non-chlorinated fresh water. The
mixture was made at warm temperature (70 ºF) to within a specific gravity range of 1.020
and 1.023 as per the salt manufacturer’s specifications. The same mixture of saltwater
was applied to all of the following experiments. The chassis was plunged into the bath
and pressed completely against the anvil (zero bondline). Fifteen coupons used a beadblasted anvil and ten coupons used a ground anvil. After a sixty second cure at full
power (19 W/cm2), a time period of three minutes was allowed for any dark
polymerization to occur. The coupon was then assembled into the test vise and destroyed
to measure tensile strength of the adhesive. The joint’s axial load strength is defined as
the maximum force measured during the test.

6.1.2 Results
A box-plot of the strengths of wet assembled joints is shown in Figure 6-1.
Notice that the graphical representation clearly shows a difference in the means and
variances of the adhesive strength between the bead-blasted and ground substrates. The
statistical results in the Appendix confirmed the interpretations of the graphical
comparison. Although the statistical results showed that the variances of the tensile
strength when bonding to the two different substrates was equal at a 95% level of
significance, the decision was borderline (F-test p-value of 0.073) Also, the fact that wet
assembly to a bead-blasted substrate caused an increase in variance and an increased
probability of a defective joint could not be ignored. The difference in the means of the
tensile strengths is shown in Figure 6-1. The statistical results in the Appendix confirmed
that there was a significant reduction in tensile strength (T-test p-value of 0.073). When
bonding to a bead-blasted substrate, the estimated reduction in tensile strength was 677N.
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The adhesive bond of wet assembly with a bead-blasted surface proved to be less
than adequate. The failure mode was complete de-lamination of the adhesive from the
bead-blasted substrate. There were several cases of complete adhesive failure even
before the coupon was placed in the testing vise. This was due to very light loads applied
to the coupon when handling, removing from the vee block, or assembly into the vise.
Even with the most precious handling, these failures took place. The tensile strength was
recorded as 0 for these events. If the coupon could not survive very careful handing, it
was not unreasonable to assume that the actual measured force to destroy the bond would
be negligible.
The failure mode of wet assembly with a ground surface was cohesive failure of
the adhesive. This was indicative of adequate adhesion of the adhesive to the substrates.
It was suspected that the reason that bonding to bead blasted substrates was inferior to
that of ground surfaces was because of the inability of the adhesive to adequately wet the
surface. Basically, pockets of water, at the micro level, were trapped between adhesive
and the rough geometry of the anvil. This is shown in Figure 6-2. The roughness of the
bead-blasted anvil is exaggerated to illustrate how water was not forced out of the
bondline by the uncured adhesive, rather it was entrapped in low areas of the surface
topology. The small amounts of trapped water inhibited the ability of the adhesive to
bond to the substrate.
Figure 6-3 shows the effects of surface topography and assembly method on the
tensile strength of adhesive joints assembled at room temperature. It was clear that
adequate wetting occurs when dry assembled to smooth or rough substrates. The same
could not be said for wet assembly. Adequate adhesion was only possible if the substrate
was smooth and free of foreign material. If the surface is rough, intervention is needed.
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Wet Assy., Bead Blasted Vs. Ground Substrates
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Figure 6-1: Box Plots Showing the Effect of Anvil Surface Topography
on the Strength of Wet Assembled Adhesive Joints Tested at Room Temperature

Figure 6-2: Water Entrapment at the Adhesive-Anvil Interface During the
Wet Assembly of a Chassis to a Bead Blasted Anvil
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Figure 6-3: Box Plots Showing the Effect of Anvil Surface Topography and
Assembly Method on the Strength of Adhesive Joints Tested at Room Temperature

6.2 Characterization of the Impact of Prolonged Submersion of Uncured Adhesive
on the Axial Load Strength of Wet Assembled Coupons
It is suspected that uncured adhesive will react with water molecules causing a
reduction in the adhesive strength when cured. To test this theory uncured adhesive was
dispensed on the chassis and then allowed to soak in a temperature controlled bath for a
prescribed time. This tested the susceptibility of uncured adhesive to react with water
with respect to exposure time and temperature of the saltwater bath. All joints were
destroyed at room temperature so that the viscoelastic properties of the adhesive did not
mask the results of any tested factors. Also, to account for the wettability issues with
rough surfaces, only ground anvils were used.
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6.2.1 Methodology
To execute this investigation, a total of forty-eight coupons were prepared under
wet assembly conditions. Eight coupons were wet assembled for each of the six
combinations of controlled water temperature and time that the uncured adhesive was
exposed. The experiment was executed in random order. The anvil had a ground steel
surface, and CTECH 14-90-2 adhesive was used. The coupon assembly started with the
application of the adhesive in a sufficient quantity on the chassis. The chassis with
uncured adhesive was then submerged in the appropriate temperature controlled bath and
remained uncured for the designed time duration; thirty seconds or ninety seconds. This
allowed the uncured adhesive to be exposed to the temperature controlled water for the
prescribed time. To maintain the cold temperature bath, the water was refrigerated for
four hours and then packed in ice for the duration of the experiment. This ensured that
the water temperature remained at 38 ºF. For the room temperature bath, the water was
allowed to sit in a room temperature environment (70 ºF) for four hours. To maintain the
hot temperature bath, two underwater heaters were placed in the salt water bath. This
ensured that the water temperature remained 96 ºF.
After the exposure time expired, the coupons were photocured for sixty seconds at
full power (19 W/cm2). After the coupon was assembled, it was allowed to return room
temperature. This was done so that the desired effects were not masked by the adhesive’s
ability to change mechanical properties with temperature change. The uncured adhesive
began thermally soaking when exposed to the hot or cold temperature water. A period of
eight hours was used to ensure all adhesive joints were destroyed at room temperature.
The coupon was then assembled into the test vise and destroyed to measure axial load
strength of the adhesive.
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6.2.2 Results
It can be seen by the plot of means in Figure 6-4 that there is a noticeable
reduction in joint strength when the uncured adhesive is exposed to water for ninety
seconds, regardless of temperature. The statistical results in the Appendix verify this
trend. The increase in time that the uncured adhesive was exposed to the water caused a
significant decrease in the tensile strength. There was insufficient statistical evidence to
suggest that the temperature of the water and the interaction between temperature and
time exposed affected the strength of the cured adhesive joint. The individual
comparisons of means concluded that when exposing the uncured adhesive to hot water
for 90 seconds the tensile strength was reduced. All decisions were made at a 95%
confidence level.
In both Figures 6-4 and 6-5, a sample of wet assembled with no exposure time
(quick assembly) is shown for comparison. Notice the spread of data for the quick
assembly in Figure 6-5. It can be seen graphically that the spread of data for room
temperature, thirty seconds and ninety seconds, and hot temperature thirty seconds
appears to much greater than the spread for quick assembly. This was also verified by
the tests for equal variance in the Appendix. It was noticed that an opaque film
developed on the skin of the uncured adhesive. By introducing the factors of time
exposed and temperature, this increased the variation of data and increased the
probability of unsatisfactory joints. Surprisingly the variance of hot temperature, ninety
seconds exposure time was not increased.
By exposing uncured adhesive to water, it was observed that the failure mode was
not similar to adhesive failure of the quick assembly joints. The failure modes were
much more random within groups. For example, many samples showed signs of delamination at the adhesive and anvil interface. There were many instances of random
areas on the chassis and anvil with no residual cured adhesive. This can best be
explained by a cohesive failure with “pockets” of area with no adhesive. This can be
seen in Figures 6-6 and 6-7. Notice that there are areas on the sapphire where there was
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no residual cured adhesive. In many cases, there was a corresponding area on the anvil
with the same geometry and location with no cured adhesive residue. These patterns
were random and were not present on every destroyed coupon. They were common for
room and hot temperature assemblies with ninety second exposure times.

Figure 6-4: Average Strengths of Samples Derived Using Different Saltwater
Exposure Times and Different Water Temperatures
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Boxplot of Varying Water Temperature and Time Uncured Adhesive is Exposed
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Figure 6-5: Box-plots of Samples Derived Using Different Saltwater Exposure
Times and Different Water Temperatures

Pockets with no Adhesive

Figure 6-6: Pockets with No Adhesive for Coupon with Uncured Adhesive
Exposed in Room Temperature Water for 30 Seconds
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Pockets with no Adhesive

Figure 6-7: Pockets with No Adhesive for Coupon with Uncured Adhesive
Exposed to Hot Temperature Water for 90 Seconds
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Chapter 7
EVALUATION OF THE AXIAL LOAD STRENGTH OF
COUPONS TESTED AFTER PROLONGED SUBMERSION IN A
TEMPERATURE CONTROLLED SALTWATER BATH

To investigate the effects of underwater aging of adhesive joints the following
experiment was performed. It is suspected that temperature has a direct role in the
degradation of an adhesive joint. To investigate this theory, coupons were stored in
saltwater baths that were maintained at room (70 ºF) and warm (96 ºF) temperatures. It is
also suspected that there is a systematic decrease in strength with respect to time. To
investigate this, prescribed submersion durations of three days, six days, twelve days,
twenty-four days, and forty-eight days were tested. In addition, twenty-four day and
forty-eight day submersion experiments were executed in cold (38 ºF) saltwater. Other
than the inherent reduction of strength when wet assembled, it is unknown how assembly
method will impact the aging of the adhesive joints, therefore wet and dry assembly
methods will be implemented. The methodology used in this investigation is discussed
next.

7. 1 Methodology
To execute this investigation, five coupons were prepared for each combination of
time duration, environmental conditions, and assembly method to be tested. The coupons
were bonded using CTECH 14-90-2 adhesive under wet or dry conditions at room
temperature (~70 ºF). For this set of experiments the test surface of the anvil was ground
to a smooth finish. This anvil was used for both wet and dry assembly methods. For dry
assembly the bondline was controlled at approximately 0.0025”. This gap thickness
eliminates some variation when compared to surface-to-surface contact. This was
discovered by preliminary experiments, along with the fact that if 0.0025” bondline is
controlled with wet assembly, the results are undesirable. For wet assembly, the bondline
was controlled only by applying appropriate force to obtain surface-to-surface contact

95
between the chassis and anvil. This is possibly due to more probability of water pockets
being trapped in the adhesive and anvil interface. For the underwater assembly that is
being attempted, the uncured adhesive must be plunged in the water to assemble. To
reduce any affect of water exposure on the uncured adhesive, the chassis with uncured
adhesive is plunged into the bath and immediately pressed together with the anvil. After
they are pressed together, the end of the light guide is inserted to the chassis. All
coupons that are wet assembled are done in a saltwater chamber at warm temperature
(~70 ºF). It is suspected that salt does not contribute to hydrolysis. The combination of a
liquid media and temperature are the suspected causes of hydrolysis, nevertheless, the
saltwater solution is used in all experiments so that realistic environmental conditions are
maintained. Light is then transmitted through the adhesive for a duration of sixty
seconds. To reiterate, all steps with uncured adhesive in water were completed in a
timely fashion to reduce any effects of water reaction. The coupon is then allowed to sit
for another three minutes in order to allow any residual dark polymerization to be
completed if the coupon is intended for immediate testing. The coupon was then
submerged in saltwater maintained at the appropriate environmental temperature. The
coupon remained in a static state with no applied loads for the appropriate time duration.
After the time duration was expired, the coupon is carefully removed from the
submersion tank and allowed to thermally soak to room temperature. This was done so
that the possible tensile strength reduction due to hydrolysis is not masked by the thermal
properties of the adhesive. The coupon is then assembled into the test vise and destroyed
to measure tensile strength of the adhesive.

7. 2 Results
Figure 7-1 shows the systematic degradation of joint strength with respect to
temperature, assembly method, and time submerged. The control means for wet and dry
assembly immediate pulls are also included on the graph. Notice that after only being
submerged three days the hot water storage, wet assembly mean has significantly
decreased when compared to the control wet assembly. After six days the hot water
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storage, dry assembly mean has significantly decreased when compared to the control dry
assembly. After twelve days there is no strength left in hot water storage joints. The
room storage, dry assembly mean has decreased significantly, but it still is sufficient to
handle loads, along with room temperature wet assembly. After twenty-four days room
temperature storage means are not sufficient to resist any loading. These observations are
verified by the statistical comparison of means summary in the Appendix (Table A-1).
The losses of strength could be partially caused by plasticization and water absorption,
but as will be discussed next, hydrolysis is clearly the main attributing cause.

Figure 7-1: Average Strengths of Samples Subject to Different Wet Storage
Temperatures, Assembly Type, and Immersion Durations

When hydrolysis occurs, as in Figures 7-2, 7-3, and 7-4, there is de-lamination at
the adhesive-chassis interface, adhesive-anvil interface, or both. It has been most
frequently observed at the adhesive-chassis interface. Partial hydrolysis is shown in
Figures 7-2 and 7-3. Partial hydrolysis leads to decreased strength, but not complete loss
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of strength. The adhesive delaminated completely from the sapphire pin in some cases
(see Figure 7-4). The complete hydrolysis results in total loss of strength. This usually is
in the form of an encroaching ring of adhesive failure (de-lamination) on the sapphire,
but patches of adhesive failure were also observed. What ever area the encroaching ring
of hydrolysis has not affected will result in cohesive failure. It must be reiterated that
complete hydrolysis may occur on the sapphire, but not on the steel anvil.

