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Polymeric materials, such as Thermosets, are becoming more widely used in
demanding applications due to their ability to tailor the properties of structures while
reducing weight and cost. The manufacturing conditions of polymeric materials are critical
since they determine the resulting polymer structure, which influences the final properties
and performance characteristics. It is essential to monitor these polymers during the
manufacturing process to understand the relationship between the fabrication conditions
and the final quality of the parts. Although destructive testing is commonly used to
characterize polymer properties, this type of testing requires specific sample preparation
and geometry. Furthermore, lab-type instrumentation used for destructive testing cannot
be taken to the field for in-situ testing.

This work presents three non-destructive evaluation methods to characterize the
curing process and the viscoelastic properties of various epoxies. The magneto-electric
effect was capitalized by monitoring changes in the surface charge density of dispersed

magneto-electric nanoparticles by evaluating the output magnetic signal under an applied

vii



magnetic field. This method was used to monitor the curing process of an adhesive as well
as the water ingression after exposing the polymer to 95 % relative humidity and 70 °C.
Ultrasonics were utilized to evaluate changes in the cure kinetics and final properties of the
epoxies due to variations in their polymer chemistry, i.e., different stoichiometries and the
presence of a residual solvent. Changes in longitudinal and shear sound speeds proved how
the fabrication process influenced the curing and the viscoelastic properties of various
epoxies

The chemical structure during cure was monitored using Fourier transform infrared
spectroscopy. The evolution of the polymer’s molecular structure while curing
corroborated the trends obtained using ultrasonics. The evaluated curing kinetics were
modeled using the Hill equation to better understand numerically the curing processes and
allow for future predictions. Combining ultrasonics and FTIR has the potential to
effectively characterize the properties of polymers in both an in-field and manufacturing
setting, aiding in the tailoring process, and ensuring their reliability in demanding

applications.
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Chapter 1 Introduction

The primary objective of this research was to create two distinct non-destructive
testing (NDT) methods for assessing the characteristics of polymeric materials. The two
different methods consist of the following:

1. synthesizing and dispersing Magneto-Electric Nanoparticles (MENS) into
an aerospace epoxy adhesive, and then monitoring changes in their surface
charge density by evaluating the output magnetic signal under an applied
magnetic field, and

2. using ultrasonics to detect changes in the longitudinal and shear sound
speeds of thermoset epoxies during the curing process, and after it has been
manufactured, due to the varying polymeric structure.

The implementation of MENSs and ultrasonics offers a cost-effective alternative to
traditional destructive testing techniques. These two techniques allow for non-destructive,
in-situ monitoring of polymeric materials, thereby providing a range of possibilities.
Through the successful implementation of MENs and ultrasonics, it is now possible to
accurately and efficiently assess the condition of polymeric materials.

This report provides a comprehensive overview of polymeric materials, their
importance, and the associated challenges. It also reviews the current state-of-the-art
techniques used to characterize the properties of polymers. To further understand the
materials and the methodology used to non-destructively evaluate the cure kinetics and
final properties of two epoxies, three chapters are devoted to the study. The first chapter
investigates the use of MENSs to characterize an aerospace epoxy adhesive. The second

examines the effects of residual solvent on the cure kinetics and final properties of an epoxy



adhesive when evaluated via ultrasonics. Finally, the third chapter explores the
combination of ultrasonics and Fourier transform infrared spectroscopy (FTIR) to tailor an
epoxy resin when varying its chemical structure. Significant contributions of this work to
the field of materials science and engineering include:

1. the novel implementation of magneto-electric nanoparticles to non-
destructively evaluate polymers using the magneto-electric effect,

2. the development of an ultrasonics setup for the in-situ, non-destructive
evaluation of the cure Kinetics and viscoelastic properties of polymeric
materials, and

3. the unique combination of ultrasonics and FTIR to understand the effects of
the chemical structure on the curing process and the final properties of
polymers.

The novel methodologies presented can be implemented in the research and development
of new polymeric materials, thereby facilitating their widespread implementation in high-
demand applications.
1.1 Polymeric Materials

Polymeric materials are a type of material composed of long, repeating chains of
molecules [1]-[3]. They are typically synthetic materials, though some are derived from
natural sources [4], [5]. Polymers are lightweight compared to metals and ceramics and
have a wide range of properties. They can be hard and rigid, or soft and flexible [6], [7].
They can also be heat resistant and be used in high-temperature applications [8], [9].

One of the main advantages of polymeric materials is their cost-effectiveness.

Polymers are typically less expensive than other ceramics and metals, making them a



popular choice for many applications. Polymers often have easier manufacturability than
metals and ceramics, which can lower production costs. Another advantage of polymers is
that they are environmentally friendly. Many polymers are made from renewable sources,
such as plant-based materials. Additionally, some polymers are biodegradable, meaning
they can be broken down into harmless components which reduces the risk of
environmental pollution [10], [11].

Another great benefit of polymeric materials is their versatility. Polymers can be tailored
to create materials with specific properties [12], [13]. For example, polyurethane can be
used to create a durable, waterproof material suitable for outdoor use[14]. Polystyrene is
used to create lightweight, insulating materials [15], [16], while polyethylene can be used
to make durable, waterproof packaging [17], [18]. Modifying polymers has become a
priority for companies and researchers to further expand their application range especially

in high demanding applications in terms of temperature, load, or environmental conditions.

1.2 Thermosets

Thermosets are a type of polymer that can be used as a structural material in many
industrial applications. They are known for their resistance to high temperatures [8], good
electrical insulation properties [19], and excellent chemical resistance [20]. Thermosets are
formed from a reaction between two or more components, typically a resin and a curing
agent, that create a strong, rigid material. Since one of the major advantages of thermosets
is their high heat resistance, they are ideal for applications where the material will be
exposed to high temperatures, such as aircraft and automotive parts, as well as in electrical
components. Additionally, thermosets are resistant to many chemicals, such as acids and

bases, making them suitable for use in corrosive environments [21].



The rigidity of thermosets also makes them a good choice for structures that require
durability and strength. This is because the material develops a strong bond that cannot be
reversed, even when exposed to high temperatures or chemicals. In addition, thermosets
are lightweight materials that can be easily molded into shapes, making them ideal for
complex designs. Thermoset parts can be mass-produced, allowing for large-scale
production of components with consistent quality. This makes them a great option for
industries that require large quantities of parts that need to meet high standards.

1.2.1 Cure process

The curing process of thermosets, such as epoxies, involves a chemical reaction
that transforms a liquid mixture into a solid form [22]. This mixture is typically composed
of resin, curing agents, catalysts, and other components that are activated by heat. One of
the main families of epoxies is the glycidyl epoxies, which are known for their low
molecular weight [23]. Diglycidyl ether of bisphenol A (also known as DGEBA) is the
most common epoxy of the glycidyl family [23], which has an oxirane functional group
consisting of a ring containing three members between an oxygen and two carbon atoms

[24]. This is illustrated in Figure 1.1 which shows a 3D model of the oxirane ring.



Figure 1.1. 3D model of the oxirane ring [23].

A three-dimensional network is formed due to the opening of the epoxy rings,
which is caused by the difference in electronegativity between the oxygen and carbon
atoms that results in the oxirane group reacting with nucleophilic compounds such as
amines [23]. Triethylenetetramine (TETA), a hexafunctional compound containing two
primary and two secondary amine groups, is a common curing agent used to crosslink
epoxy [25]. This type of hardener is usually used for room to moderate temperature cures.
As seen in Figure 1.2 the reaction between the epoxy resin and the amine serves as the

basis of the crosslinking.
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Figure 1.2. Cure reaction between an epoxy resin and an amine. Ring opening by a
primary amine (top) and secondary amine reacting with a second epoxy group [19].

As the reaction progresses, the molecular weight and polydispersity of the resin
increase, causing two distinct phase transformations to occur: gelation and vitrification
[22], [26]. Gelation involves a transformation from a viscous liquid to an elastic gel,
rendering the reaction irreversible and leading to a shear response in the material since it
can no longer flow [26]. At gelation, the extent of the reaction can be determined using

equation 1.1 as follows [27]:

1
%etPoel = GG @D

where a,, is the epoxy conversion, S, is the amine conversion, f, is the functionality of
the epoxy, and f, is the functionality of the amine. The functionality of the epoxy and the
amine typically have a value of 2 and 4, respectively.

As the reaction progresses, the cross-linking and molecular weight increase, leading
to an increase in the glass transition temperature and viscosity [23]. This marks the
vitrification stage of the polymer, where it becomes a rigid, glassy solid. Subsequently, the
reaction rate drops and further cross-linking is diffusion/mobility dependent [28], [29].

However, vitrification is a reversible process, and heating the polymer above the glass



transition temperature allows for more cross-linking to occur [23]. To enhance the
mechanical and thermal properties of the polymer, it is common for cured parts to receive
a post-cure heat treatment [22], [23]. Figure 1.3 presents a schematic of the cross-linking
process of a polymer.
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Figure 1.3. Cross-linking process in polymers during cure [30].

1.2.2 Adhesives and Resins

Epoxy-amine resins are widely used in the manufacture of composites, coatings,
and adhesives due to their excellent mechanical, thermal, and electrical properties [25],
[28]. The versatility of these thermosets enables the tailoring of their characteristics for a
wide range of applications. In the aerospace industry, their use as a matrix in fiber-
reinforced composites is of particular significance [31], [32]. Nowadays, a paramount
objective of aircraft design is the reduction of overall weight, for which composite
materials are ideal, as they exploit the properties of various materials for lightweight
applications [33].

Most composite parts are currently joined using mechanical fasteners, such as rivets
and bolts. While these traditional joining methods enable rapid assembly/disassembly for

inspection and repair, they require holes to be drilled in the composite panel. Unfortunately,



this drilling can cause delamination and damage to the composite (as seen in Figure 1.4),
and can also produce concentrated stress around the holes [34]. Figure 1.4 shows how a
traditional end mill generates delamination in the composite panel. In addition, Moreover,
rivets and bolts add numerous components to the aircraft which are typically made of high-
density metals, thus increasing the aircraft's total weight and making it more susceptible to

corrosion.

Delamination
- & Burrs

|

Cutting
forces

|

Figure 1.4. Delamination in layered composites caused by drilling [35].

Layered Composite

For these reasons, substituting mechanical fasteners with adhesive bonds has
become of great interest in many industries. As evidenced in Figure 1.5 this substitution
results in a more uniform load distribution and consequently reduces stress concentration.
In addition, S. Pitta et al. found that adhesive bonds can be up to three times stronger than
riveted joints [36]. Despite this, adhesive bonds have yet to be fully incorporated into
primary load structures due to their unpredictable performance, leading to the over-design

of composite panels and a reduced efficiency overall [37].



Bonds VS. Bolts
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Figure 1.5 Stress distribution in bonded and bolted joints [38].

Unlike mechanical fasteners, it is difficult to inspect adhesive bonds for damage
after assembly due to the inability to accurately evaluate the health of the bond after
prolonged exposure to external factors, such as elevated temperature, humidity, radiation,
and cyclic fatigue. Consequently, it is essential to consider additional measures during the
design and manufacturing process of a composite, particularly if it is to be used for primary
load structures.

1.2.3 Challenges

Standardizing adhesive bonding has proven to be a great challenge due to the
difficulties in obtaining a consistent and acceptable bond quality. This technology is still
considered unreliable for primary aircraft structures due to the unpredictable in-service
durability, leading to major concerns that limit the widespread implementation of
polymeric adhesives. Adding mechanical fasteners into adhesive bonds for reinforcement
can defeat the main purpose of this technology, which is the mitigation of stress
concentrations and fiber delamination due to drilling holes into the composite. As such, it

is important to identify the factors that negatively influence the performance of adhesive



bonds to design and implement alternative adhesive composites to prevent catastrophic
crack propagation. Consistent testing of these composites is essential to gain confidence in
adhesive bonding before it can be implemented into primary load structures.

1.2.3.1 Manufacturing Concerns

Despite the advantages of using adhesive bonding, the implementation of
adhesively bonded composite joints (ABCJs) has been limited due to the variability in bond
performance, which is especially prominent when related to process control [39]. While
manufacturers provide guidelines for bonding procedures, the performance of such joints
remains significantly variable. Weak bonds, bondline voids, and contamination can lead to
the failure of such joints, making them a critical issue in the adhesion community today
[40].

The lack of standardization in process control to capture and quantify the variability
in adhesive bonds during manufacturing can pose a significant challenge. This is because
many factors, such as surface preparation methods [41], bondline thickness [42], and curing
cycle [43], can influence the mechanical response of a bond. Studies have demonstrated
that the bond quality is highly sensitive to contamination, which can arise from human
error, incorrect storage and handling, and improper curing. For instance, Van Voast et al.
found that even a contamination level of only 2% siloxane, a silicon-based material, can
substantially affect adhesion [44]. Similarly, C. Jeenjitkaew et al. observed a 70%
reduction in fracture toughness when the composite panels were contaminated with Frekote
release agent containing 4% silicon [45]. Thus, quality control is of paramount importance
in the production of adhesive bonds to mitigate the effects of factors that increase crack

propagation.

10



The use of solvents during the manufacturing of polymers is essential for reducing
the viscosity of the polymer during the coating process or to aid in the dispersion of fillers
into the polymer matrix [21], [46], [47]. However, the improper removal of the solvent is
known to have detrimental effects on the physical and chemical properties of the polymer
[48]-[52]. For example, J. Trinidad et al. demonstrated that the presence of solvents in
sodium dodecyl sulfate decorated graphene hybrid electrically conductive adhesives
significantly decreased the lap-shear strength of the material due to bubble formation and
the creation of voids [53]. N. Othman et al. also found that the addition of 16 wt.% of
acetone to an epoxy resin caused a decrease in tensile strength and hardness of 17 and 9 %
respectively, as well as a significant reduction in adhesion strength from 13 MPa to 4.9
MPa (-62 %) [21]. Additionally, K. Qiu et al. showed that the addition of 5 wt. % of cellular
nanocrystals as a filler to an epoxy resin led to a decrease in crosslinking density and caused
a decrease in the glass transition temperature (Tg) of the resin by ~8.5 °C due to reduced
homogeneity of the material [54]. These findings emphasize the importance of having an
accurate evaluation method to detect residual solvent content in the final structure of a
polymeric material to avoid its deleterious effects on the properties of the material.

The incorrect ratio of resin to hardener in an epoxy formulation can affect its curing
process, leading to a variation in microstructure due to changes in crosslinking density and
molecular weight [25], [26]. K. Frank et al. demonstrated that an excess of 25 % epoxy in
a system containing DGEBA cured with 3,3’-diaminodiphenylsulfone (DDS) resulted in a
decrease in crosslinking density of over 50 % [55]. Temperature and pressure also play an
important role in the curing process of polymers and should be carefully monitored and

controlled if specific mechanical properties are desired. However, in some manufacturing
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and repair applications, these variables may not be controllable, necessitating an evaluation
of the final product to ensure quality control.
1.2.3.2 Durability

Unlike mechanical fasteners, adhesive bonding cannot be disassembled, making
part transportation challenging during manufacturing. Additionally, repairs to bonded parts
are not easily conducted during service, making it essential to have an accurate
understanding of the behavior of adhesive bonds under the conditions they will be
subjected to over their lifetime. This is particularly relevant in the aerospace industry, as
aircraft operate in highly humid and temperature-fluctuating environments which can
expedite the degradation of the adhesive polymer. Therefore, the adhesive bonds must be
able to withstand a minimum of thirty years of operation, the approximate operable lifespan
of an aircraft.