Hydrolysis Encroachment

Figure 7-2: Hydrolysis Encroachment for Chassis that were Dry Assembled
and Immersed Six Days in Hot Temperature (96 ºF) Saltwater

Hydrolysis Encroachment

Figure 7-3: Hydrolysis Encroachment for Chassis that were Dry Assembled
and Immersed Twelve Days in Room Temperature (70 ºF) Saltwater
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Hydrolysis can be best explained by the fact that chemical bonds shared by the
adhesive and the substrate are being progressively broken or robbed by water molecules.
It is known that increasing temperature is a catalyst for hydrolysis and all tested coupons
in room or hot saltwater will eventually succumb to hydrolysis. Wet assembly does not
appear to increase hydrolysis, other than the fact that wet assembled joints are inherently
weaker than dry assembled joints.

Figure 7-4: Hydrolysis Encroachment for Chassis that were Dry Assembled
and Immersed Forty-Eight Days in Room Temperature (70 ºF) Saltwater

Figure 7-5 shows the results for twenty-four day submersion in cold saltwater.
The joints were dry assembled. Notice that the mean is slightly greater than dry
assembled, immediate pulled joints. As can be seen, any coupons stored in room
temperature saltwater would be reduced to inadequate strengths. The same experiment
was performed for wet assembled joints and a forty-eight day submersion as shown in
Figure 7-6. Surprisingly, even wet assembled joints faced no strength loss after long term
cold saltwater submersion. The wet assembled joints are inherently weaker than the dry
assembled joints by approximately 400N. For the twenty-four day cold water samples,
cohesive failure of the CTECH 14-90-2 was the source of joint failure for each coupon.
All of the anvils and chassis were completely covered with residual adhesive as
illustrated in Figure 7-7. This indicates that if hydrolysis is occurring, its progression as
of twenty-four days is negligible. This absence of hydrolysis results in maintaining the
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original joint strength. The forty-eight day cold water samples had a failure mode very
similar to that which illustrated in Figure 7-7. There were some spots of adhesive failure
on the anvil which is typical for wet assembled joints. Otherwise, the failure mode was
cohesive failure.

Boxplot of Cold(38F, 24 Days) , Immediate Pull, Room(70F, 24 Days)
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Figure 7-5: Box-plots of Dry Assembled Samples Subject to 24 Day
Immersion in Cold Temperature and Room Temperature Saltwater
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Figure 7-6: Box-plots of Wet Assembled Samples Subject to 48 Day
Immersion in Cold Temperature and Room Temperature Saltwater

Figure 7-7: Anvils and Chassis that were Dry Assembled and Immersed
Twenty-Four Days in Cold (38 ºF) Salt Water Showing No Signs of Hydrolysis
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Chapter 8
EVALUATION OF THE TECHNIQUES TO IMPROVE THE HYDROLYIS
RESISTANCE OF COUPONS UTILIZING CTECH 14-90-2

8.1 Characterization of the Use of Silane Primer
CTECH has formulated a silane primer that can be coated on to a chassis with
the purpose of making the steel and sapphire surfaces hydrophobic, and possibly more
resistant to hydrolysis. Success could lead to a technique in which the exposed steel
surface of a marine object is primed and protected against hydrolysis. CTECH 8204
Silane Primer is intended for making a surface hydrophobic and promotes adhesion, but
here it will be used in attempt to reduce the encroachment of hydrolysis at the adhesiveground metal substrate interface and at the adhesive-chassis interface. Silane is a very
typical adhesion promoter but it is unknown whether or not it will inhibit hydrolysis. A
typical adhesion promoter is -aminopropyltriethoxysilane.
According to Witucki [60] alkoxy silanes possess both organic and inorganic
properties that enable them to react with polymer and mineral components, forming
durable covalent bonds across the interface. Alkoxy silane has two classes of moieties
attached to silicon atom, one is a nonhydrolyzable organic moiety that has hydrophobic
properties and the other, a methoxy moiety, is capable of reacting with hydroxy
functional polymers to improve coating integrity and adhesion [60].
Experiments have been performed using 2-ethylhexyl methacrylate (2-EHMA), 2hydroxyethyl methacrylate (2-HEMA), and ethyleneglycol dimethacrylate (EGDMA)
monomers and polybutadiene dimethacrylate and bis-phenol-A diacrylate resins bonded
to steel and glass. The 2-HEMA monomer and the polybutadiene dimethacrylate
combination lost no strength (12 MPa before and after) after being submerged in boiling
water for one hour. With the addition of -aminopropyltriethoxysilane adhesion
promoter to the previous combination, there was a 17% strength loss after one hour
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submersion in boiling water. The other combinations using bis-phenol-A diacrylate resin
and 2-EHMA or EGDMA monomers, with or without the silane adhesion promoter, had
strength reductions of 33% -100%. The reduction was due hydrolysis and it was shown
that the difunctional monomers and resins are inferior to the polar monomers [46, 48].

8.1.1 Methodology
CTECH 8204 Silane Primer is applied in a two-step process. First, a one ounce
spray bottle is filled to the shoulder with rubbing alcohol. Next, twenty drops of
CTECH 8204-1 Silane Adhesion Primer Concentrate is applied to the spray bottle filled
with rubbing alcohol. This 2% mixture is now referred to as CTECH 8204-2 Adhesion
Primer. The CTECH 8204-2 Adhesion Primer is now thoroughly shaken and allowed to
sit for forty-five minutes. Note that the shelf life of the CTECH 8204-2 Adhesion
Primer mixture is five days. Now the CTECH 8204-2 Adhesion Primer is ready to be
applied by wipe or spray.
For this experiment, the substrate was ground steel and the chassis was stainless
steel with a sapphire pin. The CTECH 8204-2 Adhesion Primer was sprayed onto the
ground metal anvil and the chassis as a light coating. The coating was allowed to dry for
twenty-four hours. A total of thirty sample coupons were prepared in this manner:
Fifteen sample coupons were prepared under traditional wet assembly methods and
fifteen were prepared under traditional dry assembly. Note that assembly methods were
done exactly the same as previous experiments: i.e. performed at room temperature,
cured for sixty seconds at max power (19 W/cm2), allowance for dark polymerization,
use of saltwater for wet assembly, etc. A total of ten sample coupons (five dry assembled
and five wet assembled) were immediately destroyed using the modified axial load tester
and the maximum tensile strength was recorded.
The remaining twenty coupons were split into groups (each group with five dry
assembled and five wet assembled) to be submerged in either room temperature (70°)
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saltwater or hot temperature (96°) saltwater for six days. The respective baths that the
sample coupons were submerged in were temperature controlled and the sample coupons
were subject to no external forces. After the time duration expired the sample coupons
were destroyed using the modified axial load vise and the maximum tensile strength was
recorded.

8.1.2 Results
The main findings of the experiment are summarized by Figure 8-1 which shows
the comparison of the current CTECH 14-90-2 formulation with use of CTECH 8204
Silane Primer and without the use. Notice first that immediately pulling the dry
assembled coupons with the application of the silane primer results in an equal strength
as without the use of the primer. This cannot be said for the wet assembled coupons
which average 290N higher. This indicates that the adhesion has been improved due the
increase of hydrophobic properties of the surfaces. The residual strengths after six days
of submersion in hot or room temperature saltwater and for wet assembly or dry assembly
show that the use of silane primer results in equal strength as without the use of the silane
primer. This indicates that silane primer does not have an effect on hydrolysis.
When studying the destroyed coupons to understand the primary failure modes
some interesting results were observed. Hydrolysis can most clearly be seen on the
samples that were subject to hot temperature saltwater storage. The typical mechanism of
hydrolysis creates a ring of de-lamination that progresses to the center of the joint. This
can clearly be seen on the ground metal anvils and the chassis in Figures 8-2 and 8-3.
There is cohesive failure in the areas where hydrolysis has not occurred. The samples
that were subject to room temperature saltwater storage show little signs of hydrolysis
with is indicative of the higher strength than the samples subject to hot temperature
saltwater storage but still less strength than immediate pull.
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Plot of Mean Strengths for Current CTECH 14-90-2 Formulation With
Use of CTECH 8204 Silane Primer and Subject to Different Wet Storage
Temperatures and Assembly Types (n=5)
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Figure 8-1: Average Strengths of Samples with Use of Silane Primer Subject
to Different Wet Storage Temperatures and Immersion Durations

The observations of the wet assembly failure modes are very similar to that of dry
assembly. The ring with no adhesive for hot temperature saltwater storage is more
sporadic and not perfectly circular. This is probably due to not all water escaping the
bond-line during assembly. Figures 8-2 and 8-3 show the pockets where there is no
adhesive and the areas of hydrolysis.
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Hydrolysis Encroachment

Pockets with No Adhesive

Figure 8-2: Dry Assembled Samples with Use of Primer Subject to 6 Days
Hot Saltwater Submersion Showing Signs of Hydrolysis

Hydrolysis Encroachment

Pockets with No Adhesive

Figure 8-3: Wet Assembled Samples with Use of Primer Subject to 6 Days
Hot Saltwater Submersion Showing Signs of Hydrolysis
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8.2 Characterization of the Reformulation of CTECH 14-90-2

Now that the main factors that influence hydrolysis and the mechanism of
hydrolysis are known, an attempt can be made to alter the current CTECH 14-90-2
formulation to resist hydrolysis. Using the CTECH 14-90-2 formulation as a baseline
CTECH provided a table of the chemicals involved and the feasible High and Low
levels to run an experiment. Table 8-1 shows eight chemicals that are in CTECH
14-90-2, and the corresponding levels centered about the nominal 14-90-2 levels.
CTECH also mentioned that only five chemical components are believed to affect
hydrolysis: impact modifier, reinforcing agent, acid #1, acid #2, and acid #3. The exact
chemical details of these chemical components are intentionally forgone due to
proprietary reasons.
For a full factorial study, or a 25 design, with one replicate, thirty-two
combinations would have been needed to be formulated by CTECH . In order to keep
costs and time of the experiment to a minimum it was proposed that a 2 5-1 design be
implemented. This reduced the needed formulations to sixteen instead of thirty-two. The
major disadvantage of the one-half fractional design was that some factors or interactions
were masked or aliased, and also not all combinations were tested. The main factors
were aliased with the four-factor interactions and the two-factor interactions were aliased
with the three-factor interactions. This was adequate since no primary factors are aliased
together and no two-factor interactions were aliased together. It can be assumed that the
primary and the two-factor interactions were the main contributors to the sum of squares.
Table 8-2 shows the design table used by CTECH to create the sixteen chemical
formulations used in the experiment. This is shown in randomized order and coded units
meaning (+) symbol corresponds to the high level of the respective factor and a (–)
symbol corresponds to the low level of the respective factor.
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Table 8-1: Main Chemical Factors under Investigation and Proposed Levels
Levels (%)
Variable
Number

Variable

Low

Nominal

High

1

Impact Modifier = IM

0

7.7

12

2

Reinforcing Agent = RA

0

4

8

3

Acid #1 = MA

0

0.9

1.5

4

Acid #2 = AA

0

1.6

5

5

Acid #3 = PM

0

3.2

7

6

Silane

0

1.5

5

7a

RA Hydrophilic

-

4

-

7b

A Nonstructuring

-

10

-

Table 8-2: Design Table for 25-1 Experiment with Coded Design Variables
Factor
Adhesive
Formulat ion

IM

RA

Acid 1

Acid 2

Acid 3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
-

+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
-
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8.2.1 Methodology
The 16 chemical formulations from CTECH were used for two experiments: the
first characterized the immediate pull strength of each adhesive and the second
characterized the adhesives’ performance when submerged for twelve days in hot
temperature (96°F) saltwater. Both experiments used ground metal as the substrate to
bond to and were dry assembled.
For the immediate pull experiments, ten samples using each adhesive were dry
assembled in ordinary fashion. The ground metal anvil was aligned in the V-block, and
then the appropriate adhesive was dispensed on the chassis. The chassis was pushed in
the V-block until there was a 0.0025” gap (enforced by a feeler gage). The joint was
exposed to UV light for sixty seconds and it was allowed to undergo all dark
polymerization for three minutes. The coupon was then destroyed using the axial load
tester and the maximum tensile strength was recorded.
For the submerged samples, a total of six samples were dry assembled as
mentioned previously. The experiment was run in two blocks of three samples for each
adhesive due to a limited amount of ground anvils and chassis available. The following
statistical analysis does not account for the blocking because all experimental conditions
were exactly the same for both blocks. After the coupons were assembled, they were
submerged in a bath for twelve days. The bath was maintained at 96°F throughout the
duration of the experiment. The coupons were not subjected to any external forces.
After the time duration expired the coupons were allowed to return to room temperature
and then they were destroyed using the modified axial load vise and the maximum tensile
strength was recorded.
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8.2.2 Results
The immediate pull experiment gave some insight about the ability to assemble
with each adhesive and the adhesive’s strength. The adhesives had viscosities varying
from runny like water to very viscous to that of CTECH 14-90-2. The runny adhesives
would not be practical for wet assembly and are difficult to work with when dry
assembling. Figure 8-4 and Figure 8-5 shows the original data points and the means,
respectively, for the test adhesives when dry assembled and immediately pulled. Several
of the adhesives had strength equal to that of CTECH 14-90-2. As can be seen Figure
8-4, Test Adhesive #3 had the highest mean of all test adhesives.