I. Katsivalis et al. performed dogbone tensile testing on bulk adhesive and
determined that environmental exposure produced a reduction in strength and stiffness and
an increase in the adhesive’s ductility [56]. They also showed through double cantilever
beam (DCB) testing how there was a large reduction in the interface strength between the
adhesive and composite due to moisture diffusion. B. Wan et al. also concluded that the
presence of water deteriorates the bond performance with time [57]. They also mentioned
that dry conditions are important during the application of the adhesive and curing process
because the presence of water negatively affects the bond quality considerably.

1.2.4 Tailoring mechanical properties
Epoxy resins and adhesives present a unique advantage in their versatility as the

final properties can be tailored through adjustment of the chemistry, i.e. the ratio of resin
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to curing agent. For example, an epoxy-amine system featuring an excess of amine can
increase fracture toughness while reducing fatigue crack propagation [6], [58] However,
this can also reduce the glass transition temperature and increase moisture ingression which
can have a negative effect on the properties of the material [20], [59]. Finding an optimal
stoichiometry to achieve the desired properties for a given application is essential.

The chemistry of the polymer is integral to its curing process. When epoxy and
curing agent are mixed, microgel particles form containing low molar mass, which then
link together to form a continuous phase. At this stage of the cure, vitrification occurs,
wherein the reaction rate decreases and further crosslinking is diffusion/mobility
dependent. [28], [29]. However, some un-crosslinked molecules are unable to properly
react, thus resulting in an incomplete cure unless the epoxy is subjected to its glass
transition temperature (Tg) [60]. Excess epoxy may be used to prevent the presence of
unreacted amine. [61]. Nonetheless, altering the system's stoichiometry can result in
changes in the chemical structure, as demonstrated by F. Meyer et al. who decreased the
amine content of a DGEBA/DDS epoxy-amine resin system by 25%, resulting in an
increase of molecular weight from 265 to 596 amu due to an increase in crosslinking
density [62]. Therefore, understanding how the epoxy chemistry network interacts with
stoichiometry is essential to tailor the material's properties and optimize the use of fillers
and other additives in the resin [63].

The mechanical and thermal properties of epoxies are also influenced by the
epoxy/amine stoichiometry as a consequence of varying chemical structure [19], [64]. J.
Szabelski et al. tested the adhesive joint strength of an Epidian 57/PAC epoxy resin cured

at 25 °C for seven days [65]. They showed how the joint strength decreased from 27.10
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MPa to 23.49 and 13.65 MPa with — 30 % and + 30% of PAC hardener content,
respectively. They also demonstrated that both curing and testing at increased temperatures
enhances joint strength when having a reduced amount of hardener. Higher temperature
increased mobility which allowed for all the epoxy molecules to diffuse and bond with the
hardener. M. A. Andres et al. demonstrated how amine-rich mixtures experienced
increased flexural strength and ductility, while the epoxy-rich counterpart showed a more
brittle behavior with a decreased strength [31]. This is corroborated by S. Pandini et al. and
J. R. M. D’Almeida et al., who obtained a brittle to ductile transition with increasing
hardener amount and observed plastic deformation in hardener-rich formulations [66],
[67].

The glass transition temperature (Tg) of a bisphenol A epoxy resin with a diamine
curing agent was observed to vary significantly based on the epoxy/amine stoichiometry.
H. Wang et al. demonstrated a decrease in Tg from 87.2 to 73.7 °C when the epoxy was
reduced by 20%, due to a reduced cross-linking density [68]. Similarly, F. Bignotti et al.
observed a decrease in Tg when excess amounts of both epoxy and hardener were used,
and the highest Tg was achieved when using the recommended epoxy/hardener ratio
specified by the manufacturer [19]. These findings indicate that Tg can be used to
determine the optimum stoichiometry of a system, in order to gain improved thermal
properties.

1.3 Evaluating the properties of polymers

Evaluating the properties of materials and structures is essential to properly

understand their capabilities. Characterizing the mechanical properties of a polymer aids

in determining the load and strain that it can undergo before reaching a critical point, while
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thermally analyzing this material can give information about its glass transition
temperature and its thermal decomposition. Performing fatigue and environmental testing
allows to evaluate the longevity of the polymer, which is key for its durability in long-term
applications.

Before implementing an epoxy adhesive to bond carbon fiber-reinforced
composites for aerospace applications, it is essential to analyze how the adhesive will
perform under working conditions. Aircraft are designed to operate in a wide range of
temperatures, such as -55 to 50 °C (-65 to 122 °F) at ground level, and temperatures as low
as -80 °C ( -112 °F) can be reached during flight at an altitude of 12,200 meters (39,400
feet) [69]. Therefore, testing that the properties of the adhesive will be maintained under
these temperatures is crucial for the integrity of the structure. Additionally, verifying that
the adhesive joint can withstand all types of loads, including tensile, shear, bending, or
torsional, that it will undergo during service is also essential to prevent catastrophic failure.
Every polymeric material used in the aircraft, such as the resin utilized to manufacture
carbon fiber composites, must be designed and tested to withstand the loads it will undergo
during its lifetime. Both destructive and non-destructive methods can be used to evaluate
the properties of materials, however, non-destructive testing can provide a more cost-
effective way to perform intensive quality control during manufacturing.

1.3.1 Destructive Testing

Destructive testing, which involves the utilization of laboratory-type
instrumentation that necessitates specific sample preparation and geometry, is primarily
employed to characterize the mechanical properties of materials [70]-[76]. This approach

involves subjecting samples to extreme loading conditions until they are either fully or

15



partially destroyed. This type of testing has additionally been used to ascertain the curing
kinetics of polymeric materials. Examples of tests include dynamic mechanical analysis
(DMA), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA),
tensile testing, lap-shear testing, and end-notched flexure. In the manufacturing process,
this type of destructive testing is implemented for quality control. However, such
equipment cannot be taken to the field for in-situ testing. As a result, developing a non-
destructive in-situ method to evaluate the degree of reaction and the viscoelastic properties
of polymers during cure and after they have been manufactured has become essential [77].
1.3.2 Non-destructive testing

Non-destructive evaluation (NDE) involves characterizing materials without
damaging them, allowing for the inspection of surface and subsurface features and flaws.
Common NDE techniques such as ultrasonics, infrared, electromagnetic, acoustic
emission, and radiographic testing can be used to evaluate the properties of materials,
identify internal damage, and investigate flaws [79] [78]. To ensure an accurate evaluation
of a material, a combination of different NDE techniques is often utilized [78].

NDE offers numerous advantages when compared to destructive testing, such as
cost-effectiveness, since the evaluated structure or part can be reused [80]. NDE is not as
expensive as destructive testing and does not require large laboratory equipment [79], [80].
Moreover, some of the NDE techniques, like ultrasonics, allow for in-field testing to be
performed, thereby eliminating the need to disassemble and transport the specific part
requiring inspection to a different location, which can be time-consuming, and some
structures, like adhesive joints, cannot be disassembled [81], [82]. Additionally, NDE can

be used for quality control of a product and in-situ monitoring during its manufacturing
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process without damaging it. This offers more reliability than destructively testing a small
percentage of the manufactured products in each batch and assuming that these properties
will be maintained along the rest of the batch. The advantages of NDE have led researchers
and industries to adopt these techniques for the evaluation of materials and structures in
industries such as the military and defense, aerospace, automotive, and construction [69],
[78], [83]. In many of those cases, more than one NDT method is required to increase the
effectiveness of the evaluation. To ensure a successful evaluation, it is important to
understand the capabilities and limitations of each NDE method [83].

NDT methods are primarily divided into two distinct categories: contact and non-
contact. Contact methods, such as traditional ultrasonic testing, eddy current testing, and
penetrant testing, typically require good contact with the sample in order to obtain reliable
evaluations [79]. In contrast, non-contact methods offer a more expedited testing process
since physical contact with the sample is not required. Examples of non-contact methods
include transmission ultrasonics, radiography testing, thermography, and electromagnetic
testing [79]. This research focuses on the utilization of electromagnetic testing as a non-
contact method and ultrasonics as a contact method.
1.3.2.1 Magneto-electric nanoparticles

Magneto-electric nanoparticles (MENS) are a special type of nanoparticles that
exhibit the magneto-electric (ME) effect since they are composed of a piezoelectric and
piezomagnetic phase [84], [85]. The coupling between these two phases allows for the
magnetization to change when an electric field is applied, while the electric polarization
can be modified by inducing a magnetic field [86], [87]. MENSs are synthesized with a core-

shell structure, where the shell constitutes the magnetostrictive phase and the core is the
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piezoelectric phase [88]. Figure 1.6a shows how the flux density is proportional to the
surface charge of the nanoparticles, which can be altered using a magnetic field. Figure
1.6b displays an example of a hysteresis loop where it is shown how the application of a
magnetic force causes an increase in the flux density and part of which is retained after the

magnetic force is brought back to zero (point b).
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Figure 1.6. (a) Negative surface charge density with change in flux; (b) Schematic of a
hysteresis loop caused by the application of a magnetic force.

MENSs have also attracted the attention of the biomedical field due to their adaptable
particle size, which can go from just a few nanometers to tens of nanometers [89]. This has
opened new treatment possibilities since MENs are similar in size to a cell or a virus.
Magnetic fields have been used to manipulate MENSs to transport drugs, like anticancer
drugs, to a desired body, like cancer or tumor [89]. When MENSs are attached to a biological
entity and then inserted into a human body, an external magnetic field can be utilized to
transport the nanoparticles into a region of interest [90]. For example, R. Guduru et al. used

MENSs for drug delivery to eradicate ovarian cancer cells by controlling the nanoparticle’s
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intrinsic electric field [91]. K. Yue et al. modeled a non-invasive stimulation of the brain
of a patient that suffered from Parkinson’s disease by inducing an electric field with a level
comparable to that of a healthy patient. This simulation was performed by coupling electric
signals in the neural network of the brain to the magnetic field of the MENs [92]. The ME
effect has also been capitalized by K. Petcharoen et al. to manufacture nanocomposites
with shape memory capabilities [93]. They used MENSs to deflect the material in the
direction of an induced electric field, and the material was able to recover its original shape
when the field was not applied.

Dispersing MENSs in epoxy adhesives can be used to non-destructively monitor the
effects of mechanical loading and environmental exposure due to changes in the intrinsic
properties of the matrix. Figure 1.7a shows how the magnetic signal of plain MENs
decreases when dispersed into a polymer. Figure 1.7b depicts a schematic of how this
reduction is due to the surface charge neutralization caused by the positive ends of the

polymer chains.

Sooro. h

0.0005 - §
/—\ charge neutralization
-y
-0.0010 < \_/ -
polymer chains

-0.0015

Moment(emu)

-1 GiIJUO -5{;00 0 EDIUO ‘IU[I]OD ) \
Field(G) ﬂ ux
@ (b)

Figure 1.7. (a) Magnetic response of free MENSs vs. polymer coated MENSs; (b) Charge
neutralization of individual MENSs as a function of the polymer coating.
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In addition, this method can be used to evaluate the curing process of the adhesive.
Changes in the magnetic signatures of the nanoparticles are caused by variations in the
inter-particle spacing due to an applied strain or damage on the matrix. Furthermore, MENs
not only can be used for non-invasive quality evaluation but also the mechanical
strengthening of the adhesive. M. F. Uddin et al. enhanced the ballistic performance of
polyurethane by using titanium dioxide nanoparticles [94]. They demonstrated how adding
3 wt% of nanoparticles to the polymer increased the absorbed kinetic energy of the
structure by 20 % compared to the plain samples. P. Rosso et al. dispersed a 5 vol% of
silica (SiO2) nanoparticles into an epoxy adhesive (DGEBA), which caused a 20%
improvement in the elastic modulus and a 70 % increase in the fracture toughness K¢ [95].
However, having an excessive number of nanoparticles can have a detrimental effect on
the mechanical properties of the polymer. S. Fu et al. demonstrated how the tensile strength
of nylon 6 reached a maximum when containing 5 wt% of silica nanoparticles, but its
strength started to decrease when adding higher silica percentages [96]. One of the
objectives of this research has been to add MENS into an epoxy adhesive for its non-
destructive evaluation while having no adverse effects on the mechanical properties of the
polymer.
1.3.2.2 Ultrasonics

Ultrasonics is a popular non-destructive evaluation technique used for examining a
variety of materials, such as metals [97], [98], ceramics [99], [100], and polymers [77],
[101]. This method is based on the propagation of sound waves and provides high accuracy
and sensitivity. As illustrated in Figure 1.8, ultrasonic testing utilizes acoustic waves at

frequencies ranging from 20 kHz to 100 MHz. Some of the main advantages of this
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technique include its high resolution, ability to detect flaws, and the possibility of in-field

testing [79].
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Figure 1.8. Frequency ranges of sound [102].

The velocity and attenuation of ultrasonic waves are highly sensitive to variations
in the viscoelastic characteristics of forming macromolecular networks [26]. This
sensitivity can be exploited to detect small changes in the adiabatic moduli with high
precision. In a material of known density, the longitudinal and shear sound speeds can be
utilized to calculate Young’s, bulk, and shear moduli [103]. Furthermore, ultrasonics can
be utilized to evaluate phase transitions during cure and the physical properties of materials
[77], [104].

The ultrasonic pulse-echo method can be used to measure the sound speed of a
material and determine its elastic constants, making it suitable for detecting inconsistencies
in homogeneous and heterogeneous materials [104] [105]. F. Lionetto et al. demonstrated
the effectiveness of this method in monitoring the cure state of thermosetting resins, as well
as its superior sensitivity to modulus variations during vitrification compared to differential
scanning calorimetry (DSC) [26]. Additionally, ultrasound has been used to non-
destructively evaluate the curing mechanics of epoxy resins at different temperatures [26],
[77], [106]. Further research into the use of ultrasonics as a non-destructive method is

necessary in order to effectively understand how manufacturing variations can affect the
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quality of the final product. If successful, this method could be used to tailor the properties
of a polymeric material non-destructively for specific applications, while being a cost-
effective way to characterize materials and structures. A detailed description of the process
of using ultrasonics to analyze the degree of cure and mechanical properties of epoxies is
presented in chapter 2.2.4.

1.3.2.3 Fourier transform infrared (FTIR) spectroscopy.

Fourier Transform Infrared (FTIR) spectroscopy is an analytical technique used to
identify chemical compounds in materials by measuring the absorption of infrared
radiation. This technique has been widely employed in the characterization of organic
compounds, as the spectrum of the sample can be compared to the spectra of known
materials in online libraries to identify the components of the sample [23]. As FTIR can
provide information on the composition, structure, and properties of polymers, it has
become an invaluable tool in the polymer industry.