Figure 8-4: Immediate Pull (Tensile) Strength for Test Adhesives Bonded to
Ground Metal Substrate under Dry Assembly Conditions
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Figure 8-5: Plot of Means of Immediate Pull (Tensile) Strength for Test
Adhesives Bonded to Ground Metal Substrate under Dry Assembly Conditions
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Figure 8-6: Main Effects Plot Showing the Effect of the Chemical Ingredients
on the Immediate Pull Mean Tensile Strength
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A statistical analysis was performed on the data from the sixteen test adhesives
when immediately pulled. The Minitab output can be seen in the Appendix. The results
conclude that the impact modifier and the reinforcing agent have the most profound
effect on the immediate pull tensile strength. The confidence levels (p-values) were
0.000 implying a strong significance. The acids #1, #2, and #3 also proved to be
significant with confidence levels of 0.016, 0.013, and 0.031, respectively. The impact of
the chemical components with respect to joint strength is shown in the main effects plot
in Figure 8-6. The impact modifier and the reinforcing agent clearly need to be at high
levels in the formulation to have sufficient immediate pull tensile strength. The main
effects plot also shows that acid #1 should be at a low level and acids #2 and #3 should
be at high levels for maximum results. The specific combination determined by statistics
that results in the maximum strength was left out by the fractional design. Several
interactions were significant and are displayed in Figure 8-7. The most significant
interactions show that the impact modifier and the reinforcing agent have to be high
levels for adequate results.
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Figure 8-7: Interaction Plot Showing the Effect of Several Second Order of
the Chemical Ingredients on the Immediate Pull Mean Tensile Strength
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Figure 8-8 and Figure 8-9 shows the original data points and the means,
respectively, for the test adhesives when dry assembled and stored for twelve days in hot
temperature salt water. Notice that Test Adhesive #3 again has the highest mean. The
mean of Test Adhesive #3 is approximately 700N greater than the mean of the current
CTECH 14-90-2 formulation under same test conditions. Table A-2 in the Appendix
gives a summary of the descriptive statistics for the test adhesives for immediate pull and
for twelve day submersion in hot temperature saltwater. Test Adhesive #3 has a standard
deviation of 181N when immediately pulled and a standard deviation of 171N when
pulled after twelve days of submersion in hot temperature saltwater. These values are
adequate and show no significant difference in variability when stored in hot temperature
saltwater.

Figure 8-8: Residual Pull (Tensile) Strength for Test Adhesives Bonded to
Ground Metal Substrate under Dry Assembly Conditions and Subject To 12 Day
Submersion under Hot Water Conditions
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Figure 8-9: Plot of Means of Residual Pull (Tensile) Strength for Test
Adhesives Bonded to Ground Metal Substrate under Dry Assembly Conditions and
Subject to 12 Day Submersion under Hot Water Conditions
A statistical analysis was performed on the data from the twelve day submersion
in hot temperature water and is shown in the Appendix. The results concluded that all
main factors (reinforcing agent, impact modifier, acids #1, #2, and #3) are significant
chemicals with respect to the strength of the adhesive joint after hot saltwater storage
with 90% confidence. Also, several interactions are significant to the residual strength.
Figure 8-10 shows the main effects plot of the various chemical ingredients with respect
to the residual tensile strength after submersion. Notice that acids #1 and acid #3 have
the most effect on the residual tensile strength. There is also a very strong interaction
between the acid #1 and acid #3. The interaction plot for several interactions is shown in
Figure 8-11.
For the best resistance to hydrolysis resulting in a higher residual tensile strength,
acid #1 and acid #3 should be set at low levels (or 0). The levels of the reinforcing agent
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and acid #2 should be set at high levels to best resist hydrolysis, or 8 and 5 respectively.
Also, the impact modifier should be set at low level (0). This specific formulation was
left out by the fractional design. Test Adhesive #3 has a formulation of reinforcing agent
at high level, impact modifier at high level, acid #1 at low level, acid #2 at high level, and
acid #3 at low level. This formulation proved to have the greatest resistance to
hydrolysis. There is evidence that by increasing acid #2 further beyond the current test
range the resistance to hydrolysis may be further improved. This is the most feasible
possibility for further improvement since acid #1 and #3 are already at the lowest
possible setting (0).

Figure 8-10: Main Effects Plot Showing the Effect of the Chemical
Ingredients on the Mean Tensile Strength After 12 Days Submersion in Hot
Temperature Water
The failure mode for Test Adhesive #3 is primarily cohesive failure with crazed
adhesive adhered to the anvil and the sapphire pin of the chassis. This can be seen in
Figure 8-12. Notice the patch of residual adhesive on the sapphire pin. In one case there
is ring of no adhesive around the edge of the sapphire pin. This indicates that Test
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Figure 8-11: Interaction Plot Showing the Effect of Several Interactions of
the Chemical Ingredients on the Mean Tensile Strength After 12 Days Submersion
in Hot Temperature Water

Hydrolysis Encroachment

Figure 8-12: Destroyed Samples Using Test Adhesive #3 and Submerged in
Hot Saltwater for 12 Days Showing Hydrolysis on One Sample
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Adhesive #3 does succumb to hydrolysis but at a stymied rate. Table A-3 in the
Appendix shows the dominate failure modes for the test adhesives when stored in hot
temperature salt water. The effect of hydrolysis can also proven by the fact that Test
Adhesive #3 averaged 1478N when immediately pulled and averaged over 500N less
when submerged in hot temperature salt water for twelve days. Even though hydrolysis
is still present when using Test Adhesive #3, the effect of hydrolysis has been reduced
enough to be considered for further evaluation.
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CHAPTER 9
EXTENDED EVALUATION OF REFORMULATED ADHESIVES
The experimental design from Chapter 8 led to valuable insight regarding to the
chemical factors’ impact on hydrolysis. More specifically, acid #1 and acid #3 have the
most significant effects on the rate of hydrolysis. By visual examination, hydrolysis
encroachment was minimized when acid #1 and acid #3 were absent from the
formulation, and the main factor plots and the AVOVA verified this. The results were
attributed to the belief that the acids cause saltwater molecules rob the chemical bonds at
the adhesive/steel and adhesive/sapphire interface.
Of the experimental combinations tested, CTECH Test Adhesive #3 had the best
ability to resist hydrolysis in hot (96 F) saltwater, and it had the highest average of dry
assembly strengths of the experimental combinations. It was apparent by visual
examination that CTECH Test Adhesive #3 is still susceptible to hydrolysis, but it does
resist the systematic deterioration caused by hot saltwater submersion better than any
tested experimental combination and CTECH 14-90-2. To better evaluate CTECH
Test Adhesive #3 as an underwater structural adhesive, several additional experiments
were conducted. This included extended submersion experiments for twenty-four and
forty-eight days, the ability to be wet assembled, and the ability to bond to polymer paint
and acrylic substrates. Acrylic pins were also evaluated as an alternative to sapphire pins.
The experimental design also gave insight at the opposite end of the chemical
spectrum: the boosting of acid #1 and acid #3 levels will cause an increase rate of
hydrolysis. This could lead to an LAAG adhesive line that has the ability to sprayed off
of finished parts. Several adhesives with the boosted levels of acid #1 and acid #3 were
tested ad-hoc and it was found that CTECH Test Adhesive #8 had the highest hydrolysis
rate and provided the highest initial dry assembly strength. This adhesive was tested for
twelve and twenty-four hour submersions, and CTECH 14-90-2 data for the same time
periods was used as a reference. Lastly, both CTECH Test Adhesive #8 and #3 were
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tested at various temperatures. This provides insight on the axial load strengths of the
adhesives when exposed to thermal changes.

9.1 Extended Evaluation of CTECH #3

Extended characterizations of CTECH Test Adhesive #3 are needed to evaluate
its use as an underwater structural adhesive. Most importantly, long duration submersion
experiments are needed to confirm the ability to resist hydrolysis. It is known that
CTECH Test Adhesive #3 is the best tested adhesive at twelve days of hot saltwater
submersion. There is sign of hydrolysis, resulting in a loss of strength at twelve days, but
from a practical standpoint, the joints are still capable of handling 900N of tensile force
on average. It is important to determine the amount of time before the adhesive becomes
inadequate. Submersion durations tested are twenty-four and forty-eight days in cold
(38°F), room (70°F), and hot (96°F) temperature saltwater. The ability to bond to
polymer paint and acrylic substrates will be investigated. Lastly, the adhesives ability to
be wet assembled will be tested.

9.1.1 Extended Submersion and Wet Assembly Experiments
To further characterize the CTECH Test Adhesive #3, it must be tested under
room temperature (70°) and cold (38°) temperature saltwater conditions for twelve days,
and long term durations with all temperatures must be investigated. It was apparent with
CTECH 14-90-2 that the temperature of the saltwater bath was a significant factor in the
rate of hydrolysis; more specifically, the rate of hydrolysis is increased as the temperature
increases. It was also clear that hydrolysis causes a systematic decrease in axial load
strength as chemical bonds are broken causing an encroaching de-lamination of the cured
adhesive from the substrate. By statistical comparison of means, hydrolysis caused a
significant reduction in CTECH 14-90-2 strength somewhere between three and six
days in hot saltwater. The de-lamination appeared mostly on the sapphire pin as
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CTECH 14-90-2 continued to adhere to the steel substrate until twelve days. At twelve
days of submersion in hot water, hydrolysis reduced the coupons to effectively zero
strength with some small, random patches of adhesion. For this reason, no further
submersion durations were tested in hot water. Since CTECH Test Adhesive #3 is
adequate for up to twelve days, longer durations (twenty-four and forty-eight days) were
tested. Also, cold and room temperature submersions will be evaluated.

9.1.1.1 Methodology
The method of assembly for the cold (38°), room (70°), and hot (96°) temperature
saltwater submersion experiments are identical to previous testing. All coupons were dry
assembled with CTECH Test Adhesive #3 and ground metal anvils were used. Six
coupons were placed in a room (70°) temperature saltwater bath and six coupons were
placed in a saltwater bath in the refrigerator that was maintained at 38°. The previous
experimental design provided data for hot (96°) temperature saltwater submersion for
twelve days. Six coupons were placed in cold (38°), room (70°), and hot (96°)
temperature saltwater bath for a prescribed twenty-four and forty-eight day duration. The
coupons were not subjected to any external forces. After the time duration expired, the
coupons were allowed to thermally soak to room temperature for twenty-four hours and
then they were destroyed using the modified axial load vise and the maximum tensile
strength was recorded.
A total of twelve coupons were wet assembled in a room temperature saltwater
bath. The wet assembly was performed in a timely fashion as to reduce the effects of the
uncured adhesive being exposed to saltwater. Six coupons were then immediately
destroyed using the modified axial load vise and the maximum tensile strength was
recorded. Time was given for all dark polymerization to occur. The other six coupons
were placed in a hot temperature (96°F) saltwater bath for twelve days. After twelve
days the coupons were allowed to thermally soak to room temperature for twenty-four
hours and then they were destroyed using the modified axial load vise and the maximum
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tensile strength was recorded. Time was given for all dark polymerization to occur in all
experiments.

9.1.1.2 Results
CTECH Test Adhesive #3 averaged a residual strength of 1236N under room
temperature storage for twelve days. This is 129N greater than the current CTECH
14-90-2 performance during the same experiment. When wet assembled and stored in
hot temperature salt water for twelve days, CTECH Test Adhesive #3 averaged a value
of 417N as the current formulation of CTECH 14-90-2 was effectively 0N. This data is
summarized in Figure 9-1. The twelve day hot (96°F) temperature submersion averages
are also included in the plot. The immediate pull strengths of CTECH 14-90-2 are
shown as a reference.

Figure 9-1: Average Strengths of CTECH Test Adhesive #3 and the
Current CTECH 14-90-2 Formulation Samples Subject to Different Wet Storage
Temperatures and Assembly Type
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Figure 9-1 also shows the average for wet assembled coupons stored for twelve
days in hot (96°) temperature saltwater, and Figure 9-2 shows the destroyed coupons.
Notice that there is de-lamination at the adhesive/anvil interface which is typical for wet
assembled joints. This is attributed to mainly to wet assembly and not hydrolysis. Notice
that there appears to be no hydrolysis at the adhesive/chassis interface.