FTIR can be utilized to detect and monitor changes in the structure and properties
of polymers and quantify the presence of additives or impurities therein. The technique is
also capable of identifying the occurrence of degradation in the polymer [107], [108]. For
example, G. V. Salmoira et al. applied FTIR to identify the components of the thermal
degradation of liquid and cured photosensitive resin (stereolithography resin Renshape™
5260) [109]. They increased the temperature of the resin up to 550 °C and observed the
formation of CO; and CO related to the absorption bands at 2358 and 2170 cm™ due to the
scission of links in the polymer’s backbone. They also observed an increased absorption of
the 1459 cm™ band, which corresponds to the formation of CH2 group of the aliphatic

products due to the scission of the polymer’s main chain.
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FTIR is a commonly used technique to quantify the progress of the curing process
of epoxies [25], [55]. By taking into account the chemical reactions happening during the
curing of an epoxy/amine system (as described in chapter 1.2.1), the development of epoxy
group concentrations can be tracked to monitor the process [24], [25] As the epoxy resin
is consumed, its spectra intensity is inversely proportional to the degree of cure;
meanwhile, the spectra intensity of the hydroxyl groups increases as they are formed during
the cure. The procedure for using FTIR to measure the degree of cure is outlined in chapter
2.2.6.
1.3.2.4 Combination of ultrasonics and FTIR

Ultrasonics and FTIR have been independently used to characterize the elastic
properties and chemical structure of curing and fully cured polymers. By using these two
techniques together, a unique combination of non-destructive evaluation of polymer curing
Kinetics is obtained. This provides an opportunity to design and customize novel polymeric
materials, as well as to establish a correlation between the elastic properties and chemical
structure of a material during the curing process and its fully cured mechanical properties.
Thus, this novel methodology of combining ultrasonics and FTIR enables researchers and
chemists to quickly and cost-effectively develop new materials, while accurately predicting
their final properties by monitoring their cure.

Chapter 2 Materials and Methods

2.1  Materials
Magneto-electric nanoparticles (MENs) composed of a piezoelectric and
piezomagnetic phase were utilized for the strengthening and non-destructive evaluation of

an epoxy adhesive. MENs are synthesized with a core-shell structure, where the shell
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constitutes the piezomagnetic phase and the core is the piezoelectric phase. The core was
composed of cobalt ferrite (CoFe204) while the shell was made out of barium titanate
(BaTiO3).

As a representative two- part epoxy adhesive material, 3M EC-2615 was selected
and used. This adhesive is a two-part DEGBA-based resin with an amine hardener. A 2:1
resin (part B) to hardener (part A) ratio by weight was used to manufacture baseline
samples following the manufacturer’s specifications. The resin and hardener were
thoroughly mixed for five minutes. Isopropyl alcohol (IPA) was added to the epoxy
adhesive to simulate trapped solvent. The volume percentage of IPA added is described in
detail in chapter 3.3. The curing process took place in a laboratory setting that was
regulated to a temperature of approximately 21 + 2 °C and relative humidity of ~44 + 2.5
%.

A liquid epoxy resin (EPON 828, Hexion) was used for this study. EPON 828 is
derived from difunctional bisphenol A/epichlorohydrin and it is known for its versatility
due to its good mechanical, adhesive, dielectric, and chemical resistance properties [110],
[111]. A liquid curing agent (EPIKURE 3234, Hexion) from the family of unmodified
aliphatic amines was used for room-temperature curing. The manufacturer’s recommended
concentration of the curing agent is 13 phr (parts per 100 resin by weight), which
corresponds to a 6.5 to 1 resin-to-curing agent ratio by volume. The resin and hardener
were thoroughly mixed for five minutes before being poured into a 3D-printed mold. The
curing process took place in a laboratory setting that was regulated to a temperature of

approximately 21 + 2 °C and relative humidity of ~44 + 2.5 %.
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2.2  Methodology
2.2.1 Synthesis of magneto-electric nanoparticles (MENS)

The manufacturing of MENSs is divided into two chemical processes: the first one
is to synthesize the cobalt ferrite (CoFe204) core material and the second one is to
synthesize the barium titanate (BaTiO3) shell. Figure 2.1 shows the schematic of the core-

shell structured nanoparticle.

Co FeZO .

BaTiO
3
Figure 2.1. The core-shell structure of MENs composed of cobalt ferrite and barium
titanate.
Table 2.1 describes in detail the septs on how to obtain cobalt ferrite core, while Table 2.2
contains the procedure to manufacture the barium titanate shell. These steps have to be
followed in sequential order and performed in the fume hood to prevent inhalation of any

biproducts. Wearing appropriate PPE like gloves, lab coat, and goggles is also necessary.
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Table 2.1. Procedure to synthesize the core phase of the MENS.

Step Description
1 | Measure 50 mL of ethanol using a graduated cylinder and pour it into a flask
2 | Measure 1.46 g of cobalt (II) nitrate hexahydrate (Co(NO3)3+6H20) and pour it

into the flask

3 | Measure 4.04 g of iron (III) nitrate nonahydrate (Fe(NO3)3+9H20) and pour it
into the flask

4 | Use a magnetic stirrer to mix the solution until the dissolution of the particles

5 | Heat the solution in flask #1 to 70°C while magnetically stirring at 500 RPM

6 | While the solution in step 5 is being heated up, measure 20 mL of DI water and
pour it into a beaker (beaker #1)

7 | Measure 2.8 g of sodium hydroxide (NaOH), pour it into beaker #1, and use a
sonicator until the particles are dissolved

8 | Measure 20 mL of DI water and pour it into another beaker (beaker #2).

9 | Measure 4.0 g of polyvinylpyrrolidone (PVP), pour it into beaker #2, and use a
sonicator until the particles are dissolved

10 | Pour the solution in beaker #1 drop by drop using a pipette into the flask and
leave it on the hot plate for 30 minutes at 70°C and 500 RPM

11 | After 30 minutes, drop the solution in beaker #2 into the flask using a plastic
pipette while stirring. Pour only one or two drops at a time, since doing it faster
will cause the solution to boil

12 | Once step 11 is complete, leave the solution on the hot plate for 30 minutes at
70°C and stir at 750 RPM.

13 | After 30 minutes, increase the temperature to 100°C and the stirring speed to
300 RPM for 12 hours

14 | After 12 hours, add 100 mL DI water into the flask and sonicate for ~30 minutes
until all the solid is dissolved

15 | Then, equally separate the solution into three large beakers and add 200 mL of
DI water to each of the beakers

16 | Place one of the large beakers on top of a big magnet for ~3 minutes, which will
attract the core material to the bottom of the beaker

17 | While maintaining the magnet in contact with the bottom of the beaker, pour the
remaining DI water into another beaker for disposal

18 | Add once again 200 mL to that same beaker and repeat steps 16-18 three times.
Perform these steps for each of the three large beakers, which will leave the core
material at their bottom.

19 | After performing the previous steps three times for each beaker, add 25 mL of
ethanol into the beakers

20 | Pour the contents of each large beaker (ethanol + core material) into a clean
flask and place it on a hot plate at 100°C until the ethanol evaporates

21 | Finally, scrape the remaining core material at the bottom of the flask and place it

into an enclosed container for storage
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Table 2.2. Procedure to synthesize the shell phase of the MENSs.

Step Description

1 | Measure 150 mL of ethanol and pour it into a beaker (beaker #1)

2 | Measure 5 g of citric acid and put it into beaker #1

3 | Using a magnetic stirrer, stir at ~500 RPM until the particles in beaker #1 are
dissolved

4 | Measure 150 mL of DI water and pour it into a beaker (beaker #2)

5 | Measure 1 g of citric acid and put it into beaker #2

6 | Place beaker #2 in an ultrasonic sonicator for ~5 minutes until particles dissolve

7 | Measure 0.158g of barium carbonate and put it in beaker #2

8 | Place beaker #2 once again in a sonicator for ~5 minutes until particles dissolve

9 | While magnetically stirring, use a pipette to pour 240 pL of titanium
isopropoxide into beaker #1

10 | Pour the solution in beaker 2 into beaker 1 and magnetically stir for ~5 minutes

11 | Measure 1 g of polyvinylpyrrolidone (PVP) and place into beaker #1 while
stirring

12 | After the PVP is completely dissolved, place beaker #1 in a table and remove
the magnetic stirrer bar

13 | Measure 0.097g of core and pour it into beaker #1

14 | Place a parafilm on top of beaker #1 and sonicate for 3 hours

15 | After sonicating, place beaker #1 in the hot plate at 125 °C and insert a stirring
machine for ~8 hours.

16 | Scrape out the gel in beaker #1 and place it in a ceramic crucible

17 | Place the crucible in a furnace and heat it from 25 °C to 600°C in a period of 2
hours. Then, maintain at 600°C for 5 hours and finally decrease from 600 °C to
25 °C in a period of 10 hours.

18 | After the furnace cycle is complete, place the MENSs from the crucible into a

container for storage

Figure 2.2 contains an image of MENSs taken with a transmission electron

microscope (TEM). The average size of the nanoparticles was ~30 nm. The cobalt ferrite

core can be identified at the center of the nanoparticles, while the barium titanate shell has

a lighter tone on the surroundings.
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Figure 2.2. TEM image of MENs showing the core-shell structure.
2.2.2 Vibrating sample magnetometry (VSM)

The magnetic properties of the samples were first measured using vibrating sample
magnetometry (VSM), which consists of the vibration of a magnetic sample in a uniform
magnetic field [112]. This instrument had a sensitivity of 0.01pemu. The difference in
magnetic response of plain adhesive samples with respect to samples containing MENs
was evaluated. To achieve this, 3M EC-2615 epoxy adhesive samples containing 0 vol%
and 1 vol% MENs were manufactured. Samples were cured at room temperature (~22 °C)
for 7 days prior to testing. The samples had dimensions of 5 x 5 x 1 in length, width, and
thickness, respectively.

To evaluate the effects of environmental exposure on samples containing MENSs,
samples with the same epoxy adhesive and dimensions were manufactured containing O,
5, 10, and 15 vol% of MENSs. These samples, after being fully cured, were placed in an

environmental chamber (Figure 2.3) at 95 % relative humidity and 70 °C for 4 weeks.
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Magnetic signatures were measured using VSM prior to and after being exposed

environmentally.

h

Figure 2.3. Environmental chamber located at FIU.

2.2.3 B-H looper testing

A B-H looper setup was used to non-destructively characterize the local properties
of adhesive samples. This setup can evaluate the magnetic properties of a sample
containing MENSs based on the principle of reciprocity, which states that the magnetic flux
density B and the applied magnetic field H are influenced by the system’s induced and
applied voltages, respectively.

From the reciprocity principle, the electromotive force (EMF) or measured signal,

g, in volts is obtained by using equation 2.1 as follows [113]:
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Where A¢ is the change in magnetic flux in volt-seconds, 4¢ is the change in time in
seconds, n is the number of turns in a coil, M(r) represents how the magnetization is
distributed throughout the sample, and Himg is the normalized reciprocal imaginary field
representing the geometry of the B-H setup.

The schematic in Figure 2.4 shows how the B-H looper setup includes a function
generator connected to a lock-in amplifier and three coils. The two detection coils (shown
in blue) are positioned on either side, and they are connected in series to amplify the
magnetic signal from the sample and cancel any background noise. The source coil located
in the middle (shown in orange) is connected to the function generator to generate an AC
magnetic field. The lock-in amplifier links the detection and source coils and amplifies
only the signal at the detection frequency and phase while eliminating all other noise

signals.

I ac current

| Detection coil

Deteggion coil

Sample

AC Voltage

Lock-In
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Figure 2.4. Schematic of the B-H looper.
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The B-H looper setup was used to monitor the curing process of the 3M epoxy
adhesive EC-2615. Figure 2.5a contains a picture of the B-H looper setup and Figure 2.5b
depicts how the source coil and detection coils are located on top of the lock-in amplifier.
Both coils were wired using a coil winding machine around a 3D-printed base made out of
PLA filament. This task could be performed manually, although using the winding machine
helped in improving the geometry of the coils. Then, electromagnetic interference (EMI)
shielding tape was used to shield the wire against undesirable magnetic signals. Also, the
implementation of BNC connectors to each end of the wire ensured an easier and proper
connection. The background noise of this design was under 10 pV, which allowed to

accurately measure the magnetic signal of adhesive samples containing MENS.

(b)

Figure 2.5. (a) Picture of the B-H looper setup; (b) Schematic of the source and detection
coils.
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Six adhesive samples (2:1 resin to hardener ratio) containing 5 vol% of MENSs were
manufactured with dimensions of 8 x 8 x 4 mm in length, width, and thickness,
respectively. This percentage was selected to measure a magnetic signal with the B-H
looper that was significantly higher than its background noise. Figure 2.6 shows an
adhesive sample containing MENS inside a PLA stand, which was used to place the sample
next to the B-H looper during testing. Since most of the curing process of this polymer
occurs during the initial curing hours, the magnetic signal of the samples was measured

every hour during the first 24 hours.

Figure 2.6. Sample stand containing an adhesive sample with 5 vol% MENSs.

Tests were conducted by running the B-H looper at 4 V input voltage and 1.3 kHz
frequency, which is the critical frequency. This frequency was identified by sweeping the
frequency from 100 Hz to 10 kHz with 100 Hz intervals and noting when the signal due to

the MENSs reached its peak. The inductance of the system, which is affected by the
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microenvironment of the sample, was the determining factor of the critical frequency [38].
When a voltage was applied to the B-H looper's source coil and the sample was situated
close by, the resulting AC magnetic field generated a magnetic flux in the sample that
contained MENSs due to the nanoparticles' surface charge density. This magnetic flux was
picked up by the detection coils, resulting in a change in signal. The background signal,
which includes the noise factor, was recorded prior to placing the sample in the B-H looper
and was subtracted from the signal for every measurement.
2.2.4 Ultrasonics

Ultrasonics were utilized to non-destructively measure the sound speed of the
adhesive and resin samples during their curing process. This method was also used to
obtain the elastic properties of fully cured samples. To achieve this, the resin and hardener
components of the epoxies were first measured and thoroughly mixed for three minutes. A
detailed description of the sample types manufactured and tested using acoustics is
included in chapters 4.3.4 and 5.3.4. Once mixed, they were poured into a PLA 3D-printed
mold with the dimensions specified in Figure 2.7. The indents located at each side of the

mold were inserted for proper and easier transducer placement.
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Figure 2.7. Technical drawing containing the dimensions of the PLA 3D printed mold
used for ultrasonic testing.

A function generator (AFG31052, Tektronix) was utilized to generate a sine burst
of 500 kHz at 10 volts peak-to-peak. This frequency was selected after observation over a
range of frequencies as it produced the highest output signal for the polymeric materials
evaluated. A Tukey window with a cosine fraction, r, of 0.4 was used to taper the input
function consisting of five cycles [114]. This excitation wave is graphed in black in Figure
2.10. The burst was transmitted and detected by transducers placed on each side of the
sample. 2.25 MHz transducers (V133-RM and V154-RM, Olympus) were used for
evaluating the longitudinal and shear sound speeds, respectively. An ultrasound couplant
(Echo Ultrasonics) was used to ensure proper contact between the sample and the
transducers. The resulting waveforms were recorded using an oscilloscope (MDO32,

Tektronix).
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Figure 2.8 contains a schematic of the acoustic setup, which demonstrates how the
emitter transducer is connected to the function generator while the receiver is connected to
the oscilloscope. These transducers are then placed on the left- and right-hand sides of the
sample. The purpose of having a trigger is to synchronize the time scale in both the function
generator and the oscilloscope, which is necessary for the proper analysis of the output

waveforms to obtain an accurate sound time travel speed in the sample.

Function Generator Oscilloscope

Sample

—
Transducer

Transducer

Figure 2.8. Schematic of the ultrasonics setup.

Figure 2.9a shows the acoustic setup mounted at the laboratory, where the function
generator is located at the top left and the oscilloscope at the top right corner. A close-up
view of how the transducers are placed on each side of the sample is shown. This setup
allows to evaluate four samples at a time. This number is limited to the input channels in

both the function generator and the oscilloscope.
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Figure 2.9. Picture of the ultrasonics setup while testing two epoxy resin samples.