Figure 9-2: Destroyed Wet Assembled Samples that were Stored for 12 Days

CTECH Test Adhesive #3 averaged a residual strength 1136N under cold (38°)
temperature saltwater storage for twelve days. There has been a noticeable decrease in
the mean strength of the adhesive in cold water conditions after twelve days. Although
there are only four samples because of difficulties with the sapphire pins pulling out, the
average is 427N less than the average of the current CTECH 14-90-2 formulation at
twenty-four days immersion in cold saltwater. With these results, it would be easy to say
that CTECH is inadequate in cold water at twelve days of submersion. The twenty-four
and forty-eight day experiments that follow will prove otherwise. Figure 9-3 shows the
results of twelve, twenty-four, and forty-eight day submersion.
The longer duration submersion testing of Adhesive #3 provided interesting
results. The first observation is that the mean axial load strengths are respectively 465N
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Figure 9-3: Long Duration Submersion Testing of CTECH Adhesive #3

and 236N greater for twenty-four and forty-eight day cold (38°) saltwater submersion
than for that of the twelve day submersion. It is extremely unlikely that the adhesive
joints have the ability to strengthen if submerged for more than twelve days in cold water.
Also, more than enough time was allowed for the joints to thermally soak to room
temperature, so it is extremely unlikely that the increase is due testing the joints at a
lower temperature. The more probable reasoning is that the data from the twelve day test
was not drawn from the true distribution due to some sort of error. The error could be
attributed to the fact that the sapphire pins pulled out of two chassis and that the for out of
six tested coupons were, by freak chance, exceptionally low values. On the middle two
samples, it appears that some adhesive has de-laminated off (adhesive failure) of the
ground metal anvil as shown in Figure 9-4. Otherwise, the failure mode is mainly
cohesive failure. For twenty-four and forty-eight days the usual trends are observed as
with CTECH 14-90-2. There is a systematic decrease with time and increased
temperature.
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Figure 9-4: Destroyed CTECH #3 Samples after 12 Days of Cold Saltwater
Submersion
Also, CTECH Test Adhesive #3 averaged slightly greater than the current
CTECH 14-90-2 formulation when wet assembled. The mean was 1092N, and recall
that the mean for CTECH 14-90-2 was 1014N.

9.1.2 Evaluation of Acrylic Substrates and Light Guide Pins

To further evaluate the use of test adhesive #3 as an underwater structural
adhesive, it was bonded to epoxy based Anti Corrosion Paint (ACP) coated substrates and
plexi-glass (PMMA) substrates. Also, the use of plexi-glass as a light guide was
evaluated. From previous experiments, it was seen that CTECH 14-90-2 has more
propensity to hydrolyze from the sapphire substrate than the steel substrate. In fact,
CTECH 14-90-2 is preferred as a LAAG adhesive when bonding to ferrous materials
[12]. It is possible that CTECH uses the three acids in the experimental designs as
adhesion promoters to “tune” adhesion to various substrates. Acid#1 and Acid#3 may
promote adhesion to steel but not to sapphire. It is suspected that by bonding to
polymeric substrates, better resistance to hydrolysis will occur due to diffusion theory.
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9.1.2.1 Methodology
Using plexi-glass rod, several anvils were fabricated for use in this experiment.
Several plexi-glass pins were machined from a block of plexi-glass and bonded into a
stainless steel housing. The design was the same as the previous chassis but instead of a
sapphire pin a plexi-glass pin was used. The coupon consisted of a chassis with a
sapphire pin and a plexi-glass anvil as shown in Figure 9-5. The coupon was dry
assembled using CTECH 14-90-2. The irradiance output had to be reduced to 50% for
reasons that will be discussed in the results section, but the cure time was ninety seconds
instead of sixty seconds. Ten samples were immediately pulled. Nine samples were
placed in a hot temperature (96°) saltwater bath for twelve days. After twelve days the
coupons were allowed to thermally soak to room temperature for twenty-four hours and
then they were destroyed using the modified axial load vise and the maximum tensile
strength was recorded.
Six coupons were dry assembled and the anvils were coated with ACP. The ACP
coated anvils were allowed to saturate with water prior to their use. The coupons were
placed in a hot temperature (96°F) saltwater bath for twelve days. After twelve days the
coupons were allowed to return to room temperature for twenty-four hours and then they
were destroyed using the modified axial load vise and the maximum tensile strength was
recorded.

9.1.2.2 Results
The use of plexi-glass as a light-guide had an initial flaw. If the UV light supply
was set at maximum output the plexi-glass would melt when exposed to the light. To
correct this, the output of the UV light supply was reduced to 50%. Even though the
output was reduced to 50% the plexi-glass was still melted in spots. This can be seen in
Figure 9-5. The spots and the reduction of output to 50% will cause a reduction of UV
light reaching the adhesive to cure it. It is suspected that the critical irradiance may not
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have been reached at the plexi-glass substrate. If true, the adhesive may not have been
fully polymerized. This would result in inherent low axial load strengths.
Figure 9-6 shows an interesting phenomenon that occurred when CTECH Test
Adhesive #3 was used in conjunction with the plexi-glass pin and anvil as an ad-hoc
experiment. For this, nine samples were stored in hot saltwater for approximately thirty
days. All failure modes were a result of de-lamination caused by hydrolysis from the
plexi-glass anvil. On the chassis side, the adhesive adhered more to the stainless steel
housing than the central plexi-glass pin. The adhesive easily peeled off of the plexi-glass
pin. This indicates that water can absorb through the adhesive and attack a central
substrate’s chemical bonds with the adhesive at the interface, but it will not interfere with
the chemical bonds of the surrounding substrates. This again reveals how the substrate is
a very significant factor with respect to hydrolysis. The same submersion experiment
was performed with CTECH Test Adhesive #3 for fifteen days of submersion.
Hydrolysis reduced the joint strengths to effectively zero as the adhesive de-laminated
from the plexi-glass substrates. Figure 9-7 shows breakage of the plexi-glass anvils.

Melted Area on Plexi-glass

Figure 9-5: Chassis With Plexi-glass Pin Showing Melting Due to UV Light
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Complete Hydrolysis
From Anvil

Hydrolysis On Plexi-glass
Pin But Not On Surrounding
Chassis

Figure 9-6: Hydrolysis of CTECH #3 from Plexi-glass Pin and Anvil

Chassis W/ Plexi-glass Pin

Broken Plexi-glass Anvil

Figure 9-7: Chassis With Plexi-glass Pin and Broken Plexi-glass Anvil
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Figure 9-8 shows several means that are related in attempt to provide comparative
observations with respect to substrate and adhesive. First notice that the dry assembly
means for immediate pull of both CTECH 14-90-2 and CTECH #3 are given as the
blue and red lines, respectively. Here the normal sapphire pin and metal anvils are used.
The dry assembly mean for immediate pull when the plexi-glass pin and anvils are used
along with CTECH 14-90-2 is given as the green line. Also for reference, the dry
assembly averages for 12 day hot (96°F) saltwater submersions for both CTECH
14-90-2 and CTECH #3 are shown as blue and red bars, respectively. Recall that
sapphire pins and steel anvils were used. Lastly, the green bar shows the mean for twelve
day hot (96°F) saltwater submersion for CTECH 14-90-2 when used in conjunction with
plexi-glass pins and anvils. Notice that the mean for immediate pull strength of the plexiglass anvils and pins with CTECH 14-90-2 (green line) is 597 N less than the mean for
the immediate pull strength with sapphire pins and steel anvils and CTECH 14-90-2
(blue line). The residual strength of the plexi-glass coupons with CTECH 14-90-2 is
235 N greater than the sapphire pin/ steel anvil coupons with CTECH 14-90-2 when
stored in hot water for twelve days. There were samples that showed complete hydrolysis
and were less than adequate pull strengths.
CTECH Test Adhesive #3 averaged values of 777N of when bonded to ACP
coated anvils, but most the adhesive tore away paint proving that the adhesive and the
interfaces are stronger than the paint. The samples that were bonded to ACP coated
samples are shown in Figure 9-9.
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Figure 9-8: Performance of the Plexi-glass Substrates when Immediately
Pulled and Submerged for 12 Days in Hot Saltwater Compared to Previous
Experiments using Sapphire/Steel Substrates

Paint De-lamination from Anvil

Figure 9-9: Destroyed Samples of CTECH Adhesive #3 Bonded Onto ACP
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9.2 Extended Evaluation of CTECH #8

CTECH #8 was selected for further study because it is chemically opposite to
CTECH #3 with respect to acid #1 and acid #3. Several other adhesives with the
absence of the acids were tested ad-hoc, but CTECH #8 was observed to have the most
rapid hydrolysis. It recorded an average strength of 1183N when dry assembled and
immediately pulled. When subjected to hot water submersion for twelve days, hydrolysis
reduced the strength of the adhesive to an average of 65N. Hydrolysis was present on
both the steel anvil and the sapphire of the chassis. The ability to hydrolyze quickly, but
have adequate dry assembly strength may be desirable for certain LAAG applications or
for a timed release mechanism. The following experiments investigate how long it takes
for CTECH #8 to hydrolyze. Durations of twelve hours and twenty-four hours of hot
(96 F) saltwater submersion were tested. The same tests were performed using CTECH
14-90-2 adhesive for a control. Recall that CTECH 14-90-2 had mid-levels of the acids.
The methodology of the experiment follows.

9.2.1 Methodology
This experiment is identical to previous hot (96 F) temperature saltwater
submersion tests. Samples of six coupons (total of twenty-four coupons) were prepared
with CTECH #8 and CTECH 14-90-2 adhesives bonded to ground steel anvils. The
samples were submerged for twelve hours or twenty-four hours. After the duration
expired the coupons were allowed to thermally soak back to room temperature. The
coupons were then destroyed and the tensile strength was recorded.

9.2.2 Results
The box plot is shown for the experiment in Figure 9-10. The first observation is that
CTECH #8 faces a major reduction of strength due to hydrolysis after only hours hours.
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With respect to failure mode, CTECH #8 appeared to hydrolyze off of the sapphire as
shown in Figure 9-10. There was still sufficient adhesion to the steel. This leads to the
conclusion that with or without the acids, hydrolysis will occur on the sapphire first. It
takes at least twenty-four hours until hydrolysis was significant on the steel substrate.
Out of all adhesives tested, CTECH #8 had the most rapid hydrolysis on the sapphire
and anvil substrates, but without further testing, it is unknown if the residual adhesive
would be rapidly sprayed off of metal parts after LAAG workholding. The CTECH 1490-2 joints faced little reduction in strength after twenty-four hours of submersion. There
was sign of hydrolysis on the very outer fringe of the sapphire pin. There was no sign of
hydrolysis on the steel substrate. This results imply that hydrolysis of CTECH 14-90-2
will never be an issue with LAAG joints. It would be a rare occurrence to have a
machining cycle greater than twelve hours and also temperatures and exposure to coolant
would be much less severe than the tested conditions.

12 Hour and 24 Hour Hot Saltwater Submersion of CTECH #3 and CTECH 14-90-2
1800
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Joint Strength
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12 HOURS
24 HOURS
CTECH NO8

Figure 9-10: Box Plots of 12 Hour and 24 Hour Hot Temperature Saltwater
Submersion of CTECH #8 and CTECH 14-90-2
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Figure 9-11: Failure Mode of CTECH #8 after 12 Hour Hot Temperature
Saltwater Submersion Showing Continued Adhesion to Steel

9.3 Characterization of the Impact of CTECH #3 and CTECH #8 Adhesive
Temperature on the Axial Load Strength of Dry Assembled Coupons

It was previously found that CTECH #3 and CTECH #8 have the ability to
resist hydrolysis or to hydrolyze rapidly, respectively. This is due to the presence or
absence of acid #1 and acid #3, respectively. CTECH 14-90-2 is formulated with midlevels of the acids and the axial strength of 14-90-2 at various temperatures was presented
in 5.2. The results of that study will be used in this section as a control. To study the
effects of having high levels of acid #1 and acid #3 (CTECH #8) or having no acids
(CTECH #3), the temperature sensitivity experiment was performed with these
adhesives.

132
9.3.1 Methodology
The methodology is identical to the previous temperature sensitivity experiment in
5.2.1. All coupons are dry assembled using a ground steel substrate. Thirty coupons
were prepared using CTECH #3 and 30 coupons were prepared using CTECH #8. Ten
coupons of each adhesive type were stored in cold (38°F), room (70°F), and hot (96°F)
temperature dry environments and given eight hours to thermally soak. Dark
polymerization was accounted for. The coupons were thermally insulated as they were
removed from the cold and hot environments so that they were truly tested at the
respective temperature. The coupon was then destroyed and the tensile strength was
recorded.