For studying the curing processes, the waveforms were autonomously saved every
two minutes using the LabVIEW software during the first 48 hours of cure. LabVIEW is a
graphical programming software that allows scientists and engineers to combine graphical
elements, such as blocks and diagrams, with text-based programming languages to create
systems that are easy to understand and modify. They are particularly useful in the areas of
data acquisition, data processing, and process control, as they allow users to perform these
tasks autonomously and rapidly. LabVIEW has a variety of tools and libraries to easily
connect and interact with laboratory instruments.

To accurately calculate the sound travel time in the sample at any point during the
curing process, the cross-correlation function is used to measure the similarity of two
signals as a function of the displacement relative to one another. The cross-correlation of

two arbitrary functions, g(t) and h(t) is defined as follows [115]:

Corr(g,h) = fj;og(r + t)h(r)dr (2.2)
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Where t is the lag between the two functions. An example of the cross-correlation (blue)
between the excitation waveform (black) and the output waveform (red) of a fully cured
adhesive sample are graphed in Figure 2.10. The lag between the two functions, i.e., the
sound time travel in the sample, is the x-coordinate of where the highest peak of the cross-
correlation is located. It can be observed how the highest peak in the cross-correlation

corresponds to the point in time where the beginning of the output waveform is located.
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Figure 2.10. Graph of the excitation waveform, output waveform, and cross-correlation
waveform.

The travel time obtained from the cross-correlation of the output waveform includes
the delay produced by the transducers, the 3D-printed mold, and the polymeric material

inside the mold. However, only the sound speed through the polymer is of interest. To
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calculate the delay introduced by the other components of the system, the recently
described testing procedure is performed for a system composed of just the transducers,
and a system composed of the transducers and a 100% infill 3D printed cube. Equation 2.3
is implemented to calculate the delay produced by just the polymeric material in the
system:
—t, (2.3)
[
where t,, is the time delay from the polymeric material of interest, ¢, is the time delay of
the whole system, ¢, is the time delay of the system composed of the transducer and the
100% infill 3D printed cube, d,, is the thickness of the 3D-printed cube, and ¢, is the time
delay of the system composed of just the transducers.
After the time of flight corresponding to the polymeric material is obtained,

equation 2.4 is used to calculate the sound speed in the material:
d
c=— (2.4)
tp

where d is the thickness of just the polymer part of the whole system, and ¢,, is the sound
travel time in the polymer obtained from equation 2.3. The law of propagation of
uncertainty was used to obtain the error associated with the velocity calculations [116].
This method accounts for the uncertainty associated with the resolution of the oscilloscope
to plot the output waveforms (9 ns), which were used to obtain the sound travel time, and
the uncertainty associated with the digital micrometer that was used to evaluate the

thickness of the sample (0.01 mm).
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The elastic properties of an isotropic material can be obtained using ultrasonics if
its density, longitudinal speed, and shear speed are known [77], [117]. The densities of the
sample were obtained using a pycnometer (AccuPyc Il 1340, Micromeritics). However,
since the epoxies used are a dispersive medium, the sound travel speed is dependent on the
frequency utilized. Thus, the cross-correlation method along with a frequency sweep
method similar to the one performed by C. Pantea et al. [104] were used to accurately
determine the longitudinal and shear sound travel times in the samples. For the longitudinal
travel time, a frequency sweep from 0.9 to 2.3 MHz with a 0.1 MHz step was used, while
for the shear travel time, a range from 0.5 to 1 MHz was used with the same step size.
Different frequency ranges were implemented to obtain the longitudinal and shear travel
times since a minimum amount of signal was required to perform a correct measurement,
but the magnitude of the output signal varied for each frequency and wave type. Thus, the
ranges of frequencies selected depended on having a minimum magnitude of the output
signal to perform a proper cross-correlation.

In this method, a total of five peaks of the cross-correlation waveform were used:
one corresponding to the overlap between the excitation, two to the left side of the overlap,
and two to the right side of the overlap. The time travel times (time delays) for each of the
frequencies and cycles were plotted versus the inverse of frequency. After plotting and
extrapolating the linear fits to a frequency of infinity, the intercept of each of the cycles
where the inverse of the frequency equals zero provides the sound travel time in the sample.
The plots for the longitudinal and shear sound travel time vs. the inverse of the frequency

of a fully cured baseline 3M EC-2615 epoxy adhesive are given in Figure 2.11a and Figure
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2.11b, respectively. Then, equation 2.3 is used to calculate the longitudinal and shear sound

speed using the sample’s thickness.
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Figure 2.11. (a) Longitudinal and (b) shear sound travel time vs. the inverse of the
frequency of a fully cured baseline 3M EC-2615 epoxy adhesive.

In the case of homogeneous isotropic materials, once the longitudinal and shear
sound speeds have been calculated and the density of the material is obtained, equations

2.5 and 2.6 can be used to determine the Youngs modulus and Poisson’s ratio, respectively

[103]:
2 2
c; — 2c;
E =pc?(————— 2.5
pCs (chz — e ) (2.5)
=2 26
VT 27 —2c2 (2.6)

where p is the density of the material, ¢; is the longitudinal speed in, and c, is the shear
speed, E is Young’s modulus, and v is Poisson’s ratio. These formulas can also be applied

to evaluate the elastic properties of polymeric materials during their curing process. 2.2.5

Modeling
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As manufacturing processes and structural geometries become more and more
complex, following the traditional way of iterating the design until a desired outcome is
obtained becomes too expensive [118]. Thus, optimized models that predict processes with
the aid of numerical simulation methods are essential to reduce manufacturing costs. In
addition, polymers with anisotropic behavior and the determination of their material
properties based on cross-linking make the prediction of the final product difficult if not
impossible [118].

For this application, modeling helps to better understand numerically the curing
processes of each sample type and how they differ from one another. When a great amount
of data on a material is obtained, modeling allows for predicting if improper manufacturing
was performed and how the process would influence the final properties of the structure.
This can be very favorable during in-situ analysis since a part can be deemed safe or unsafe
before waiting for the whole manufacturing process to be completed.

The degree of conversion, a(t), ranges from 0 to 1 and can be expressed using the Hill

equation as shown in equation 2.7 [119]:

1
a=1-—o 2.7)

@)
where t is cure time in seconds, 6 is the shape parameter constant, and 7 is the time constant
defined as = = 6/k, where k is the rate constant. The time constant = is an important
parameter of the distribution since it represents when the degree of conversion a = 0.5. A
generalize reduced gradient (GRG) algorithm was used to minimize the sum of the errors
squared between the normalized experimental sound speed and modeled data by fitting

different € and k parameters.
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2.2.6  Fourier transform infrared spectroscopy

FTIR was performed on a Nicolet iS50 (Thermo Scientific), which is displayed in
Figure 2.12, using a DTGS KBr detector and OMNIC software. Scans were taken from
4000 to 400 cm ™1 with a resolution of 0.482 cm™!. Sixteen scans were used and the spectra
were graphed in absorbance mode. The sample was placed on a golden gate diamond top
plate (Specac) equipped with a KRS-5 lens. The lens was cleaned using ethanol followed
by DI water before each sample. When analyzing fully cured adhesive samples, the
specimen was made sure to have good contact with the detector’s surface to obtain a proper
amount of signal. To achieve this, a torque-limited knob was utilized to apply pressure on

the samples during testing.

(@) (b)

Figure 2.12. (a) Nicolet iS50 FTIR from Thermo Scientific; (b) picture of an epoxy resin
sample being tested on the FTIR.

When performing FTIR analysis during the cure of EPON 828 epoxy resin sample,
100 pL of material was poured on top of the crystal after the resin and hardener had been
thoroughly mixed. The images in Figure 2.13 portray an EPON 828 sample being tested in

the FTIR during cure. Testing was performed using the same parameters as described
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above, although this time spectra were taken every two minutes during the first 24 hours

of cure. A background scan was completed before testing each sample.

(b)

Figure 2.13. (a) Top and (b) side view of an epoxy resin sample being tested on the FTIR
during cure.

The intensity of an FTIR spectrum is higher in solid samples compared to liquid
samples because vibrations in solids are typically more intense than those in liquids. This
is due to the fact that the molecules in solids are closer together, allowing for stronger
interactions and more efficient energy transfer. The molecules in liquids are less tightly
packed, resulting in weaker interactions and less energy transfer. Thus, to take into account
the change in intensity of the baseline FTIR spectra as the polymer cures, the intensities of
the analyzed peaks were normalized with respect to the wavenumber 1034 cm™?! using
equation 2.8. This peak corresponds to the phenyl group and it remains chemically
unmodified during cure. The degree of conversion, o, of any given peak intensity can be
calculated using equation 2.9, where o goes from 0 to 1 when the intensity of the peak

increases during cure and from 1 to O where the intensity decreases during cure.

Lyeai (t)
Ipeak norm(t) = % (2.8)
1034
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Ipeak (t)

1 L34 (®)
a@=1-720 (2.9)

I1034(0)

2.2.7 Thermal Analysis

Thermal analysis was performed using a Q600 SDT (TA Instruments), which is
shown in Figure 2.14. 3M EC-2615 epoxy adhesive samples (2:1 resin to hardener ratio)
containing 5 wt% MENs were tested during their initial 24 curing hours with one-hour
intervals. These tests were used to evaluate how the glass transition temperature of the
epoxy adhesive behaves during the curing process to corroborate the magnetic signatures
obtained with the B-H looper. The tests were run from room temperature (~23 °C) to 500
°C at a heating rate of 5 °C/min. Argon gas was used as a purge gas. The weight of the

samples ranged between 11 and 12 pg.

Figure 2.14. Q600 SDT from TA Instruments.
Thermal testing was also used to analyze how residual IPA affected the thermal
stability of the 3M EC-2615 epoxy adhesive. Testing was performed on fully cured

adhesive samples (2:1 resin to hardener ratio) containing 0, 2, 4, and 6 wt. % IPA. The tests
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were run from room temperature (~23 °C) to 450 °C at a heating rate of 5 °C/min. Argon
gas was used as a purge gas. The weight of the samples ranged between 9.0 and 9.5 ug.

The effect of varying EPON 828 resin to EPIKURE 3234 hardener ratio on thermal
stability was also investigated. Testing was performed on fully cured epoxy resin samples
containing 1:0.6, 1:1, and 1:1.4 resin-to-hardener ratios. The tests were run from room
temperature (~23 °C) to 500 °C at a heating rate of 5 °C/min. Argon gas was used as a
purge gas. The weight of the samples ranged between 8.5 and 9.0 ug.
2.2.8 Mechanical testing
2.2.8.1 Tensile testing

Standard ASTM D638-03 was followed to obtain the tensile strength of the
dogbone adhesive and resin samples [120]. The size of sample type I in the standard was
adapted to reduce the amount of material volume used per sample. The dimensions were
reduced to have the final values shown in Figure 2.15. The total length of the sample was
165 mm while its thickness was 7 mm. The width at the center of the sample and the grips
was 13 and 19 mm, respectively. The samples were manufactured by casting the adhesive
and resin into PLA 3D-printed molds. The epoxy was thoroughly mixed for three minutes
prior to casting. A mold release agent was added to the mold for easy removal of the cured
polymers. A detailed description of the sample types manufactured and tested is included

in Chapter 3.3.
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Figure 2.15. The mold used to manufacture dogbone tensile samples following standard
ASTM D638-03.

A tensile tester from MTS (Criterion Model 43), shown in Figure 2.16a, was used
to test the samples at a displacement rate of 5 mm/min. Testing was run until complete
failure of the samples occurred. Figure 2.16b displays how the dogbone samples were
placed in the MTS prior to testing. It was made sure that the samples had the same amount
of gripped area at each side and that they were at a vertical position to apply the load
perpendicular to the cross-sectional area. Load-displacement curves were recorded for each
test. The maximum load was used to calculate the peak tensile stress, in MPa, of the

material using equation 2.10 as follows [121]:
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(2.10)

Q
I
|

where F is the maximum load in Newtons and A is the cross-sectional area in mm?2. The
width and thickness of the samples used to calculate the cross-sectional area were measured

using a caliper prior to performing the tests.

(@) (b)

Figure 2.16. (a) Picture of the MTS Criterion Model 43 used for tensile and lap-shear
testing; (b) Picture of an epoxy adhesive sample placed in the MTS grippers prior to
testing.

2.2.8.2 Single lap-shear
Lap shear testing was performed to characterize the bonding properties under a
shear load of the 3M EC-2615 epoxy adhesive when joining carbon fiber-reinforced

plastics (CFRP). Samples were manufactured and tested following standard ASTM D5868-

01 [122]. First, a hand layup process was performed to manufacture carbon fiber panels. A
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unidirectional carbon fiber prepreg material (T800H, Toray) was cut to prepare a 12-layer
square panel with a side of 12 inches. The 12 layers that formed the panel were oriented in
the same direction, and special care was taken to prevent misalignment. Figure 2.17a
contains a picture of how the prepreg was cut, while Figure 2.17b shows how a peel ply
was put on both sides of the panel before curing it in the autoclave (American Autoclave
Co.). The peel ply protects the panels from contamination and allows them to have a surface
texture that enhances mechanical interlocking during bonding. Due to the size of the

autoclave, shown in Figure 2.19b, only two panels were manufactured per curing cycle.

(b)

Figure 2.17. (a) Picture of prepreg laminates being cut to the desired dimensions; (b)
Carbon fiber panel containing 10 layers and covered by a peel ply.

Both panels were placed on an aluminum plate that was covered by a release film,
which prevents any excess resin to bond to the plate. Then, a breather ply was added on
top of the plates to absorb any excess resin from the laminate and allows for air and
volatiles to escape during the curing process in the autoclave. Vacuum ports were placed
at each side of the aluminum plate; two were used to pull a vacuum while the other two

were used to monitor the vacuum levels during cure. Finally, a vacuum bag covered the
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whole aluminum plate, which was pasted to it using vacuum tape. Figure 2.18 contains a
schematic of the described setup, while Figure 2.19a shows a picture of the final setup
before being inserted into the autoclave for curing. The laminates were cured at a
temperature of 350 °F and a pressure of 30 psi in accordance with the manufacturer's
specifications.

Number Description

Aluminum plate
Release film

8
9 7 Silicon edge dams
6 10 .
Laminate
Release film
Caul plate
Breather ply

Vacuum bag
Vacuum tape
Glass yarn string
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Figure 2.18. Schematic of the setup materials used to cure carbon fiber panels in the
autoclave.

(b)

Figure 2.19. (a) Picture of the final setup containing two panels before being inserted
into the autoclave for curing; (b) picture of the autoclave from American Autoclave Co.
used.
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After curing, the panels were cut using a table saw prior to being bonded with the
epoxy adhesive. Standard ASTM D5868-01 recommends the samples to be 7 inches in
length by 1 inch in width and a total bonded area of 17x1”. Figure 2.20a contains a
schematic of the sample dimensions while Figure 2.20b shows how the sample was placed
on the MTS machine, in which the samples were tested with a loading rate of 13mm/min.
The specimens were left curing for seven days prior to testing. Load-displacement curves
were recorded for each tested specimen. A detailed description of the sample types

manufactured and tested is included in Chapter 3.3.

4”
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Figure 2.20. (a) Schematic of the lap-shear sample dimensions following standard ASTM
D5868-01; (b) Lap-shear sample placed in the MTS grippers prior to testing.
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2.2.8.3 End-notched flexure (ENF)

End-notched flexure (ENF) testing was performed conforming to ASTM
D7905/7905M [123] to evaluate the Mode I1 (sliding/shear mode) fracture toughness of an
adhesively bonded joint. ENF samples were made with reinforced carbon fiber panels that
were manufactured as described in Chapter 3.3. Samples were bonded with 3M EC 2615
epoxy adhesive that contained no MENs and 1 vol% MENs. An MTI Instruments SEM
1000 micro load frame was used in a three-point bend configuration. Testing was
performed at a fixed displacement rate of 0.5 mm/min. The supporting span was 50 mm,
while the sample was 120 mm in length and 3.5 mm in thickness and contained a 25 mm
pre-crack. A detailed description of the sample types manufactured and tested is included
in Chapter 3.3. Figure 2.21 shows a schematic of the three-point bending test obtained from

the ASTM D7905/7905M standard [123].
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Figure 2.21. Schematic of the three-point bending test obtained from the ASTM
D7905/7905M standard [123].

To obtain the mode Il critical energy release rate, Giic, in kJ/m? of the ENF samples,
equation 2.11 was used as follows [38]:

9a?pP§
Gu=

"~ 2B(213+3a3) (2111)
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Where a is the pre-crack in meters, P is the load in kN, & is the displacement of the pre-
crack, g is the width of the ENF samples in meters, and | is the distance between the two
bottom points from the three-point bend test fixture which is fixed at 0.0165 m.

In situ ENF testing was performed within the chamber of a JEOL JIB-4500
SEM/FIB under vacuum at a pressure of 1.4 x 10 Pa or below after Au coating the sample
for 30 seconds. Recording real-time imaging of how the crack propagates through the
sample allows for a visual understanding of how fracture occurs and develops during

testing. Figure 2.22a contains the apparatus utilized to perform the ENF testing, while

Figure 2.22b shows the apparatus inside the SEM/FIB chamber.

Figure 2.22. Picture of the MTI Instruments SEM 1000 micro load frame; (b) load frame
inside the FIB/SEM chamber prior to testing.
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Chapter 3 Multifunctional MENs Doped Adhesives: Strengthening, Bond Quality
Evaluation, And Variations in Magnetic Signal with Environmental Exposure

3.1  Abstract

Adhesive bonding of polymer matrix composites offers various advantages over
traditional fasteners such as a uniform stress state, reduced weight, and delay of composite
delamination. However, adhesive bonding has limited implementation due to challenges in
the prediction of durability. This work introduces a new method to monitor an adhesively
bonded composite joint by dispersing magneto-electric nanoparticles (MENS) into the
polymer precursor and monitoring changes in their surface charge density by evaluating
the output magnetic signal under an applied magnetic field. Real-time monitoring of the
curing process of a polymer adhesive was performed and corroborated via thermal analysis
and mechanical testing. Lap shear and end notch flexure testing showed that adding 1 vol
% MENSs led to a ~23 % increase in shear strength and a ~12 % increase in mode Il critical
energy release rates compared to the undoped adhesive. Adding 5 vol % MENSs also
increased the adhesive’s peak tensile stress by ~8 %. Strengthening mechanisms of the
doped adhesive were monitored using in situ electron microscopy. A correlation between
water ingression and a change in the magnetic moment was observed. Results show the
MENSs potential as a structural health monitoring tool for a wide range of materials and
applications.
3.2 Introduction

Polymer matrix composites (PMCs) have shown improved properties over
traditional structural materials, especially weight-normalized properties such as specific

strength and stiffness [124]. While known for some time, the implementation of PMCs as
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structural materials have been limited by complications in joining complex geometries
[125]. Currently, the bonding of composite panels is completed primarily through the use
of mechanical fasteners [40]. However, while their use can create a robust joint with the
potential to compartmentalize crack growth, the process of drilling holes in a laminate
remains a consistent challenge. For example, drilling in a PMC can create edge effects,
leading to delamination and interlaminar failure, and also create locations of stress
concentrations [34]. Furthermore, traditional mechanical fasteners are mainly
manufactured from high-density metals, adding significant weight and complexity
(possible issues with corrosion, etc.) [34]. Over-design of the composite panel is often
necessary to compensate for these factors, leading to a loss in overall efficiency [40].

One solution that could mitigate the issues associated with mechanical fasteners is
to use adhesively bonded composite joints (ABCJs). Adhesive bonds offer the potential to
join complex geometries at a fraction of the weight, simplifying a very challenging
problem. The implementation of this type of bond also allows for an improved distribution,
eliminates the corrosion occurring in metallic fasteners, and reduces the number of parts of
the structure. While the potential is vast, the current Federal Aviation Administration
certification requires a demonstration that every bond used on a primary structure
maintains integrity over the expected aircraft life cycle [126]. The motivation behind this
restriction is that, unlike mechanical fasteners, adhesive bonds cannot act to delay damage
propagation, potentially leading to large-scale catastrophic failure [127] [6]. Therefore, to
increase the scope of PMC usage, a robust and exhaustive structural health monitoring
(SHM) tool must be developed to evaluate the quality of ABCJs without reliance on the

initiation of damage in the bond [127]. The method should advance beyond the current
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structural health monitoring methods (such as E/M impedance and wave propagation
approach [128], acoustic and ultrasonic methods [129], and terrestrial laser scanning [130])
that are limited in resolution and scope and rely on damage initiation.

In this work, the dispersal and integration of magneto-electric nanoparticles
(MENS) into an adhesive resin were used to monitor the quality of a polymer adhesive
when exposed to an accelerated temperature and moisture environment. Monitoring was
achieved through a coupling of magnetostriction and piezoelectricity in the MENs [131].
This consists in having an electric polarization when a magnetic field is applied, while
obtaining magnetic polarization when an electric field is applied. A schematic of this
relationship is shown in Figure 3.1. As a result, the dipole surface charge density of the
particle induced an electric field, which caused a change of magnetization that was detected
using standard magnetometry techniques [132]. Variation in the obtained magnetic
moment was associated with the history of environmental exposure of the bond. The
integration of MENSs also provided a multifunctional effect, leading to improved shear,
tensile, and flexural performance over the unfilled adhesive. Additionally, the
strengthening of the adhesive due to doping was investigated using in-situ microscopy and
a nanocomposite toughening model. The changes in the surface charge density of MENSs
were also used to nondestructively evaluate the curing process of the adhesive. In the past,
MENSs have been used for optical and magnetic applications [133], [134] and as materials
for biomedicine and drug delivery [135], [136], but this is the first study to investigate their
potential as a multifunctional SHM tool. Future applications of this work could lead to

SHM techniques that can evaluate loading history and damage state (without reliance on
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damage initiation) for a broad range of materials, loading types, geometries, magnitudes,

and applications.
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Figure 3.1. Possible sample loading history influences on output magnetic signal of
MENSs doped adhesives.

3.3 Materials and Methods

The carbon fiber composite material selected to manufacture the lap shear and end
notch flexure (ENF) samples was a unidirectional prepreg material (T800H) from Toray.
Following ASTM D5868-01 [122] and ASTM D7905/7905M [123] standards for the
manufacturing process, the lap shear specimens had a 12-layer layup process and the end
notch flexure specimens had a 10-layer layup process, respectively. A polyester peel ply
was placed on both sides of the prepreg layups in order to prepare the surface for bonding.
An autoclave from American Company Co. was used to cure the prepreg layup at a
temperature of 177 °C and a pressure of 30 psi for 1 hour. The lap shear specimens were
cut to a size of 25.4 mm by 177.8 mm with a bonded area of 25.4 mm by 25.4 mm, while
ENF specimens were manufactured to be 35 mm by 10 mm. The carbon fiber panels were

bonded together using 3M’s Scotch-Weld two-part epoxy adhesive EC 2615 B/A. A 2:1
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resin-to-hardener ratio was used. For the doped adhesive, MENSs, synthesized to consist of
a cobalt ferrite (CoFe204) core and a barium titanate (BaTiOz) shell nanoparticles with a
median diameter of ~30 nm [19], were hand mixed into the hardener component of the
epoxy at a 1% volume concentration prior to curing. The fabrication and characterization
of the MENSs used in this study have also been discussed previously [135], [136]. Both ENF
and lap shear specimens were placed under a vacuum during the adhesive cure in order to
minimize void content. Then, the same epoxy adhesive was used to manufacture the tensile
testing dogbone samples.

The lap shear specimens were tested using the ASTM D5868-01 standard [122]. A
tensile tester from MTS (Criterion Model 43) was used to test the samples with a loading
rate of 13 mm/min. The dogbone tensile testing samples were tested at a rate of 5 mm/min
using the same MTS instrument using standard ASTM D638-03 [120]. ENF testing was
performed conforming to ASTM D7905/7905M [19] using an MTI Instruments SEM 1000
micro load frame in a three-point bend configuration. Testing was performed at a fixed
displacement rate of 0.5 mm/min. The supporting span was 50 mm, while the sample was
120 mm in length and 3.5 mm in thickness and contained a 25 mm pre-crack. In situ ENF
testing was performed within the chamber of a JEOL JIB-4500 SEM/FIB under vacuum at
a pressure of 1.4 x 10" Pa or below after Au coating the sample for 30 seconds. Uncertainty
measurements were obtained using the law of propagation of uncertainty [116]. To obtain
the mode 11 critical energy release rate, Gic, in kJ/m? of the ENF samples, equation 3.1 was
used as follows [38]:

9a2ps

G = 26 (213+3a3)

(3.1)
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Where a is the pre-crack in meters, P is the load in kN, & is the displacement of the pre-
crack, g is the width of the ENF samples in meters, and | is the distance between the two
bottom points from the three-point bend test fixture which is fixed at 0.0165 m.

To study the curing process of the 3M epoxy adhesive, three 8 x 8 x 4 mm samples
were manufactured containing 5 vol % of MENSs. This volume percentage was used since
the manufacturing process with the resources available was time-consuming, but a higher
than the previous 1 % used for the lap shear and ENF samples was utilized to obtain a
higher signal using the B-H looper setup. The curing and testing process took place in a
laboratory environment at room temperature (~22 °C). Signal measurements during the
curing process were taken every two hours using the B-H looper setup, which is described
later in this section.

Using the same adhesive, samples measuring 5 x 5 x 1 mm and containing 0, 5, 10,
and 15 vol % of MENSs were placed in an environmental chamber at 95 % relative humidity
and at an elevated temperature of 70 °C. The magnetic signatures were taken prior to
environmental exposure. After a four-week time period, the samples were removed and
again scanned. All magnetic signatures were taken using a vibrating samples magnetometer
which has a sensitivity of 0.01 pemu [137].

The adhesive’s glass transition temperature was obtained using a Q600 SDT from
TA instruments to determine its evolution as a function of the curing time during the first
24 hours of curing. The tests were run from room temperature (~22 °C) until 250 °C at a
heating rate of 5 °C/min. Argon gas was used for this testing.

To monitor the local physical properties of adhesives nondestructively and

noninvasively, the magnetic properties of MENs dispersed into these materials were
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evaluated using a B-H looper setup. In specific, this setup was used to characterize the local
properties of adhesive samples, adhesively bonded composite panels, and bonded mini-
DCB (double cantilever beam) samples. The Principle of Reciprocity states that local
values of the magnetic fields B and H are reflected by the system’s induced and applied
voltages, respectively.

The application of other techniques like vibrating sample magnetometry (VSM) is
limited since the sample needs to be attached to a piezo-actuator, thus requiring specific
sample preparation. On the other hand, the B-H looper setup allows for the evaluation of
the sample’s surface without physically damaging it. This setup takes advantage of the
magneto-electric effect to noninvasively evaluate magnetic signature differences at a
microenvironment level.

From the reciprocity principle, electromotive force (EMF) or measured signal, €, in volts
is obtained by using equation 3.2 as follows [113]:

_nAp nA [HimgM (r)dv
~ac Mo At

(3.2)

Where A4¢ is the change in magnetic flux in volt-seconds, 4¢ is the change in time in
seconds, n is the number of turns in a coil, M(r) represents how the magnetization is
distributed throughout the sample, and Himg is the normalized reciprocal imaginary field
representing the geometry of the B-H setup.

It can be seen in the B-H looper setup in Figure 3.2 how this setup consists of a
function generator equipped with a lock-in amplifier and three different coils. Two
detection coils are located on either side (shown in blue) with the purpose of acquiring a

balanced detection. To amplify the magnetic signal from the sample and to cancel any
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background noise, these two detection coils were connected in series. The source coil
located in the middle (shown in orange) is connected to the function generator to generate
an AC magnetic field. The lock-in amplifier connects the detection and source coils and
was used to amplify only the signal at the detection frequency and phase and cancel out all
the noise signals at all the other frequencies. The sensitivity of the setup was reduced down
to the microvolt level and it is limited by the inductance of the whole setup, which is
frequency dependent. Fortunately, this is not a fundamental limit and we can further
improve it in the future by increasing the number of balancing coils and optimizing the

geometry of the coils through numerical simulations.

I ac current

Deteggion coil Detection coil

Sample
AC Voltage
I Lock-In
I Amplifier

Figure 3.2. B-H looper setup diagram.

To test the curing process using the B-H looper of the adhesive containing MENS,
an input voltage of 4 V and a frequency of 1.3 kHz were utilized, which is the critical
frequency. To determine this frequency, the frequency was swept from 100 Hz to 10 kHz,

and the value at which the signal due to the MENSs reached its maximum was recorded.
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This frequency value was characterized by the net inductance of the whole system, which
is influenced by the sample’s microenvironment [38]. Thus, the inductance is partially
determined by the magnetic dynamics of the MENSs dispersed in the sample. The critical
frequency value slightly increases when the applied field is further increased via the source
voltage.

When a voltage was applied to the source coil of the B-H looper and the sample
was placed next to the coils, the AC magnetic field generated caused a magnetic flux in the
sample containing MENs due to the surface charge density of the nanoparticles. This
magnetic flux was perceived by the detection coils, causing a change in signal. The
background signal, which includes the noise factor, prior to putting the sample was

subtracted from the recorded signal for every measurement.

3.4  Results
3.4.1 Magnetic Moment on MENs Doped Adhesive

The influence of surface charge on the magnitude of the magnetic moment
generated during VSM is shown in Figure 3.3a for MENs with and without a polymer
coating. Results show a 60 % decrease in the magnitude of the magnetic moment when
MENSs contained a polymer coating as compared to the free particles. Figure 3.3b shows
the difference in VSM signal generated from undoped and doped (1 vol % MENS) cure
polymer adhesive (EC 2615 B/A, 3M). The doping of the adhesive resulted in an
approximate 500% increase in the magnetic moment from approximately 10 pemu to 50

pemu.
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Figure 3.3. (a) Magnetic response of free MENS vs. polymer coated MENSs; (b) the
influence of MENSs doping on the magnetic signal on a polymer adhesive.

The sensing capability of the MENSs particles predominantly comes from variations
in surface charge density based on loading history [138]. For the uncoated and coated
individual particles, Figure 4a shows the possible mechanism for a decrease in surface
charge and, as a result, magnetic moment. As a MEN is coated with polymer chains, free
H+ atoms in the chains act to neutralize the surface charge [136], increasing bond strength
between the particle and the polymer as well as lowering the measured magnetic moment,
as shown in Figure 3.3a. Then, Figure 3.3b shows how adding the nanoparticles into the

adhesive causes the magnetic properties of the material to increase.
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Figure 3.4. (a) Charge neutralization of individual MENSs as a function of polymer
coating; (b) Polarization of MENSs as a function of water ingression.
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3.4.2  Monitoring of the Curing Process Using the B-H Looper

The BH looper was used to evaluate the magnetic signal of adhesive samples
containing 5 % MENS to monitor their curing process. The initial magnetic signal (at curing
hour zero) of the three samples was measured. Subsequent measurements were recorded
and the percentage increase with respect to the initial signal was obtained. The average
percentage increase of the three samples was calculated and graphed in red in Figure 5. It
can be observed that there is an increasing trend in magnetic signal during the first curing
hours, which starts converging after approximately eight hours of curing time.