9.3.2 Results
CTECH #8 is inherently a weaker adhesive at room temperature than CTECH
#3 and CTECH 14-90-2 by approximately 200N. At hot temperature it is reduced to the
same strength as the other adhesives with means for all adhesives between 700N and
800N. At cold temperature, CTECH #3 and CTECH 14-90-2 have means of at least
1900N whereas CTECH #8 is only slightly above 1500N. The results can be explained
by the intrinsic changes in the dynamic modulus. The dynamic modulus and viscosity
are inversely related to temperature changes. From the standard viscoelastic model it can
be seen that relationship will result in decreased strengths. The means are plotted in
Figure 9-1.
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Figure 9-12: Temperature Sensitivity of CTECH 14-90-2, CTECH #3, and
CTECH #8
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Chapter 10
SUMMARY AND FUTURE WORK
The goal of this work was to evaluate the possibility of using photocurable
acrylate adhesives for underwater permanent assembly of mechanical components or for
underwater structural repair. To do so, the ability of CTECH 14-90-2 to wet and adhere
to various substrates under wet and dry assembly was investigated. Also, the axial load
strength’s sensitivity to temperature and thermal excursion was characterized. The
factors that affect the systematic loss of strength due to hydrolysis were characterized,
and several methods were implemented to potentially reduce hydrolysis. With assistance
from CTECH , an experimental design was conducted to determine how CTECH 1490-2 adhesive could be chemically altered to provide resistance to hydrolysis. It was
found that an experimental adhesive (CTECH #3) showed the best resistance to
hydrolysis and had excellent inherent strength. This adhesive has the potential to be used
as a semi-permanent underwater structural adhesive in saltwater less than 70 F. At
higher temperatures, it is still susceptible to hydrolysis. The main findings are
summarized as follows.

10.1 Investigation of the Impact of Surface Topography, Temperature, and
Thermal Excursion on Adhesive Joint Strength in a Dry Environment
This investigation revealed that CTECH 14-90-2 adequately wets both smooth
(ground) and rough (bead blasted) when dry assembled. The means and the variations
were barely statistically equal at 95% confidence level with a F-test p-value of 0.126 and
a T-test p-value of 0.067, respectively. Also, the sensitivity of dry assembled CTECH
14-90-2 to temperature was confirmed. The means of the axial load strength of the
adhesive joints at various temperatures were as follows: 3141N at ~0º F, 2225N at ~38º
F, 1535N at ~70º F, 1171N at ~96º F, and 763N at ~120º F. It is evident that increasing
temperatures results in lower strengths of the adhesive joints, resulting from a decreased
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dynamic modulus. The inverse linear relationship was confirmed by regression analysis
using Minitab and the model fit the data quite well with a R2 value of 91.5%.
Lastly, the sensitivity of the strength of CTECH 14-90-2 to thermal excursion
was evaluated. The samples were allowed to thermally soak to either 0 ºF or 120 ºF for
eight hours and then thermally soak back to room temperature. The statistical analysis
confirmed that the 0 ºF or 120 ºF excursions result in more variation when compared to a
room temperature control sample. The F-test p-values were 0.000 and 0.012,
respectively. In both cases the estimates for variance was double the variance of data
without an excursion. It was also statistically proven (T-test p-value of 0.004) that the
very hot (120 ºF) excursion sample was taken from a distribution with a higher mean
(estimated at 231N) with respect to the very cold excursion and the room control means.
The means of the very cold excursion and the room control were concluded to be equal
(T-test p-value of 0.127). This phenomenon is believed to be attributed to the interaction
between dark polymerization and the thermal excursions.

10.2 Investigation of the Impact of Underwater Assembly Methods on Adhesive
Joint Strength
This investigation revealed that wet assembled CTECH 14-90-2 joints are
inherently about 400 N weaker than dry assembled joints when bonded to smooth
(ground) substrates (T-test p-value of 0.009). The joints are further reduced when wet
assembling to rough (bead blasted) substrates (T-test p-value of 0.000). These results are
attributed to inadequate wetting of the substrate due to entrapped water in the random
depressions left by bead blasting.
The effect of saltwater exposure on uncured adhesive at various temperatures was
also studied. An ANOVA was performed using the experimental data. It was concluded
that exposure time was a significant factor (F-test p-value of 0.013). Temperature and the
interaction were not significant factors (F-test p-values of 0.948 and 0.514, respectively).
The longer that the uncured adhesive was exposed to saltwater the lower the subsequent
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axial load strength was. It is suspected that temperature is a catalyst for the reaction of
water molecules with the uncured adhesive, but because of the limited number of
replicates the experiment was not sensitive enough to statistically confirm.

10.3 Investigation of the Impact of Prolonged Submersion, Assembly Method, and
Water Temperature on Adhesive Joints Bonding Steel Substrates
This investigation revealed that temperature and time are significant factors with
respect to de-lamination (hydrolysis) of CTECH 14-90-2 adhesive joints under saltwater
submersion. Increasing ambient saltwater temperatures will result in faster hydrolysis
rates. Hydrolysis occurs first at the sapphire/adhesive interface as CTECH 14-90-2
continues to adhere to the steel substrate. Statistical comparison of means were
conducted to aid in the determination of when the adhesive joint significantly decreased
in strength. When there was at least 95% confidence that the mean was reduced from the
initial immediate pull strength, it was concluded that there was a significant drop in
strength. Wet assembled joint strengths in hot (96 ºF) water were significantly reduced
after three days, while dry assembled joint strengths took six days to reduce. Keep in
mind that wet assembled joints are inherently weaker than dry assembled joints. In room
temperature saltwater, the joint strengths are not reduced until twelve days of submersion.
The reduction in joint strength was attributed to hydrolysis in all cases. In cold
temperature saltwater, hydrolysis is stymied for at least forty-eight days.

10.4 Investigation of the Techniques to Improve the Hydrolysis Resistance of
Coupons Utilizing CTECH 14-90-2
Five chemical components were believed to affect hydrolysis: impact modifier,
reinforcing agent, acid #1, acid #2, and acid #3. The exact chemical details of these
chemical components are intentionally forgone due to proprietary reasons. A fractional
experimental design was conducted with assistance from CTECH . An initial round of
experiments led to valuable insight on what chemical components were needed for
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immediate pull strength. An ANOVA was conducted on the experimental data. It was
concluded that the impact modifier and the reinforcing agent have the most profound
affect on the immediate pull tensile strength. The impact modifier and reinforcing agent
had F-test p-values of 0.000 implying a strong significance. The acids #1, #2, and #3 also
proved to be significant with confidence levels of 0.016, 0.013, and 0.031, respectively.
The main effects and interaction plots showed that the impact modifier and reinforcing
agent must be at high levels for the maximum immediate pull strength. The second round
of experiments led to valuable insight on the chemical component’s affect on the rate of
hydrolysis. It was found that acid #1 and acid #3 should be removed from the
formulation to attain the best resistance to hydrolysis (F-test p-values of 0.000).
Of the sixteen test adhesives that were tested, several had immediate pull
strengths similar to that of the current CTECH 14-90-2 formulation. Several adhesives
also have shown an increase in resistance to hydrolysis in hot water conditions, but
CTECH Test Adhesive #3 proved to have the best results. CTECH Test Adhesive #3
had an average dry assembly, immediate pull strength of 1478N and after twelve days of
hot water storage the residual strength was 908N. Although hydrolysis is still present
when using CTECH Test Adhesive #3, the detrimental impact has been reduced when
compared to the 198N average when the current CTECH 14-90-2 formulation
underwent the same submersion experiment. This was attributed to the absence of acid#1
and acid #3 in CTECH Test Adhesive #3.
CTECH Test Adhesive #8 was chemically opposite to CTECH Test Adhesive
#3 with respect to acid#1 and acid #3. CTECH Test Adhesive #8 completely
hydrolyzed after twelve days of submersion in hot saltwater. It averaged an immediate
pull strength 1183N. An investigation of the use of silane primer coated on both
substrates led to the conclusion that silane coated substrates will result in higher wet
assembly strengths, but silane did not cause any resistance to hydrolysis.
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10.5 Extended Investigation of Reformulation #3 and Reformulation #8
After extended investigations, CTECH Test Adhesive #3 proved to have the best
resistance to hydrolysis and is adequate for underwater construction in hot temperature
(96°F) saltwater conditions for at least 12 days, assuming that an average of 800 N is
adequate. The same is true for underwater construction in cold temperature (38°F) and
room temperature (70°F) for at least 48 days. As mentioned before this mainly due to the
elimination of acid #1 and acid #3 in the formulation. An ad-hoc experiment was
performed to test whether CTECH Test Adhesive #3 would adhere to polymeric epoxy
based marine anti-corrosion paint. CTECH Test Adhesive #3 averaged 777N under hot
water conditions for 12 days, but most importantly the adhesive tore away paint when
destroyed after the test duration expired proving that the adhesive and the interfaces are
stronger than the paint. Also, CTECH Test Adhesive #3 performs equal to the current
CTECH 14-90-2 formulation when wet assembled. It had an average value of 1096N
when wet assembled and immediately pulled. When wet assembling and stored in hot
temperature salt water for 12 days, CTECH Test Adhesive #3 averaged a value of 417N
when then current formulation of CTECH 14-90-2 averaged 12N.
Several chassis were fabricated using a plexi-glass pin instead of a sapphire pin.
These were bonded to plexi-glass anvils with CTECH 14-90-2 and were stored for 12
days in hot saltwater (96°F). Although some samples exhibited no hydrolysis when
destroyed, others had significant hydrolysis. The results were very erratic and this was
the major cause for caution when using plexi-glass pins. CTECH #3 was bonded to
plexi-glass and there was also rapid hydrolysis. Lastly, CTECH #8 is chemically
opposite to CTECH #3 with respect to acid #1 and acid #3 so it was suspected that rapid
hydrolysis would occur. Rapid hydrolysis was confirmed after only 12 hours. The
hydrolysis was mainly evident on the sapphire pin, but not on the steel substrate.
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10.6 Future Work
A foundation has been established for the possibility of using a reformulation of
CTECH 14-90-2 for underwater structural use. For the work to continue, an adhesive
formulation similar to CTECH Test Adhesive #3 should be used. From the main effects
plots, it appears CTECH Test Adhesive #3 can be optimized by the addition of more
acid #2, and there are other chemical adjustments that can be made to raise the T g value.
The optimized adhesive should undergo the static loading testing in various temperature
saltwater baths. This would provide insight on any interaction between loading and
hydrolysis. With regards to underwater adhesive joints, another method of reducing
hydrolysis in the tested system is presented; the use of rubber o-rings. These could be
imbedded in the chassis and through compression applied by the user. The joint will be
sealed from any water encroachment. This could be used in conjunction with a vacuum
and dispensing system.
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APPENDIX I
STATISTICAL RESULTS
CHAPTER 5
Section 5.1
Test for Equal Variances: DRY ASSY. GROUND, DRY ASSY. BEAD BLASTED
95% Bonferroni confidence intervals for standard deviations
DRY ASSY. GROUND
DRY ASSY. BEAD BLASTED

N
10
15

Lower
84.6024
57.7616

StDev
129.337
82.300

Upper
260.440
139.495

F-Test (Normal Distribution)
Test statistic = 2.47, p-value = 0.126
Levene's Test (Any Continuous Distribution)
Test statistic = 1.04, p-value = 0.319

Two-Sample T-Test and CI: DRY ASSY. GROUND, DRY ASSY. BEAD BLASTED
Two-sample T for DRY ASSY. GROUND vs DRY ASSY. BEAD BLASTED

DRY ASSY. GROUND
DRY ASSY. BEAD BLASTED

N
10
15

Mean
1438
1357.1

StDev
129
82.3

SE
Mean
41
21

Difference = mu (DRY ASSY. GROUND) - mu (DRY ASSY. BEAD BLASTED)
Estimate for difference: 81.0
95% CI for difference: (-6.2, 168.3)
T-Test of difference = 0 (vs not =): T-Value = 1.92 P-Value = 0.067
Both use Pooled StDev = 103.2893

DF = 23
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Section 5.2
Test for Equal Variances: 3 Minute Delay, 8 Hour Delay
95% Bonferroni confidence intervals for standard deviations
3 Minute Delay
8 Hour Delay

N
10
10

Lower
68.6021
99.5664

StDev
104.876
152.213

Upper
211.185
306.505

F-Test (Normal Distribution)
Test statistic = 0.47, p-value = 0.282
Levene's Test (Any Continuous Distribution)
Test statistic = 1.41, p-value = 0.250

Two-Sample T-Test and CI: 3 Minute Delay, 8 Hour Delay
Two-sample T for 3 Minute Delay vs 8 Hour Delay

3 Minute Delay
8 Hour Delay

N
10
10

Mean
1427
1536

StDev
105
152

SE
Mean
33
48

Difference = mu (3 Minute Delay) - mu (8 Hour Delay)
Estimate for difference: -108.7
95% CI for difference: (-231.5, 14.1)
T-Test of difference = 0 (vs not =): T-Value = -1.86
Both use Pooled StDev = 130.7058

Regression Analysis: Strength versus Temp
The regression equation is
Strength = 3030 - 19.6 Temp
Predictor
Constant
Temp

Coef
3030.46
-19.5606

S = 245.370

SE Coef
60.08
0.7834

R-Sq = 91.5%

T
50.44
-24.97

P
0.000
0.000

R-Sq(adj) = 91.3%

Analysis of Variance
Source
Regression
Residual Error
Total

DF
1
58
59

SS
37533996
3491985
41025981

MS
37533996
60207

F
623.42

P
0.000

P-Value = 0.079

DF = 18
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Test for Equal Variances: VERY COLD (0 F), ROOM (70 F)
95% Bonferroni confidence intervals for standard deviations
14902 VERY COLD (0 F)
14902 ROOM(70 F)

N
10
10

Lower
258.392
99.566

StDev
395.020
152.213

Upper
795.433
306.505

F-Test (Normal Distribution)
Test statistic = 6.73, p-value = 0.009
Levene's Test (Any Continuous Distribution)
Test statistic = 5.50, p-value = 0.031

Section 5.3
Test for Equal Variances: 8 Hour Delay, 16 Hour Delay
95% Bonferroni confidence intervals for standard deviations
8 Hour Delay
16 Hour Delay

N
10
10

Lower
99.5664
84.2031

StDev
152.213
128.727

Upper
306.505
259.211

F-Test (Normal Distribution)
Test statistic = 1.40, p-value = 0.626
Levene's Test (Any Continuous Distribution)
Test statistic = 0.20, p-value = 0.657

Two-Sample T-Test and CI: 8 Hour Delay, 16 Hour Delay
Two-sample T for 8 Hour Delay vs 16 Hour Delay

8 Hour Delay
16 Hour Delay

N
10
10

Mean
1536
1652

StDev
152
129

SE
Mean
48
41

Difference = mu (8 Hour Delay) - mu (16 Hour Delay)
Estimate for difference: -116.4
95% CI for difference: (-248.8, 16.0)
T-Test of difference = 0 (vs not =): T-Value = -1.85
Both use Pooled StDev = 140.9601

P-Value = 0.081

DF = 18
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Two-Sample T-Test and CI: 3 Minute Delay, 16 Hour Delay
Two-sample T for 3 Minute Delay vs 16 Hour Delay

3 Minute Delay
16 Hour Delay

N
10
10

Mean
1427
1652

StDev
105
129

SE
Mean
33
41

Difference = mu (3 Minute Delay) - mu (16 Hour Delay)
Estimate for difference: -225.1
95% CI for difference: (-335.4, -114.8)
T-Test of difference = 0 (vs not =): T-Value = -4.29 P-Value = 0.000
Both use Pooled StDev = 117.4087

DF = 18

Test for Equal Variances: VERY HOT (120 F) EXCURSION, ROOM (70 F) CONTROL
95% Bonferroni confidence intervals for standard deviations
VERY HOT (120 F) EXCURSION
ROOM (70 F) CONTROL

N
15
11

Lower
200.119
82.314

StDev
285.136
123.631

Upper
483.290
237.611

F-Test (Normal Distribution)
Test statistic = 5.32, p-value = 0.012
Levene's Test (Any Continuous Distribution)
Test statistic = 4.24, p-value = 0.050

Test for Equal Variances: VERY COLD (0 F) EXCURSION, ROOM (70 F) CONTROL
95% Bonferroni confidence intervals for standard deviations
VERY COLD (0 F) EXCURSION
ROOM (70 F) CONTROL

N
14
11

Lower
335.497
82.314

StDev
483.369
123.631

F-Test (Normal Distribution)
Test statistic = 15.29, p-value = 0.000
Levene's Test (Any Continuous Distribution)
Test statistic = 9.12, p-value = 0.006

Upper
840.018
237.611
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Test for Equal Variances: VERY COLD (0 F) EXCURSION, VERY HOT (120 F)
EXCURSION
95% Bonferroni confidence intervals for standard deviations
VERY COLD (0 F) EXCURSION
VERY HOT (120 F) EXCURSION

N
14
15

Lower
335.497
200.119

StDev
483.369
285.136

Upper
840.018
483.290

F-Test (Normal Distribution)
Test statistic = 2.87, p-value = 0.060
Levene's Test (Any Continuous Distribution)
Test statistic = 3.11, p-value = 0.089

Two-Sample T-Test and CI: VERY HOT (120 F) EXCURSION, ROOM (70 F)
CONTROL
Two-sample T for VERY HOT (120 F) EXCURSION vs ROOM (70 F) CONTROL

VERY HOT (120 F) EXCURSI
ROOM (70 F) CONTROL

N
15
11

Mean
1912
1646

StDev
285
124

SE
Mean
74
37

Difference = mu (VERY HOT (120 F) EXCURSION) - mu (ROOM (70 F) CONTROL)
Estimate for difference: 266.2
95% CI for difference: (94.1, 438.4)
T-Test of difference = 0 (vs not =): T-Value = 3.23 P-Value = 0.004 DF = 20

Two-Sample T-Test and CI: VERY COLD (0 F) EXCURSION, ROOM (70 F)
CONTROL
Two-sample T for VERY COLD (0 F) EXCURSION vs ROOM (70 F) CONTROL
VERY COLD (0 F) EXCURSIO
ROOM (70 F) CONTROL

N
14
11

Mean
1682
1646

StDev
483
124

SE Mean
129
37

Difference = mu (VERY COLD (0 F) EXCURSION) - mu (ROOM (70 F) CONTROL)
Estimate for difference: 36
95% CI for difference: (-251, 322)
T-Test of difference = 0 (vs not =): T-Value = 0.27 P-Value = 0.793 DF = 15
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Two-Sample T-Test and CI: VERY COLD (0 F) EXCURSION, VERY HOT (120 F)
EXCURSION
Two-sample T for VERY COLD (0 F) EXCURSION vs VERY HOT (120 F) EXCURSION
VERY COLD (0 F) EXCURSIO
VERY HOT (120 F) EXCURSI

N
14
15

Mean
1682
1912

StDev
483
285

SE Mean
129
74

Difference = mu (VERY COLD (0 F) EXCURSION) - mu (VERY HOT (120 F) EXCURSION)
Estimate for difference: -230
95% CI for difference: (-530, 69)
T-Test of difference = 0 (vs not =): T-Value = -1.58 P-Value = 0.127 DF = 27
Both use Pooled StDev = 393.2590
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CHAPTER 6
Section 6.1
Test for Equal Variances: WET ASSY. GROUND, WET ASSY. BEAD BLASTED
95% Bonferroni confidence intervals for standard deviations
WET ASSY. GROUND
WET ASSY. BEAD BLASTED

N
10
15

Lower
88.149
173.347

StDev
134.759
246.990

Upper
271.359
418.634

F-Test (Normal Distribution)
Test statistic = 0.30, p-value = 0.073
Levene's Test (Any Continuous Distribution)
Test statistic = 1.89, p-value = 0.183

Two-Sample T-Test and CI: WET ASSY. GROUND, WET ASSY. BEAD BLASTED
Two-sample T for WET ASSY. GROUND vs WET ASSY. BEAD BLASTED

WET ASSY. GROUND
WET ASSY. BEAD BLASTED

N
10
15

Mean
1015
378

StDev
135
247

SE
Mean
43
64

Difference = mu (WET ASSY. GROUND) - mu (WET ASSY. BEAD BLASTED)
Estimate for difference: 637.0
95% CI for difference: (459.3, 814.6)
T-Test of difference = 0 (vs not =): T-Value = 7.42 P-Value = 0.000
Both use Pooled StDev = 210.3306

DF = 23

Section 6.2
ANOVA to Test for Significant Factors
Two-way ANOVA: C7 versus Temperature, Time
Source
Temperature
Time
Interaction
Error
Total

DF
2
1
2
42
47

SS
9474
593185
120665
3743189
4466513

MS
4737
593185
60332
89124

F
0.05
6.66
0.68

P
0.948
0.013
0.514

Decision: The time that the uncured adhesive is exposed to the water causes a
significant change to the tensile strength.

147
Test for Equal Variances: Room-Quick Assembly, Cold-30 Sec
95% Bonferroni confidence intervals for standard deviations
Room-Quick Assembly
Cold-30 Sec

N
10
8

Lower
88.149
137.723

StDev
134.759
220.140

Upper
271.359
504.228

F-Test (Normal Distribution)
Test statistic = 0.37, p-value = 0.172

Test for Equal Variances: Room-Quick Assembly, Cold-90 Sec
95% Bonferroni confidence intervals for standard deviations
Room-Quick Assembly
Cold-90 Sec

N
10
8

Lower
88.149
148.552

StDev
134.759
237.451

Upper
271.359
543.878

F-Test (Normal Distribution)
Test statistic = 0.32, p-value = 0.117

Test for Equal Variances: Room-Quick Assembly, Room-30 Sec
95% Bonferroni confidence intervals for standard deviations
Room-Quick Assembly
Room-30 Sec

N
10
8

Lower
88.149
214.636

StDev
134.759
343.081

Upper
271.359
785.822

F-Test (Normal Distribution)
Test statistic = 0.15, p-value = 0.012

Test for Equal Variances: Room-Quick Assembly, Room-90 Sec
95% Bonferroni confidence intervals for standard deviations
Room-Quick Assembly
Room-90 Sec

N
10
8

Lower
88.149
203.796

StDev
134.759
325.754

F-Test (Normal Distribution)
Test statistic = 0.17, p-value = 0.017

Upper
271.359
746.134
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Test for Equal Variances: Room-Quick Assembly, Hot-30 Sec
95% Bonferroni confidence intervals for standard deviations
Room-Quick Assembly
Hot-30 Sec

N
10
8

Lower
88.149
258.464

StDev
134.759
413.137

Upper
271.359
946.284

F-Test (Normal Distribution)
Test statistic = 0.11, p-value = 0.003

Test for Equal Variances: Room-Quick Assembly, Hot-90 Sec
95% Bonferroni confidence intervals for standard deviations
Room-Quick Assembly
Hot-90 Sec

N
10
8

Lower
88.149
117.697

StDev
134.759
188.132

Upper
271.359
430.913

F-Test (Normal Distribution)
Test statistic = 0.51, p-value = 0.346

Two-Sample T-Test Assuming Unequal Variances and CI: Cold-30 Sec, RoomQuick Assembly
Two-sample T for Cold-30 Sec vs Room-Quick Assembly
SE
N Mean StDev Mean
Cold-30 Sec
8 1083
220
78
Room-Quick Assembly 10 1015
135
43
Difference = mu (Cold-30 Sec) - mu (Room-Quick Assembly)
Estimate for difference: 68.2
95% CI for difference: (-110.0, 246.5)
T-Test of difference = 0 (vs not =): T-Value = 0.81 P-Value = 0.429
Both use Pooled StDev = 177.2487

DF = 16

Two-Sample T-Test and CI: Cold-90 Sec, Room-Quick Assembly
Two-sample T for Cold-90 Sec vs Room-Quick Assembly
SE
N Mean StDev Mean
Cold-90 Sec
8
913
237
84
Room-Quick Assembly 10 1015
135
43
Difference = mu (Cold-90 Sec) - mu (Room-Quick Assembly)
Estimate for difference: -101.9
95% CI for difference: (-289.7, 85.9)
T-Test of difference = 0 (vs not =): T-Value = -1.15 P-Value = 0.267
Both use Pooled StDev = 186.7691

DF = 16
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Two-Sample T-Test and CI: Room-30 Sec, Room-Quick Assembly
Two-sample T for Room-30
N
Room-30 Sec
8
Room-Quick Assembly 10

Sec vs Room-Quick Assembly
Mean StDev SE Mean
1054
343
121
1015
135
43

Difference = mu (Room-30 Sec) - mu (Room-Quick Assembly)
Estimate for difference: 39
95% CI for difference: (-211, 288)
T-Test of difference = 0 (vs not =): T-Value = 0.33 P-Value = 0.747
Both use Pooled StDev = 248.4168

DF = 16

Two-Sample T-Test and CI: Room-90 Sec, Room-Quick Assembly
Two-sample T for Room-90 Sec vs Room-Quick Assembly
N Mean StDev SE Mean
Room-90 Sec
8
919
326
115
Room-Quick Assembly 10 1015
135
43
Difference = mu (Room-90 Sec) - mu (Room-Quick Assembly)
Estimate for difference: -96
95% CI for difference: (-335, 144)
T-Test of difference = 0 (vs not =): T-Value = -0.85 P-Value = 0.409
Both use Pooled StDev = 237.9930

DF = 16

Two-Sample T-Test and CI: Hot-30 Sec, Room-Quick Assembly
Two-sample T for Hot-30 Sec vs Room-Quick Assembly
Hot-30 Sec
Room-Quick Assembly

N
8
10

Mean
1146
1015

StDev
413
135

SE Mean
146
43

Difference = mu (Hot-30 Sec) - mu (Room-Quick Assembly)
Estimate for difference: 131
95% CI for difference: (-162, 424)
T-Test of difference = 0 (vs not =): T-Value = 0.94 P-Value = 0.359
Both use Pooled StDev = 291.3564