To confirm the magnetic signal results obtained with the BH looper, tensile testing
was performed on undoped adhesive to study if a similar type of convergence was observed
on the adhesive’s mechanical properties. The peak stress with respect to curing time is
plotted in Figure 3.5 in blue. A very similar trend is appreciated, in which there is a rapid
increase in tensile strength during the first curing hours and then it starts converging at
around eight hours of curing time until reaching ~41 MPa. This trend was also confirmed
by the progression of the adhesive’s glass transition temperature (plotted in black) as it

cured, which converged at ~137 °C.

63



504 £ 30- 140
o
454 E T ]
o ; 138
40_;525 . @ ‘E?
g 359 E 204 g 1367
= o < .
2915 48 7
g ¢ £ 134]
= 254 & 154
Eools 1% 1 *
EZO—% _.9 -1
2 15| = 104 1327
-
= (] — -
£ 109 & 5130
£ 515 45,3 ®
’0-.0—. B S L L LN S N L L S R R
2 4 6 8 10 12 14 16 18 20 22 24

Curing Time (hr)

Figure 3.5. Undoped adhesive peak stress (blue), change in magnetic signal (red), and
glass transition temperature (black) with respect to adhesive curing time.

3.4.3 Single Lap Shear

For the single lap shear, Figure 3.6 shows the relationship between displacement
and peak stress at failure for each undoped and doped (1 vol % MENs addition) sample.
The average shear strength for each condition was 25.01 + 2.45 MPa and 30.79 + 2.16
MPa, respectively, signifying an increase of 23 % for the doped adhesive. This increase in
bond strength is significant as the primary application of the addition of MENSs is for the
sensing aspects and any gains in bond quality are secondary. These samples experienced
cohesive failure, and the addition of the nanoparticles did not seem to impact the type of

failure in lap shear testing.
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Figure 3.6. (a) Peak stress of undoped and doped adhesives for single lap shear samples;
(b) load-displacement curves for undoped (black) and doped (red) samples.

3.4.4 End Notch Flexure (ENF)

Regarding the ENF samples, Figure 3.7 shows the relationship between
displacement and mode Il critical energy release rate Gyic at failure for each sample that
was doped and undoped. The average Giic value for each condition was 503 + 46 J/m? and
564 + 37 J/m?, respectively, showing an increase of 12 % for the doped adhesive. The
strengthening of adhesive bonds with the addition of hard ceramic nanoparticles (such as
Al203, Zn0O, and TiO) has been well documented [81], [82], [138]-[141]. These samples
experienced cohesive failure, and the addition of the nanoparticles did not seem to impact
the type of failure in lap shear testing. This study shows how adhesive joints containing
MENSs had an increase in mechanical performance over undoped joints. The increase in
critical energy release rate can be modeled using the formulation discussed in Johnsen, et
al. [141] in which the G¢ of a particle-toughened polymer adhesive can be determined using
the Gc of the adhesive (values obtained from ENF testing above) plus the change in energy

required for plastic zone growth. This energy can be obtained from the mechanical
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properties of the ceramic (Emens = 50 GPa [142]), the volume fraction of the nanoparticle
(1 vol %) and voids, and the plastic zone radius of the unmodified polymer. Based on these
inputs, the range of expected critical energy release rate as a function of MENs addition
was calculated to be between 546 J/m? to 553 J/m?, which slightly under-predicts the

experimental Gyic values found with the ENF testing (average of 564 J/m?).
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Figure 3.7. Giic of undoped and doped adhesives with 1 vol % of MENS.

In addition, a JEOL JIB-4500 Dual Beam FIB-SEM was used to take in situ images
of the failure of one doped ENF sample, which are included in Figure 8. Imaging shows
localized shear loading, plastic zone evolution, and failure of the ABCJ in the crack tip
region. As indicated by the blue arrows, localized damage is seen to occur outside of the
plastic zone in the form of visible microcracking resulting from the distribution of loading
away from the pre-crack. In addition, the red arrows identify the initial formation of
microvoid clusters in the high-shear region. The fracture surfaces of the failed specimen

show similar plastic zone development in the failure and crack tip regions for plain samples
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and samples containing MENSs. The most likely toughening mechanisms, in this case, are

stress shielding of the crack tip and localized stress transfer to the stiffer nanoparticle [143].
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Figure 3.8. In situ images of an ENF specimen of (a) the crack tip region prior to loading;
(b) and (c) the deformed crack tip region.

3.4.5 Tensile Testing

Table 3.1 displays the peak tensile stress on undoped and doped samples. It can be
appreciated how dispersing 5 vol % MENSs into the 3M adhesive increased its maximum
tensile stress compared to the undoped samples, which was 39.5 + 1.76 MPa and 36.6 +
1.28 MPa respectively. This signifies approximately an 8 % increase, confirming that
adding MENSs into the epoxy adhesive does not negatively affect its mechanical properties.

Table 3.1. Maximum tensile stress in undoped and doped adhesives with 5 vol% of MENSs.

Sample Type / Peak Tensile Stress (MPa) STD Dev Avg Stress
Sample # 1 2 3 4 5 (MPa)
Baseline (2:1 ratio)  38.09 36.61 36.10 3844 35.00 1.28 36.85
(5 vol % MENs 38.18 36.32 4256 4058 43.84 2.76 40.30

3.4.6 Environmental Exposure

VSM scans were completed in individual cured adhesive resin samples (non-
bonded) with concentrations of 5, 10, and 15 vol % MENs before and after environmental
exposure, with the results shown in Figure 3.9. Magnetic signatures before and after
environmental exposure of (a) 0 vol % concentration; (b) 5 vol % concentration; (c) 10 vol

% concentration; (d) 15 vol % concentration. Before exposure, the doped adhesives showed
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an increasing magnetic moment with increased concentration (3.7 x 10 emu for 5 vol %
MENS, 10.2 x 10 emu for 10.2 vol % MENS, and 15.5 x 10" emu for 15 vol % MENS).
After exposure, the signal saturated and was consistent over varying MENs concentrations

(magnitude approximately 15.0 x 10 emu).
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Figure 3.9. Magnetic signatures before and after environmental exposure of (a) 0 vol %
concentration; (b) 5 vol % concentration; (c) 10 vol % concentration; (d) 15 vol %
concentration.

As illustrated in Figure 4b, water ingression has the opposite effect on the magnetic
moment. This can occur since the polarization of the surface charge of MENs can
experience an increase due to the ingression of polar H.O molecules. As the concentration

of MENS is increased, the magnetic moment can result from both the increased amount of
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magnetic material, along with the agglomeration of MENSs resulting in a higher percentage
of MENs with uncoated free surfaces. After exposure, the saturation point of the magnetic
moment was most likely the result of water ingression being a surface area-dominated

phenomenon.

3.5  Discussion

Using MENS to nondestructively evaluate adhesives using magnetic signals can aid
with the widespread implementation of adhesive bonding. It has been shown how this
method detects magnetic changes that are affected by variations in the sample’s
microenvironment, which allows to measure changes in the material at a very localized
level. Correlating the curing process of the doped polymer adhesive with the strength of
the output magnetic signal, and corroborating it with thermal analysis and tensile testing,
shows the potential of this method to nondestructively evaluate materials not only during
their lifetime but also during their manufacturing process. In addition, being able to
measure changes in the surface charge density of the MENSs allows for the analysis of
materials that undergo harsh environmental conditions which cause the ingression of water
molecules that polarize the surface of MENSs.

Ideally, for each particular material, a baseline calibration curve would have to be
obtained. Knowing how MENSs behave in each material and how the magnetic signal
evolves during the curing process will help to know when a specific sample is not curing
ideally. This would help observe whether a sample was incorrectly manufactured or if the
curing parameters are not correct. Future studies will focus on obtaining calibration curves
for common adhesives used in the aerospace industry and then determine when specific

samples are undergoing a curing process that deviated from the baseline.

69



It is important to highlight that the tensile, lap shear, and end notch flexure testing
show enhancement in the mechanical properties of the adhesive bond when dispersing
MENSs into the adhesive. This means that the addition of these nanoparticles into the
adhesive does not negatively influence the integrity of the adhesive bond when a low
volume percentage is added. This is necessary so that MENSs can successfully be used in
industries like aerospace or automotive where the integrity of the bonds is of primary

importance.

3.6 Conclusions

VSM and the B-H looper setup were used to nondestructively evaluate an adhesive
resin doped with magneto-electric nanoparticles. These setups were used to obtain changes
in surface charge density in the nanoparticles of ABCJs with respect to curing time and
varying history of environmental exposure. There was a strong correlation between the
magnetic signal obtained during the curing process of the doped adhesive and its
mechanical and thermal properties. There is also a relationship between increased levels of
exposure and an increase in the measured magnetic moment (up to a saturation point). Also,
mechanical property evaluation revealed an increase in the shear strength, mode Il critical
energy release rate (Gic), and tensile strength of MENs doped adhesive. With further
refinement and development, this technique has the potential to become a non-destructive
evaluation tool for damage and quality inspection, both in an in-field and manufacturing

setting.
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Chapter 4 Assessment and Non-Destructive Evaluation of The Influence of Residual
Solvent on a Two-Part Epoxy-Based Adhesive Using Ultrasonics

4.1  Abstract

Polymers are increasingly being used in higher demanding applications due to their
ability to tailor the properties of structures while allowing for weight and cost reduction.
Solvents play an important role in the manufacture of polymeric structures since they allow
for a reduction in the polymer’s viscosity or assist with the dispersion of fillers into the
polymer matrix. However, the incorrect removal of the solvent affects both the physical
and chemical properties of polymeric materials. The presence of residual solvent can also
negatively affect the curing kinetics and the final quality of polymers. Destructive testing
is mainly performed to characterize the properties of these materials. However, this type
of testing involves using lab-type equipment that cannot be taken in-field to perform in situ
testing and requires specific sample preparation. Here, a method is presented to non-
destructively evaluate the curing process and final viscoelastic properties of polymeric
materials using ultrasonics. In this study, changes in longitudinal sound speed were
detected during the curing of an aerospace epoxy adhesive as a result of variations in
polymer chemistry. To simulate the presence of a residual solvent, samples containing
different weight percentages of isopropyl alcohol were manufactured and tested using
ultrasonics. Thermogravimetric analysis was used to show changes in the decomposition
of the adhesive due to the presence of IPA within the polymer structure. Adding 2, 4, and
6 wt.% of IPA decreased the adhesive’s lap shear strength by 40, 58, and 71%, respectively.
Ultrasonics were used to show how the solvent influenced the curing process and the final

sound speed of the adhesive. Young’s modulus and Poisson’s ratio were determined using
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both the longitudinal and shear sound speeds of the adhesive. Using ultrasonics has the
potential to non-invasively characterize the quality of polymers in both in-field and
manufacturing settings, ensuring their reliability during use in demanding applications.
4.2 Introduction

The manufacturing conditions of polymeric materials are critical since they
determine the resulting polymer structure, and as an outcome, their final properties and
performance characteristics [144]-[147]. Therefore, it is important to monitor polymers
during the fabrication process to enhance our understanding of their relationship to the final
quality of the manufactured parts. Ensuring polymers have the required characteristics will
help improve their reliability when used in primary structures in fields such as aerospace,
automotive, biomedical, electrochemical, etc.

When manufacturing polymers, solvents play an important role since they allow for
a reduction in the polymer’s viscosity during a coating process or assist with the dispersion
of fillers into the polymer matrix [21], [46], [47]. This inevitably raises the concern of
improperly removing the solvent from the polymer before obtaining its final structure. It
has been shown that the incorrect removal of the solvent affects both the physical and
chemical properties of polymers [48]-[51]. For example, J. Trinidad et al. showed that the
presence of solvent in sodium dodecyl sulfate decorated graphene hybrid electrically
conductive adhesives significantly decreased their lap shear strength due to the presence of
voids and bubble formation [53]. N. Othman et al. experienced a decrease in tensile
strength and hardness of 17 and 9%, respectively, when adding 16 wt.% of acetone in an
epoxy resin [21]. Their study also showed that having this amount of acetone caused a

decline in the epoxy’s adhesion strength from 13 MPa to 4.9 MPa, which signifies a

72



reduction of ~62%. In addition, K. Qiu et al. demonstrated that residual solvent content in
an epoxy resin affected its curing mechanics and decreased its crosslinking density. This
lowered the glass transition temperature (Tg) of the resin by ~8.5 C when they added 5
wt.% of cellular nanocrystals as a filler due to a decrease in the homogeneity of the material
[54]. Since having residual solvent can negatively affect the properties of a polymeric
material, it is important to have a precise evaluation method to determine if the solvent is
present in the final structure.

Destructive testing, which involves using lab-type instrumentation that requires
specific sample preparation and geometry, is mainly performed to characterize the
mechanical properties of materials [70]-[76], [148]. It has also been used to characterize
the curing kinetics of polymeric materials. Tests include dynamic mechanical analysis
(DMA), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA),
tensile testing, lap shear testing, etc. However, this type of equipment cannot be taken in-
field to perform in situ testing. Therefore, it has become essential to develop a non-
destructive in situ method to evaluate the degree of reaction and the viscoelastic properties
of polymers during curing and after they have been manufactured [77], [149].

Acoustics, consisting of the propagation of sound waves, have been used as a non-
destructive evaluation method for different types of materials such as metals [97], [98],
ceramics [99], [100], and polymers [77], [101], due to their accuracy and sensitivity.
Ultrasonics, which involve the use of acoustic waves at high frequencies (20 kHz—-100
MHz), can be used to detect small changes in adiabatic moduli with high precision.
Therefore, ultrasonics can be implemented to evaluate phase transitions during curing and

the physical properties of materials [77], [104]. For example, the ultrasonic pulse-echo
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method can be implemented to measure the sound speed of a material with a short pulse of
ultrasound generated by a transducer, from which elastic constants of the material can be
determined [104]. F. Lionetto et al. used ultrasonics to monitor the cure state of
thermosetting resins and showed how ultrasonic wave propagation was more sensitive to
variations in moduli during the vitrification stage of the curing process compared to DSC
[26]. This method has also been used to non-destructively evaluate the curing mechanics
of epoxy resins at different temperatures [26], [77], [106]. However, a deeper
understanding of the use of ultrasonics as a non-destructive method is needed to effectively
understand the curing mechanics of resins and adhesives under different parameters that
can affect the quality of the final product.

As an example, in the aerospace industry, epoxy and film adhesives are used to
substitute mechanical fasteners for joining carbon fiber composites. This methodology has
been proposed as a result of an adhesive bond’s potential for increased strength, weight
reduction, and improved stress distribution [33], [124], [150]. On the other hand, the
Federal Aviation Administration (FAA) is concerned about the performance of adhesive
bonds after aging during their life cycle [151]. In addition, failures associated with weak
bonds, bondline voids, and contamination remain critical issues in today’s adhesion
community [152]. Manufacturing parameters, such as temperature and pressure, are
difficult to precisely control and unwanted fluctuations can have an impact on the curing
process and final product [153]. In addition, the usage of a mold release or other chemicals
throughout the manufacturing process can lead to potential contamination and reduction in
performance [154], [155]. As mentioned, the presence of residual solvent on an epoxy

adhesive can considerably decrease its adhesive strength [21].
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The focus of this paper is to detect changes in sound speed in an aerospace epoxy
adhesive during the curing process as a result of residual solvent concentration. In this
study, varying amounts of isopropyl alcohol (IPA) were added to the adhesive to simulate
trapped solvent. Since the addition of IPA affects the crosslinking density and mobility of
the adhesive, TGA was performed to analyze the decomposition of each of the sample
types and to confirm the presence of different weight percentages of IPA in the adhesive
samples. Fourier transform infrared (FTIR) spectroscopy was performed to investigate the
effects on the chemical structure of the samples as a function of solvent concentration. Lap
shear testing was used to evaluate the effects of IPA on the mechanical and adhesion
properties of the adhesive under a shear load. We hypothesize that the sending and
receiving of ultrasonic waves have the ability to detect the presence of this solvent and to
determine how it influences the curing process of the adhesive. This curing process was
modeled to better understand how variations in trapped solvent affect the curing mechanics
of the material. Comprehending these effects can improve future techniques designed to
use ultrasonics as an in situ, non-destructive quality control method during the
manufacturing process. In addition, measuring the sound speed of fully cured samples that
have been properly manufactured can serve as an in-field quality control method during

the lifetime of polymeric materials.