DF = 16

Two-Sample T-Test and CI: Hot-90 Sec, Room-Quick Assembly
Two-sample T for Hot-90 Sec vs Room-Quick Assembly
SE
N Mean StDev Mean
Hot-90 Sec
8
783
188
67
Room-Quick Assembly 10 1015
135
43
Difference = mu (Hot-90 Sec) - mu (Room-Quick Assembly)
Estimate for difference: -232.0
95% CI for difference: (-393.2, -70.8)
T-Test of difference = 0 (vs not =): T-Value = -3.05 P-Value = 0.008
Both use Pooled StDev = 160.3114

DF = 16
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CHAPTER 7
RESULTS OF THE STRENGTH OF ASSEMBLED JOINTS BONDED TO STEEL
AND SUBJECT TO PROLONGED SUBMERSION

Table A-1: Comparison of Means for Submersion Experiments to Assist with
Deciding When Hydrolysis Has Caused a Significant Drop of Strength
p-value

- value

0.097

>

0.05

0.566

>

0.05

0.293

>

0.05

0.025

<

0.05

0.018

<

0.05

0.000

<

0.05

0.424

>

0.05

0.002

<

0.05

0.002

<

0.05

0.000

<

0.05

0.464

>

0.05

0.000

<

0.05

0.000

<

0.05

0.000

<

0.05

0.000

<

0.05

0.000

<

0.05

Conclusion
Dry Assy. (Quick pull) mean = Dry Assy. Room (3 Days)
mean at 95% confidence
Dry Assy. (Quick pull) mean = Dry Assy. Hot (3 Days)
mean at 95% confidence
Wet Assy. (Quick pull) mean = Wet Assy. Room (3
Days) mean at 95% confidence
Wet Assy. (Quick pull) mean > Wet Assy. Hot (3 Days)
mean at 95% confidence
Dry Assy. (Quick pull) mean > Dry Assy. Room (6 Days)
mean at 95% confidence
Dry Assy. (Quick pull) mean > Dry Assy. Hot (6 Days)
mean at 95% confidence
Wet Assy. (Quick pull) mean = Wet Assy. Room (6
Days) mean at 95% confidence
Wet Assy. (Quick pull) mean > Wet Assy. Hot (6 Days)
mean at 95% confidence
Dry Assy. (Quick pull) mean > Dry Assy. Room (12
Days) mean at 95% confidence
Dry Assy. (Quick pull) mean > Dry Assy. Hot (12 Days)
mean at 95% confidence
Wet Assy. (Quick pull) mean = Wet Assy. Room (12
Days) mean at 95% confidence
Wet Assy. (Quick pull) mean > Wet Assy. Hot (12 Days)
mean at 95% confidence
Wet Assy. (Quick pull) mean > Wet Assy. room (24
Days) mean at 95% confidence
Wet Assy. (Quick pull) mean > Wet Assy. room (24
Days) mean at 95% confidence
Wet Assy. (Quick pull) mean > Wet Assy. room(48 Days)
mean at 95% confidence
Wet Assy. (Quick pull) mean > Wet Assy. room(48 Days)
mean at 95% confidence
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RESULTS OF THE STUDY OF THE REFORMULATION OF CTECH
14-90-2 TO RESIST HYDROLYSIS
Table A-2: Descriptive Statistics for Test Adhesives for Immediate Pull and for 12
Day Submersion under Hot Temperature Conditions

Adhesi ve
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Immedi ate Pull (r = 10)
Mean
Range
Std. Dev.
1316
721
262
1341
995
307
1478
569
181
1073
533
179
576
940
318
1270
753
218
1083
458
145
1183
747
241
786
927
312
1257
1078
344
586
993
287
534
607
167
441
897
296
1000
1118
369
1270
1064
328
1163
759
235

Hot Submersion 12 Days (r = 6)
Mean
Range
Std. Dev.
27
89
36
7
26
11
908
518
171
84
408
160
8
29
12
761
648
231
597
418
157
65
298
115
123
366
173
29
97
39
757
1059
347
65
231
96
135
235
98
454
603
247
8
37
15
66
243
95

Table A-3: Major Failure Modes of 12 Day Submerged Samples under Hot Water
Conditions
Adhesi ve
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Predominant Failure Modes of Hot Submersion Samples
De-lamination off of chassis and anvil
De-lamination off of chassis and anvil
Cohesive failure with little sign of hydrolysis on sapphire (crazed)
De-lamination off of chassis
De-lamination off of chassis
Cohesive failure with little sign of hydrolysis on sapphire (not crazed and very hard)
Cohesive failure with little sign of hydrolysis on sapphire but cured adhesive is weak
De-lamination off of chassis and anvil
De-lamination off of chassis
De-lamination off of chassis and anvil
Cohesive failure with little sign of hydrolysis on sapphire but cured adhesive is weak
De-lamination off of chassis and anvil
De-lamination off of chassis and anvil
Cohesive failure with significant sign of hydrolysis on sapphire
De-lamination off of chassis and anvil
De-lamination off of chassis and anvil
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RESULTS OF THE STATISTICAL ANALYSIS OF TEST ADHESIVES
IMMEDIATE PULL DATA
1. FULL MODEL
General Linear Model: Tensile Strength versus I M, R A, Acid 1, Acid 2, Acid 3
Factor
I M
R A
Acid 1
Acid 2
Acid 3

Type
fixed
fixed
fixed
fixed
fixed

Levels
2
2
2
2
2

Values
-, +
-, +
-, +
-, +
-, +

Analysis of Variance for Tensile Strength, using Adjusted SS for Tests
Source
I M
R A
Acid 1
Acid 2
Acid 3
I M*R A
I M*Acid 1
I M*Acid 2
I M*Acid 3
R A*Acid 1
R A*Acid 2
R A*Acid 3
Acid 1*Acid 2
Acid 1*Acid 3
Acid 2*Acid 3
Error
Total
S = 270.158

DF
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
144
159

Seq SS
4346106
3587411
430770
452838
344659
4816360
41088
640343
28090
382594
266179
9672
66994
939423
122877
10509899
26985303

R-Sq = 61.05%

Adj SS
4346106
3587411
430770
452838
344659
4816360
41088
640343
28090
382594
266179
9672
66994
939423
122877
10509899

Adj MS
4346106
3587411
430770
452838
344659
4816360
41088
640343
28090
382594
266179
9672
66994
939423
122877
72985

F
59.55
49.15
5.90
6.20
4.72
65.99
0.56
8.77
0.38
5.24
3.65
0.13
0.92
12.87
1.68

P
0.000
0.000
0.016
0.014
0.031
0.000
0.454
0.004
0.536
0.024
0.058
0.716
0.340
0.000
0.197

R-Sq(adj) = 57.00%

2. REDUCED MODEL (Bold factors in previous full model were removed)
General Linear Model: Tensile Strength versus I M, R A, Acid 1, Acid 2, Acid 3
Factor
I M
R A
Acid 1
Acid 2
Acid 3

Type
fixed
fixed
fixed
fixed
fixed

Levels
2
2
2
2
2

Values
-, +
-, +
-, +
-, +
-, +

Analysis of Variance for Tensile Strength, using Adjusted SS for Tests
Source
I M
R A
Acid 1
Acid 2
Acid 3
I M*R A

DF
1
1
1
1
1
1

Seq SS
4346106
3587411
430770
452838
344659
4816360

Adj SS
4346106
3587411
430770
452838
344659
4816360

Adj MS
4346106
3587411
430770
452838
344659
4816360

F
60.08
49.59
5.95
6.26
4.76
66.58

P
0.000
0.000
0.016
0.013
0.031
0.000
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I M*Acid 2
R A*Acid 1
R A*Acid 2
Acid 1*Acid 3
Error
Total
S = 268.960

1
1
1
1
149
159

640343
382594
266179
939423
10778620
26985303

R-Sq = 60.06%

640343
382594
266179
939423
10778620

640343
382594
266179
939423
72340

8.85
5.29
3.68
12.99

0.003
0.023
0.057
0.000

R-Sq(adj) = 57.38%

RESULTS OF THE STATISTICAL ANALYSIS OF TEST ADHESIVES WHEN
SUBJECTED TO HOT WATER SUBMERSION FOR 12 DAYS
1. FULL MODEL
General Linear Model: Tensile Strength versus I M, R A, Acid 1, Acid 2, Acid 3
Factor
I M
R A
Acid 1
Acid 2
Acid 3

Type
fixed
fixed
fixed
fixed
fixed

Analysis of
Source
I M
R A
Acid 1
Acid 2
Acid 3
I M*R A
I M*Acid 1
I M*Acid 2
I M*Acid 3
R A*Acid 1
R A*Acid 2
R A*Acid 3
Acid 1*Acid
Acid 1*Acid
Acid 2*Acid
Error
Total

Levels
2
2
2
2
2

Values
-, +
-, +
-, +
-, +
-, +

Variance for Tensile Strength, using Adjusted SS for Tests
DF
Seq SS
Adj SS
Adj MS
F
P
1
63603
63603
63603
2.62 0.110
1
219938
219938
219938
9.04 0.004
1
1834025 1834025 1834025
75.42 0.000
1
107669
107669
107669
4.43 0.038
1
4617844 4617844 4617844 189.90 0.000
1
5415
5415
5415
0.22 0.638
1
125788
125788
125788
5.17 0.026
1
3541
3541
3541
0.15 0.704
1
64222
64222
64222
2.64 0.108
1
238
238
238
0.01 0.922
1
14284
14284
14284
0.59 0.446
1
142219
142219
142219
5.85 0.018
2
1
319
319
319
0.01 0.909
3
1
1951966 1951966 1951966
80.27 0.000
3
1
137638
137638
137638
5.66 0.020
80
1945342 1945342
24317
95 11234048

S = 155.938

R-Sq = 82.68%

R-Sq(adj) = 79.44%

2. REDUCED MODEL (Bold factors in previous full model were removed)
General Linear Model: Tensile Strength versus I M, R A, Acid 1, Acid 2, Acid 3
Factor
I M
R A
Acid 1
Acid 2
Acid 3

Type
fixed
fixed
fixed
fixed
fixed

Levels
2
2
2
2
2

Values
-, +
-, +
-, +
-, +
-, +
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Analysis of Variance for Tensile Strength, using Adjusted SS for Tests
Source
I M
R A
Acid 1
Acid 2
Acid 3
I M*Acid 1
I M*Acid 3
R A*Acid 3
Acid 1*Acid 3
Acid 2*Acid 3
Error
Total
S = 152.205

DF
1
1
1
1
1
1
1
1
1
1
85
95

Seq SS
63603
219938
1834025
107669
4617844
125788
64222
142219
1951966
137638
1969138
11234048

R-Sq = 82.47%

Adj SS
63603
219938
1834025
107669
4617844
125788
64222
142219
1951966
137638
1969138

Adj MS
63603
219938
1834025
107669
4617844
125788
64222
142219
1951966
137638
23166

F
2.75
9.49
79.17
4.65
199.33
5.43
2.77
6.14
84.26
5.94

P
0.101
0.003
0.000
0.034
0.000
0.022
0.100
0.015
0.000
0.017

R-Sq(adj) = 80.41%

CHAPTER 9
Section 9.2
Test for Equal Variances: NO8 12 HRS, NO8 24 HRS
95% Bonferroni confidence intervals for standard deviations
NO8 12 HRS
NO8 24 HRS

N
6
6

Lower
129.524
141.111

StDev
220.905
240.667

Upper
631.998
688.535

F-Test (Normal Distribution)
Test statistic = 0.84, p-value = 0.855
Levene's Test (Any Continuous Distribution)
Test statistic = 0.18, p-value = 0.683

Two-Sample T-Test and CI: NO8 24 HRS, NO8 12 HRS
Two-sample T for NO8 24 HRS vs NO8 12 HRS

NO8 24 HRS
NO8 12 HRS

N
6
6

Mean
340
447

StDev
241
221

SE
Mean
98
90

Difference = mu (NO3 24 HRS) - mu (NO3 12 HRS)
Estimate for difference: -107
95% CI for difference: (-404, 190)
T-Test of difference = 0 (vs not =): T-Value = -0.80
Both use Pooled StDev = 230.9976

P-Value = 0.440

DF = 10
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Test for Equal Variances: 14-90-2 12 HRS, 14-90-2 24 HRS
95% Bonferroni confidence intervals for standard deviations
14-90-2 12 HRS
14-90-2 24 HRS

N
6
6

Lower
92.7591
93.6157

StDev
158.202
159.663

Upper
452.606
456.786

F-Test (Normal Distribution)
Test statistic = 0.98, p-value = 0.984
Levene's Test (Any Continuous Distribution)
Test statistic = 0.11, p-value = 0.752

Two-Sample T-Test and CI: 14-90-2 12 HRS, 14-90-2 24 HRS
Two-sample T for 14-90-2 12 HRS vs 14-90-2 24 HRS