4.3  Materials and methods

In this study, a two-part epoxy adhesive (EC 2615 B/A, 3M) was selected and used
as a representative material. This adhesive is a two-part DEGBA-based resin with an amine
hardener. A 2:1 resin-(part B)-to-hardener-(part A) ratio was used as recommended by the

manufacturer. To simulate the effect of the trapped solvent, adhesive samples with 2, 4,
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and 6 weight percentages (wt.%) of isopropyl alcohol (IPA) were manufactured. IPA was
selected since it is a commonly used solvent for manufacturing polymeric materials and
structures [156]-[159]. The curing and testing took place in a monitored laboratory
environment at room temperature (~23 + 2 °C) and ~44 + 2.5% relative humidity.

4.3.1 Thermal analysis (TGA)

Thermal analysis was performed using a Q600 SDT (TA Instruments, New Castle,
DE, USA) on fully cured adhesive samples containing 0, 2, 4, and 6 wt.% IPA. The tests
were run from room temperature (~23 °C) to 450 °C at a heating rate of 5 °C/min. Argon
gas was used as a purge gas. The weight of the samples ranged between 9 and 9.5 ug.
4.3.2 Fourier transform infrared (FTIR)

FTIR spectroscopy was performed on a Nicolet iS50 spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) from 3600 to 400 cm™ with a resolution of 0.482 cm™. A
DTGS KBr detector and OMNIC software were utilized. Sixteen scans were used and the
spectra were graphed in absorbance mode. The lens was cleaned using ethanol and a
background scan was completed before testing each sample. In addition to the samples
analyzed by TGA, FTIR spectroscopy was also performed on the IPA used to simulate the
residual solvent
4.3.3 Single lap-shear

Lap shear testing was performed on carbon fiber composite samples bonded using
adhesive manufactured with 0, 2, 4, and 6 wt.% IPA. The ASTM D5868-01 [160] standard
was followed for the manufacture and testing of the lap shear samples. Four specimens per
sample type were manufactured and tested. An autoclave (American Autoclave Co., Jasper,

TX, USA) was used to cure the prepreg layup at a temperature of 177 °C and a pressure of
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30 psi for 1 hour. A polyester peel ply was placed on both sides of the prepreg layups in
order to prepare the surface for bonding. The lap shear specimens were cut to a size of 25.4
mm by 177.8 mm with a bonded area of 25.4 mm by 25.4 mm. A tensile tester from MTS
(Criterion Model 43) was used to test the samples with a loading rate of 13 mm/min.
4.3.4 Ultrasonics: cure process

Ultrasonics were utilized to non-destructively measure the sound speed of the
adhesive during its curing process. To perform this testing during the adhesive’s curing
process, the adhesive was first mixed and then placed in a PLA 3D-printed mold. The mold
had dimensions of 20 mm in height, 22 mm in width, and 12.5 mm in thickness. The mold’s
wall thickness was 1.5 mm, except for the locations where the transducers were placed,
which had a thickness of 0.5 mm. A function generator (AFG31052; Tektronix, Beaverton,
OR, USA) was utilized to generate a sine burst of 500 kHz at 10 volts peak-to-peak. This
frequency was selected after observation over a range of frequencies as it produced the
highest output signal for this particular adhesive material. A Tukey window with a cosine
fraction, r, of 0.4 was used to taper the input function consisting of five cycles [114]. The
burst was transmitted and detected by transducers placed on each side of the sample.
Transducers (V133-RM and V154-RM, Olympus, Center Valley, PA, USA) of 2.25 MHz
were used for evaluating the longitudinal and shear sound speeds, respectively. An
ultrasonic couplant (Echo Ultrasonics, Bellingham, WA, USA) was used to ensure proper
contact between the sample and the transducers. The resulting waveforms were recorded
every two minutes using an oscilloscope (MDO32; Tektronix, Beaverton, OR, USA).
Error! Reference source not found.a shows a diagram of the ultrasonics setup, where the

sample is depicted in blue and the transducers, in green. The output waveforms were then
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used along with the excitation waveform to calculate the sound travel time across the
sample utilizing the cross-correlation method [104]. It is important to mention that the
delays introduced to this travel time by the transducers and the PLA mold, where the
adhesive was placed, were accounted for prior to using equation 4.1 to calculate the sound
speed in the material:

E
t

Cc =

(4.1)

where d is the thickness of the sample and t is the sound travel time. The law of propagation
of uncertainty was used to obtain the error associated with the velocity calculations [116].
This method accounts for the uncertainty associated with the resolution of the oscilloscope
to plot the output waveforms (9 ns), which were used to obtain the sound travel time, and
the uncertainty associated with the digital micrometer that was used to evaluate the
thickness of the sample (0.01 mm).

Function Generator Oscilloscope

Trigger -

Sample

Transducer Transducer

@ T ()

Figure 4. 1. (a) Diagram of the ultrasonics instrumentation and sample setup; (b) picture
of an adhesive sample while being tested during curing.

4.3.5 Cure process modeling

The Hill equation was used to model the curing process for each of the samples.
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This was used to help to better understand how variations in trapped solvent
affected the curing mechanics of the adhesive and to allow for future predictions of
material quality. The degree of conversion, a(?), ranges from 0 to 1 and can be

expressed using the Hill equation as shown in equation 4.2 [119]:

1
€=1-—o (4.2)

©°

where t is the curing time in seconds, 0 is the shape parameter constant, and 7t is the time
constant defined as T = 0/k, where k is the rate constant. The time constant t is an important
parameter of the distribution since it represents when the degree of conversion o = 0.5. A
generalized reduced gradient (GRG) algorithm was used to minimize the sum of the errors
squared between the experimental and modeled data by fitting different 6 and k parameters.
4.3.6 Ultrasonics: elastic properties

The elastic properties of an isotropic material can be obtained using ultrasonics if
its density, longitudinal speed, and shear speed are known [77], [117]. The density of a
baseline sample (2:1 resin-to-hardener ratio) was obtained using a pycnometer from
Micromeritics (AccuPyc Il 1340). Using the ultrasonics setup previously mentioned in this
section along with the cross-correlation method, a frequency sweep similar to the one
performed by C. Pantea et al. [104] was used to accurately determine the longitudinal and
shear sound travel times in the adhesive sample. For the longitudinal travel time, a
frequency sweep from 0.9 to 2.3 MHz with a 0.1 MHz step was used, while for the shear
travel time, a range from 0.5 to 1 MHz was used with the same step size. Different

frequency ranges were used to obtain the longitudinal and shear travel times since a
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minimum amount of signal was required to perform an accurate measurement, but the
magnitude of the output signal varied for each frequency and wave type. For homogenous
isotropic materials. For homogenous isotropic materials, equations 4.3 and 4.4 can be used

to determine Young’s modulus and Poisson’s ratio, respectively [103]:

E , (3¢t —4ct 43)
=pc2 | ——— :
PE\T—d
o =2 (44)
v_chz—chz '

where p is the density of the material, c; is the longitudinal speed in, and c, is the shear
speed, E is Young’s modulus, and v is Poisson’s ratio.

To compare it with destructive testing, the Young’s modulus of the adhesive was
also determined using tensile testing. Three tensile testing dogbone samples were
manufactured and tested following ASTM D638-03 [120]. The MTS tensile tester
previously mentioned was used to test the dogbone samples at a loading rate of 5 mm/min.
The size of sample type | in the standard was adapted to reduce the amount of material
volume used per sample. The dimensions were reduced to have a total length of 87 mm
while the thickness was 4.68 mm. The width at the center of the sample and at the grips
was 6.84 and 10 mm, respectively. The samples were manufactured by casting the adhesive
into a PLA 3D-printed mold.

4.4 Results
4.4.1 Thermal analysis
TGA was performed on the adhesive samples to analyze their thermal

decomposition to demonstrate differences in their chemical composition due to the
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presence of IPA in the studied samples. It can be observed in Figure 4.2a how the samples
containing IPA started decomposing earlier than the baseline sample (0% IPA) at ~100 °C,
which is most likely due to the solvent causing a decrease in their crosslinking density and
an increase in their chain mobility. Similar behavior was observed by N. Othman et al. with
16 wt.% of acetone in an epoxy resin [21]. Figure 4.2b, which is an augmented version of
what is located inside the dashed rectangle in Figure 4.2a, demonstrates how this behavior
was more accentuated with increasing IPA content. All the samples experienced a sharp
decrease in weight percentages with a similar onset temperature (~320 °C). The adhesive
samples containing 0, 2, 4, and 6 wt.% of IPA experienced a weight loss of around 2.3, 3.8,

4.8, and 6.2%, respectively.

100 - = ﬂ 100-
80
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- 2 wt. % IPA e 2 wt. % IPA
— 4 wt. % IPA 11— 4 wt. % IPA
4 6 wt. % IPA o 6 wt. % IPA
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350
Temperature (°C) Temperature (°C)
(a) (b)

Figure 4.2. TGA of adhesive samples containing 0, 2, 4, and 6 wt. % of IPA (a) from 0 to
450 °C; (b) from 50 to 350 °C located inside the dashed rectangle of Figure 4.1a.

4.4.2 Fourier transform infrared (FTIR)
The FTIR spectra for the analyzed samples are shown in Figure 4.3. The region
between 400 and 1600 cm contains the fingerprint region for these materials and special

attention was given to the area between 900 and 1000 cm™ since one of the characteristic
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peaks of IPA is located at 950 cm™ [161]. As observed in the spectra of the adhesive
samples containing IPA, a peak is present at that wavenumber, indicating the presence of
this solvent within the adhesive’s structure. On the other hand, this peak is not visible in
the adhesive sample that contained no IPA. Having solvent within the structure of the
adhesive may have altered the crosslinking process and caused a reduction in the molecular

weight of some of the polymer chains [162].
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Figure 4.3. FTIR spectra for IPA and for cured adhesive samples containing 0, 2, 4, 6 wt.
% IPA.

4.4.3 Single lap-shear
The resultant peak lap shear stresses for each of the specimens are recorded in. The
average lap shear stress for the samples without IPA content was 21.18 MPa, which is

consistent with what has been previously observed [82]. The samples containing IPA

83



experienced a considerable reduction in strength. The average lap shear stresses for the
samples containing 2, 4, and 6 wt.% were 12.62 (—40.42%), 8.92 (—57.88%), and 6.07 MPa
(—71.35%), respectively. These results show that even the presence of a small quantity of
trapped solvent in the two-part epoxy adhesive considerably influenced its adhesion
properties to the point where catastrophic failure could occur.

Table 4.1. Maximum lap-shear stress of samples containing 0, 2, 4, and 6 wt.% IPA.

Sample Type / Peak Lap-Shear Stress (MPa)
Sample # 1 2 3 4 STD Dev  Avg Stress (MPa)
0 wt. % IPA 21.37 17.63 25.55 - 3.46 21.18
2 wt. % IPA 13.02 15.29 11.21 10.96 2.00 12.62 (— 40.42 %)
4 wt. % IPA 8.81 6.96 10.73 8.18 1.68 8.92 (— 57.88 %)
6 wt. % IPA 6.65 6.91 5.16 5.56 0.84 6.07 (— 71.34 %)

The load—displacement curves of the specimens #1 in Table 4.1 for each sample
type are shown in Figure 4.4a. The presence of IPA not only lowered the maximum load,
but it also decreased the displacement required for failure to occur. This displacement
ranged from 3.26 mm for the sample without IPA content down to 0.88 mm for the sample
containing 6 wt.% IPA. As seen in Figure 4.4b, all the sample types experienced the same
failure mechanism where the samples failed at the adhesive—substrate interface. No visual
differences on the failure surfaces between each sample type were observed, which

accentuates the need for a non-destructive evaluation method for this type of material.
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Figure 4.4. (a) Load-displacement curves of the specimens #1 in Table 2 for each sample

type; (b) failure surfaces for the specimens represented in the load-displacement curves in
Figure 4.3a.

4.4.4 Monitoring the sound travel speed during the curing process using ultrasonics

The longitudinal sound speed was first evaluated in three adhesive baseline samples
during their curing process. The samples were fabricated and tested simultaneously to
determine the repeatability of the analysis technique. It can be observed in Figure 4.5 that
the sound speed of the three samples behaved very similarly, where a sharp increase in
sound speed occurs during the first four hours of curing, followed by a convergence until
the sample is fully cured. After four days of curing, the final sound speeds for the first,
second, and third baseline samples were 2319 (x47) m/s, 2317 (x46) m/s, and 2320 (x47)
m/s, respectively. The difference between the samples with the highest and lowest sound

speeds was ~0.13%.
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Figure 4.5. Sound speed with respect to cure time of three adhesive baseline samples
during (a) the first 30 curing hours; (b) the first 10 curing hours located in the dashed
rectangle in Figure 4.4a.

After adding 2, 4, and 6 wt.% of IPA to the adhesive samples to simulate a trapped
solvent, their sound speed was also evaluated during the curing process. Figure 4.6 shows
how, unlike as previously seen with the baseline samples, the curing process differs for
each sample. The sound speed of the sample with no IPA content started converging at a
lower cure time while adding IPA delayed the convergence process. To give some
perspective, the curve onset of the sample with 0 wt.% IPA occurred at 1.89 curing hours,
while the onset for the samples with 2, 4, and 6 wt.% IPA occurred at 2.77, 3.34, and 3.99
curing hours, respectively. This shows a difference of approximately 2.1 h between the
baseline sample without IPA and the sample containing 6 wt.% IPA. In addition, the sound
speeds after four curing days for the samples with 0, 2, 4, and 6 wt.% of IPA were 2322
(x47), 2369 (x£49), 2354 (+48), and 2351 (+48) m/s, respectively. This shows how IPA
content not only affected the curing mechanics of the adhesive but also its final sound

speed.
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Figure 4.6. The sound speed with respect to cure time of adhesive samples containing 0,
2, 4, and 6 wt. % of IPA during (a) the first 30 curing hours; (b) the first 10 curing hours
located in the dashed rectangle in Figure 5a.

4.4.5 Cure modeling using the Hill equation

To numerically understand how trapped solvent affected the cure kinetics of the
adhesive, the Hill equation was used to model the curing process for each of the samples.
First, to better visualize the curing process, the curves shown in Figure 4.6a were
normalized and plotted in Figure 4.7a. This graph represents the degree of conversion o of
the adhesive, which ranged from zero (at the beginning of curing) to one (when the
adhesive was fully cured). As previously seen in Figure 4.6b, it is also clear in Figure 4.7a
how increasing IPA content delayed the converging process. Figure 4.7b compares the
experimental and theoretical curves of the baseline adhesive sample containing no IPA.