14-90-2 12 HRS
14-90-2 24 HRS

N
6
6

Mean
1463
1295

StDev
158
160

SE
Mean
65
65

Difference = mu (14-90-2 12 HRS) - mu (14-90-2 24 HRS)
Estimate for difference: 168.0
95% CI for difference: (-36.5, 372.5)
T-Test of difference = 0 (vs not =): T-Value = 1.83 P-Value = 0.097
Both use Pooled StDev = 158.9338

DF = 10

156
APPENDIX II
EXPERIMENTAL DATA
ALL VALUES ARE IN NEWTONS

CTECH® #8

CTECH® #3

CTECH® 14-90-2

Table A-4: Data for CTECH® 14-90-2, Test Adhesive #3, and Test Adhesive #8
Temperature Sensitivity Study (Dry Assembly)
Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Sample
1
2
3
4
5
6
7
8
9
10
Sample
1
2
3
4
5
6
7
8
9
10

VERY HOT (120F)
759
1049
1073
944
797
525
558
673
605
655

VERY HOT (120F)
686
680
788
833
649
794
726
740
836
731
VERY HOT (120F)
566
497
757
573
756
613
834
786
787
852

HOT (96F)
1301
1295
938
1111
957
1065
1148
1386
1343
1011
1046
1364
1237
1207
1159

ROOM (70 F)
1452
1526
1640
1742
1359
1609
1532
1687
1240
1568

ROOM (70 F)
1872
1341
1340
1303
1567
1443
1681
1485
1362
1389
ROOM (70 F)
1523
1119
1251
776
1005
1447
872
1281
1216
1344

COLD (38F)
1924
2225
2201
2256
2247
2287
2532
1744
2583
2643
2008
2215
2259
2040
2211
COLD (38F)
1683
2696
2001
1988
2045
1722
1888
1601
1591
1927
COLD (38F)
1783
1650
1733
550
1389
1738
1710
1745
1680
1712

VERY COLD (0 F)
2939
2872
2347
3708
3392
2867
3519
3154
3349
3263

Note: Room data is a 8 hour control to account for dark polymerization
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Table A-5: Data for CTECH® 14-90-2 Thermal Excursion (Dry Assembly)
Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

VERY HOT (120 F) EXCURSION
1370
1789
1891
1598
2128
1854
1930
1729
2194
1848
2251
1740
2153
2483
1727

ROOM (70 F)
1601
1667
1910
1617
1547
1525
1743
1492
1783
1634
1588

VERY COLD (0 F) EXCURSION
2297
1634
1819
918*
1817
1971
951*
2136
1357
2421
1122
1953
1301
1850
0*

Note: Room data is a 16 hour control to account for dark polymerization
*Sapphire pin chipped or cracked or sample was not tested due to this
Table A-6: Data for CTECH® 14-90-2 Wet Vs. Dry Assembly, Ground Vs. Bead
Blasted Anvil
Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

DRY ASSEMBLY
GROUND ANVIL
BEAD BLASTED ANVIL
1471
1428
1645
1475
1443
1309
1454
1412
1228
1258
1388
1356
1593
1322
1496
1433
1262
1297
1401
1212
1331
1489
1369
1402
1263

WET ASSEMBLY
GROUND ANVIL
BEAD BLASTED ANVIL
1064
464
1176
546
1004
693
1128
0
1010
0
962
251
839
0
968
365
1206
457
792
825
209
536
398
464
461
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Table A-7: Data for Uncured CTECH® 14-90-2 Exposure to Various Temperature
Saltwater Baths for Various Durations (Wet Assembly)
Sample
1
2
3
4
5
6
7
8

Cold (0 F) Saltwater Bath
30 Sec. Exposure
90 Sec. Exposure
950
1397
672
787
1312
1031
900
905
1181
799
1264
931
1201
572
1185
882

Room (70 F) Saltwater Bath
30 Sec. Exposure
90 Sec. Exposure
374
826
1406
1134
1256
1366
996
685
750
804
1140
1131
1338
328
1168
1080

Hot (96 F) Saltwater Bath
30 Sec. Exposure
90 Sec. Exposure
342
650
1321
980
1287
508
1316
613
748
838
1356
918
1662
724
1132
1032

Table A-8: Data for CTECH® 14-90-2 Submerged Adhesive Joints under Various
Saltwater Bath Temperatures, Storage Durations, and Assembly Type

I
M
M
E
D
I
A
T
E
P
U
L
L

S
U
B
M
E
R
G
E
D
6
D
A
Y
S

ASSY. TYPE
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
WET
WET
WET
WET
WET
WET
WET
WET
WET
WET
ASSY. TYPE
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
WET
WET
WET
WET
WET
WET
WET
WET
WET
WET

STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
NO STORAGE
STORAGE
70°
70°
70°
70°
70°
>90°
>90°
>90°
>90°
>90°
70°
70°
70°
70°
70°
>90°
>90°
>90°
>90°
>90°

STRENGTH(N)
1471
1645
1443
1454
1228
1388
1456
1305
1528
1479
1064
1176
1004
1128
1010
962
839
968
1206
792
STRENGTH(N)
1227
1250
1320
1307
1305
1079
771
800
910
******
*****
1014
959
1000
1131
400
782
753
380
647

S
U
B
M
E
R
G
E
D
3
D
A
Y
S
S
U
B
M
E
R
G
E
D
12
D
A
Y
S

ASSY. TYPE
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
WET
WET
WET
WET
WET
WET
WET
WET
WET
WET
ASSY. TYPE
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
WET
WET
WET
WET
WET
WET
WET
WET
WET
WET

STORAGE
70°
70°
70°
70°
70°
>90°
>90°
>90°
>90°
>90°
70°
70°
70°
70°
70°
>90°
>90°
>90°
>90°
>90°
STORAGE
70°
70°
70°
70°
70°
>90°
>90°
>90°
>90°
>90°
70°
70°
70°
70°
70°
>90°
>90°
>90°
>90°
>90°

STRENGTH(N)
1521
1455
1517
1553
1574
1387
1409
1310
1478
1422
1055
1007
937
1052
1190
762
572
990
954
773
STRENGTH(N)
901
1074
1280
1116
1164
0
0
168
721
104
845
1054
1084
994
1069
0
0
0
28
35
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Table A-8: Data for CTECH® 14-90-2 Submerged Adhesive Joints under Various
Saltwater Bath Temperatures, Storage Durations, and Assembly Type (Continued)

S
U
B
M
E
R
G
E
D
24
D
A
Y
S

ASSY. TYPE
DRY
DRY
DRY
DRY
DRY
WET
WET
WET
WET
WET
DRY
DRY
DRY
DRY
DRY

STORAGE
70°
70°
70°
70°
70°
70°
70°
70°
70°
70°
38°
38°
38°
38°
38°

STRENGTH(N)
0
123
349
425
786
395
357
380
0
0
1556
1613
1599
1572
1478

S
U
B
M
E
R
G
E
D
48
D
A
Y
S

ASSY. TYPE
DRY
DRY
DRY
DRY
DRY
WET
WET
WET
WET
WET
WET
WET
WET
WET
WET

STORAGE
70°
70°
70°
70°
70°
70°
70°
70°
70°
70°
38°
38°
38°
38°
38°

STRENGTH(N)
0
0
344
0
267
0
534
0
196
0
1193
956
1154
1075
1027

Note: (*****) indicates that sapphire pin pulled out, (0) indicates that joint fell apart
during handling or loading into test equipment

Table A-9: Data for CTECH® 14-90-2 with Use of Silane Primer

Sample
1
2
3
4
5

Immediate Pull
Dry Asy.
Wet Assy.
1427
1167
1369
1094
1502
1445
1435
1430
1389
1386

6 Day Room Water Storage
Dry Assy.
Wet Assy.
1287
985
1070
523
958
852
1085
1054
1344
943

6 Day Hot Water Storage
Dry Assy.
Wet Assy.
736
434
817
484
870
919
749
677
707
578
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Table A-10: Data for CTECH® Test Adhesive Fractional Factorial Experiment
(Dry Assembly)
Test Adhesive
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Immediate Pull
12 Day, Hot Submersion
Immediate Pull
12 Day, Hot Submersion
Immediate Pull
12 Day, Hot Submersion
Immediate Pull
12 Day, Hot Submersion
Immediate Pull
12 Day, Hot Submersion
Immediate Pull
12 Day, Hot Submersion
Immediate Pull
12 Day, Hot Submersion
Immediate Pull
12 Day, Hot Submersion
Immediate Pull
12 Day, Hot Submersion
Immediate Pull
12 Day, Hot Submersion
Immediate Pull
12 Day, Hot Submersion
Immediate Pull
12 Day, Hot Submersion
Immediate Pull
12 Day, Hot Submersion
Immediate Pull
12 Day, Hot Submersion
Immediate Pull
12 Day, Hot Submersion
Immediate Pull
12 Day, Hot Submersion

1
1122
0
1919
16
1872
1161
1251
0
554
0
751
843
841
687
1523
25
908
323
1397
0
339
928
318
0
743
235
1454
563
1773
0
1637
243

2
992
22
1100
0
1341
893
1020
408
396
0
1249
369
1086
533
1119
298
1070
0
1162
97
0
738
554
130
725
0
976
638
709
0
1300
107

3
1705
49
924
0
1340
643
882
24
443
29
1504
663
974
732
1251
0
1257
26
990
49
740
762
592
0
102
182
603
175
1422
0
878
26

4
1674
0
1137
0
1303
987
867
0
173
0
1199
735
1299
607
776
0
518
366
1891
0
725
204
925
231
572
142
803
466
1060
0
1065
0

5
1297
0
1588
26
1567
836
1400
22
692
17
1485
1017
988
314
1005
25
541
20
1610
25
819
1263
491
27
231
31
1637
742
1444
11
949
0

6
1510
89
1021
0
1443
930
1193
48
987
0
1379
937
1277
708
1447
39
936
0
813
0
738
649
416
0
334
217
838
139
853
37
992
19

7
1165

8
1251

9
1462

10
984

1541

1416

1494

1265

1681

1485

1362

1389

902

1201

1024

994

815

354

230

1113

1323

1420

1152

1237

1101

1154

962

1150

872

1281

1216

1344

427

330

832

1037

1277

1508

994

929

993

598

358

553

457

626

554

405

0

512

297

897

842

519

1364

963

1323

1178

1324

1612

1361

1166

1291

989

Table A-11: Data for CTECH® #8 and CTECH® 14-90-2 Submerged in Hot
Temperature Saltwater Bath for 12, 24 Hours

Sample
1
2
3
4
5
6

CTECH® 14-90-2
12 HRS.
24 HRS.
1331
1345
1709
1028
1348
1347
1325
1187
1584
1465
1480
1397

CTECH® #8
12 HRS.
24 HRS.
798
626
276
69
566
553
365
62
185
437
492
292
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Table A-12: Data for CTECH® #3 Submerged Adhesive Joints under Various
Saltwater Bath Temperatures, Storage Durations, and Assembly Type

S
U
B
M
E
R
G
E
D
12
D
A
Y
S

S
U
B
M
E
R
G
E
D
48
D
A
Y
S

ASSY. TYPE
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
ASSY. TYPE
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY

STORAGE
38°
38°
38°
38°
38°
38°
70°
70°
70°
70°
70°
70°
96°
96°
96°
96°
96°
96°
STORAGE
38°
38°
38°
38°
38°
38°
70°
70°
70°
70°
70°
70°
96°
96°
96°
96°
96°
96°

STRENGTH(N)
*
1328
1199
861
1062
*
1352
1154
1105
1142
1312
1348
1161
893
643
987
836
930
STRENGTH(N)
1102
1539
1472
1401
1472
1110
1097
521
480
895
941
1223
742
480
872
167
62
498

S
U
B
M
E
R
G
E
D
24
D
A
Y
S

12 DAY
STORAGE
ACP
COATED
ANVILS
12 DAY
STORAGE
WET
ASSY.
STEEL
ANVILS

ASSY. TYPE
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
ASSY. TYPE
DRY
DRY
DRY
DRY
DRY
DRY
WET
WET
WET
WET
WET
WET

STORAGE
38°
38°
38°
38°
38°
38°
70°
70°
70°
70°
70°
70°
96°
96°
96°
96°
96°
96°
STORAGE
96°
96°
96°
96°
96°
96°
96°
96°
96°
96°
96°
96°

STRENGTH(N)
1516
1354
1726
1617
1362
1895
1320
1346
1411
1227
1551
1231
397
104
750
572
885
834
STRENGTH(N)
703
1066
561
644
749
941
373
577
736
228
233
357

Table A-13: Data for CTECH® #8 and CTECH® 14-90-2 Submerged in Hot
Temperature Saltwater Bath for 12, 24 Hours
®

Sample
1
2
3
4
5
6
7
8
9
10

CTECH 14-90-2
QUICK PULL
12 DAY (HOT)
527
205
981
884
1004
280
853
714
806
193
1133
526
343
92
727
894
1206
213
832

®

QUICK PULL
828
546
740
925
827
899
959
534
658
545

CTECH #3
15 DAY (HOT)
0
158
0
61
38

30 DAY (HOT)
59
0
0
87
26
0
0
0
0
0
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