The Hill model gives a good estimate of the curing kinetics of the adhesive.
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Figure 4.7. Degree of conversion with respect to cure time of (a) adhesive samples
containing 0, 2, 4, and 6 wt. % of IPA; (b) experimental and model using the Hill
equation of the 0 wt. % IPA sample.

The values for the rate constant k and the shape parameter 0 obtained for each
sample type after fitting the experimental data to the Hill equation using a GRG algorithm
are summarized in Table 4.2. As expected, the rate constant decreased with increasing IPA
content, although the decreasing rate decayed with increasing solvent content. On the other
hand, the shape parameter for all the samples ranged between 1.35 to 1.48 and no particular
trend was observed. The sum of errors (between the experimental and theoretical values)
squared was small, meaning that the modeling resembled the experimental results.

Table 4.2. Rate constant k and shape parameter 6 of the Hill equation model for each

sample type.
Sample  k(x10™%) 0 Sum of Error Sq
0 wt. % IPA 4.63 1.37 0.0352
2 wt. % IPA 3.48 1.46 0.0262
4 wt. % IPA 2.66 1.48 0.0224
6 wt. % IPA 2.34 1.35 0.0244

4.4.6 Young’s modulus using ultrasonics
The density of the adhesive baseline sample was found to be 1.113 g/cm3 . This

experimental value is slightly under the theoretical density of 1.133 g/cm3 obtained using

88



the mass fractions of the resin and hardener components and their corresponding densities.
This could have been caused by the presence of porosity introduced during the mixing
process.

Figure 4.8 shows the longitudinal and shear time delays after performing the cross-
correlation between the excitation and output signals versus the inverse of the frequency.
Similar to the method used by C. Pantea et al. [104], a total of five peaks of the cross-
correlation were used: one corresponding to the overlap between the excitation; two to the
left side of the overlap; and two to the right side of the overlap. After plotting and
extrapolating the linear fits to a frequency of infinity, the intercept of each of the cycles
where the inverse of the frequency equaled zero provided the sound travel time in the
sample. After taking into account the transducers and mold delay, the longitudinal travel
time ranged from 4.881 to 4.951 ps, which resulted in a sound speed of 2271 + 18 m/s. For
the shear travel time, the time delay ranged from 11.240 to 11.293 us, which resulted in a
sound speed of 983 + 21 m/s. Using these longitudinal and shear sound speeds in the
adhesive, Young’s modulus and Poisson’s ratio were calculated using Equations (4.3) and
(4.4), respectively. The Young’s modulus was determined to be 2.963 + 0.133 GPa, while

the Poisson’s ratio was calculated to be 0.385 + 0.005.
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Figure 4.8. (a) The longitudinal time delay between the excitation and output signal vs
1/frequency; (b) the shear time delay between the excitation and output signal vs
1/frequency.

The average Young’s modulus obtained using tensile testing was 2.906 + 0.073
GPa. This represents a difference of 1.92% with respect to the value determined using
ultrasonics. This demonstrates the capability of ultrasonics as a non-destructive evaluation

tool for measuring the elastic properties of an epoxy adhesive. °C

4.5  Discussion

The presence of residual solvent in polymeric materials can considerably affect
their curing process and chemical structure, thus altering their mechanical properties as
well. In samples designed to observe this phenomenon, TGA confirmed that the presence
of varying weight percentages of IPA in the adhesive affected its decomposition. Figure 2
shows how a higher wt.% of IPA caused higher weight loss from 100-320 °C, which is
due to the IPA likely influencing the curing process of the adhesive [21], [162]. This
affected its chemical structure by possibly increasing the presence of lower molecular

weight chains, which underwent thermal degradation earlier. FTIR also verified the
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presence of IPA within the structure of the adhesive which may have affected the
crosslinking process during curing. Similar behavior was observed by M. Loos et al. when
they investigated the effect of acetone on the properties of an epoxy resin [162].

Lap shear testing showed that the presence of trapped solvent in an adhesive can
heavily decrease its adhesion properties. This is consistent with the results reported by C.
Yi et al., in which they showed how the addition of 14 vol. % of xylene solvent into an
epoxy adhesive decreased its adhesion strength by 35% [163]. They also reported that the
samples with this same amount of solvent experienced a decrease of 60% in their tensile
strength compared to the pristine resin samples. Figure 4b demonstrates that adhesive
failure was obtained but no major visual changes in the failure surfaces occurred for the
different sample types. This emphasizes the need for a non-destructive evaluation method
since performing destructive testing to obtain the properties of adhesives is time-
consuming and costly. Ultrasonics can help in performing in situ testing during the
manufacturing process, and, as shown in Section 4.4.6, in obtaining the elastic properties
of polymers if their density is known.

It was demonstrated that ultrasonics can be used to monitor the curing process of
an epoxy adhesive by evaluating changes in sound speed due to variations in its chemical
structure. The first test shown in Figure 4.5 of three different baseline adhesive samples
shows that the ultrasonics setup could repeatedly be used to monitor the kinetics of polymer
curing. This helped determine that the fluctuations in the curing behavior of the samples
containing residual solvent (Figure 4.6) were due to the IPA preventing an ideal curing rate
of the adhesive. Previous work has shown that the tensile strength of this adhesive with

respect to cure time starts converging between curing hours 8 and 10 [81], [164], meaning
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that the sound speed is more sensitive than tensile strength to the gelation process and early
crosslinking between the polymer chains of the curing adhesive. Repeated laboratory
testing reflected that both the mixing technique and the adhesive’s temperature could
influence its curing process. In addition, evaluating the sound speed in fully cured
adhesives that are manufactured properly can serve as an in-field quality control method
during the lifetime of those materials. The evaluation of the elastic properties of the epoxy
adhesive using ultrasonics was corroborated with tensile testing values, validating this non-
destructive evaluation method.

Modeling the curing process using the Hill equation helped in achieving a better
numerical comprehension of how the curing rate of the adhesive was affected by the
trapped solvent. This model can predict how improper manufacturing influences the
properties of materials by correlating the rate constant k and shape parameter 0 to the
strength of the polymer. A decreasing trend was observed for the rate constant although no
variation was found for the shape parameter. Further analysis will be performed to correlate
k and 0 to the types of chemical reactions occurring during the curing process and how
those influence the final mechanical properties of the polymer, which, to the authors’
knowledge, is a work that has yet to be performed. If a specific curing mechanism is
associated with the final structure of the polymer, in situ analysis during the curing process
could also determine if a part is safe or unsafe to use before waiting for the whole

manufacturing process to be completed.

46  Conclusions
Solvents are commonly used during the manufacture of polymeric materials, which

raises concerns about their proper removal. The influence of residual solvent on the curing
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process of an epoxy adhesive was studied. It was observed that the presence of IPA in the
adhesive can have a significant impact on its physical and chemical properties. FTIR
confirmed the presence of IPA within the polymer structure, while TGA showed that the
solvent caused an increased and faster decomposition at lower temperatures. Catastrophic
consequences can occur due to the considerable decrease in the adhesion properties of the
epoxy, as revealed by the lap shear test. This suggests the need for the development of a
non-destructive method for evaluating the curing process and viscoelastic properties of
polymers. Ultrasonics have shown promising results for becoming a tool for polymer
quality evaluation in both manufacturing and in-field settings.
Chapter 5 Coupling Ultrasonics and FTIR to Non-destructively Characterize

Changes in Cure Kinetics, Chemical Structure, and Thermal Properties of an Epoxy
as a Function of Varying Stoichiometry.

51  Abstract

Epoxy resins are thermosets with increasing demand in high-performance
applications as a lightweight and cost-effective alternative. However, controlling and
monitoring the manufacturing parameters, which can impact the curing process of the
polymer and its final quality, is a difficult task. To address this issue, destructive testing is
typically performed for quality control and material characterization, which involves
expensive lab-type equipment and instrument-specific sample preparation. Moreover, this
type of testing cannot be taken in-field to perform an in-situ evaluation. To overcome these
issues, this work presents a novel method to non-destructively evaluate the curing kinetics
and viscoelastic properties of epoxy resin in real time due to variations in the
manufacturing process, combining ultrasonics and Fourier Transform Infrared

Spectroscopy. Samples with a different amine-to-epoxy ratios were manufactured and
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tested, and thermogravimetric analysis revealed that deviations from the manufacturer's
recommended ratio decreased the thermal stability of the system. Furthermore, changes in
longitudinal sound speed were detected during the resin’s curing process, resulting from
variations in the polymer’s chemical structure. The longitudinal and shear sound speeds
were used to calculate the viscoelastic properties of the material, including Young’s
modulus and Poisson’s ratio. Finally, the curing kinetics were modeled using the Hill
equation to better understand numerically the effect of varying stoichiometry in the curing
process. This approach has the potential to non-destructively characterize the properties of
polymers in both an in-field and manufacturing setting, aiding in the tailoring process and
ensuring their reliability in demanding applications.
5.2 Introduction

Epoxy-amine resins are widely used in the manufacture of composites, coatings,
and adhesives due to their excellent mechanical, thermal, and electrical properties [111],
[165] [28]. This type of polymer is very versatile since its final properties can be tailored
for specific applications by changing its chemistry, i.e., the resin to hardener stoichiometry.
For example, having excess amine in the epoxy can cause an increase in fracture toughness
while decreasing the fatigue crack propagation [6], [58]. On the other hand, this can also
reduce the glass transition temperature and allow higher moisture ingression, among other
deteriorating properties [20], [59]. Finding the optimal stoichiometry depends on the final
properties of interest for each application.

The chemistry of the polymer also affects its curing process. When the epoxy and
hardener are mixed and curing starts, microgel particles form containing low molecular

weight. Then, these chains start linking together until they comprise the continuous phase.
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At this point of the cure, vitrification happens, where the reaction rate drops and further
crosslinking is diffusion/mobility dependent [28], [29]. However, some uncrosslinked
molecules are not able to come together and react, preventing a complete cure. This will
only occur if the epoxy’s temperature is raised to its glass transition temperature Tg [60].
Preventing the presence of unreacted amine can be achieved by using excess epoxy [61].
However, altering the curing process causes a variation in microstructure due to the
changes in crosslinking density and molecular weight [13], [25], [61]. K. Frank et al.
showed how having a 25 % excess epoxy in a system containing diglycidyl ethers of
bisphenol-A (DGEBA) cured with 3,3’-diaminodiphenylsulfone (DDS) caused a decrease
in crosslinking density of more than 50 % [55]. Similarly, F. Meyer et al. decreased the
amine content in a DGEBA/DDS epoxy-amine resin system by 25 %, which caused an
increase in molecular weight from 265 to 596 amu due to an increase in crosslinking
density [62]. Understanding how the epoxy chemistry network relates to stoichiometry is
not only needed to tailor the material’s properties but also to optimize the use of fillers and
other additives in the resin [63].

As a consequence of varying chemical structure, the mechanical and thermal
properties of epoxies are influenced by the epoxy/amine stoichiometry [19], [61]. J.
Szabelski et al. tested the adhesive joint strength of an Epidian 57/PAC epoxy resin cured
at 25 °C for seven days [65]. They showed how the joint strength decreased from 27.10
MPa to 23.49 and 13.65 MPa with — 30 % and + 30% of PAC hardener content,
respectively. They also demonstrated that both curing and testing at increased temperatures
enhance joint strength when having a reduced amount of hardener. The higher temperature

increased mobility which allowed for all the epoxy molecules to diffuse and bond with the
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hardener. M. A. Andres et al. demonstrated how amine-rich mixtures experienced
increased flexural strength and ductility, while the epoxy-rich counterpart showed a more
brittle behavior with a decreased strength [31]. This is corroborated by S. Pandini et al. and
J. R. M. D’Almeida et al., who obtained a brittle to ductile transition with increasing
hardener amount and observed plastic deformation in hardener-rich formulations [66],
[67]. Considerable changes in glass transition temperature (Tg) occur with varying
epoxy/amine stoichiometry. H. Wang et al. obtained a decrease in Tq from 87.2 to 73.7 °C
of a bisphenol A epoxy resin with a diamine curing agent when using 20 % less epoxy due
to a reduction in cross-linking density [68]. F. Bignotti et al. also observed a reduction in
Tg¢ when using excess amounts of both epoxy and hardener, obtaining the highest glass
transition temperature when using the recommended epoxy/hardener ratio by the
manufacturer [19]. This shows how Tq can be used to find the optimum stoichiometry for
enhanced thermal properties.

Destructive testing, including differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), dynamic mechanical analysis (DMA), or tensile
testing, is used to determine the thermal and mechanical properties of polymers [81], [82],
[113], [166]-[168]. DSC is also implemented to evaluate the cure kinetics of polymers for
different curing parameters [11], [169]. The main three downsides of destructive testing
are that it requires lab-type equipment that cannot be taken in-field, it is invasive, and
requires specific sample preparation and geometry. Thus, it is important to develop a non-
destructive evaluation method that can characterize the cure kinetics and elastic properties

of polymers under different manufacturing conditions [77].
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Ultrasonics involves using acoustic waves at frequencies higher than 20 kHz and
can be used to evaluate the phase transitions during cure and the physical properties of
materials due to its high precision [77], [115]. In previous work, ultrasonics were utilized
to non-destructively characterize the influence of residual solvent in the curing mechanics
and viscoelastic properties of an epoxy adhesive. The effect of temperature on the cure
kinetics of epoxy resins has also been investigated using ultrasonics [26], [77], [106].
However, a deeper understanding of how this method correlates to the chemical structure
and final properties of polymers due to varying manufacturing parameters is needed. Since
Fourier transform infrared spectroscopy (FTIR) non-destructively characterizes the
chemical structure of a polymer, combining this method with ultrasonics can help
investigate in-situ how varying stoichiometric formulations affect the chemical structure
of polymers. Correlating how changes in chemical structure influence the cure kinetics and
final mechanical and thermal properties of a polymer will allow to optimize the resin-to-
hardener ratio for each specific application.

The focus of this paper is to detect changes in the cure kinetics and in the final
properties of an epoxy resin using ultrasonics and FTIR as a result of varying
stoichiometry. In this study, a resin was manufactured and tested with different amine-to-
epoxy ratios. Since modifying the chemical structure affects the crosslinking density and
mobility of the resin, TGA was performed to analyze the thermal stability of each of the
sample types. We hypothesize that the sending and receiving of ultrasonic waves have the
ability to detect how the change in stoichiometry influences the curing process of the resin.
This curing process was modeled to better understand how variations in stoichiometry

affect the curing mechanics of the material. Correlating FTIR and ultrasonics creates a
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unique methodology to perform in-situ, non-destructive quality control method in the

manufacturing process.

5.3  Materials and Methods
5.3.1 Materials and Sample Preparation

A liquid epoxy resin (EPON 828, Hexion) was used for this study. EPON 828 is
derived from difunctional bisphenol A/epichlorohydrin and it is known for its versatility
due to its good mechanical, adhesive, dielectric, and chemical resistance properties [111],
[165]. A liquid curing agent (EPIKURE 3234, Hexion) from the family of unmodified
aliphatic amines was used for room-temperature curing. The recommended manufacturer
concentration of the curing agent is 13 phr (parts per 100 resin by weight), which
corresponds to a 6.5 to 1 resin-to-curing agent ratio by volume. Samples with an amine-to-
epoxy ratio, r, of 0.6, 1, and 1.4 were manufactured, where r = 1 is the recommended ratio.
The samples with r = 0.6 and r = 1.4 have -40% and +40% of amine content, respectively.
The resin and hardener were thoroughly mixed for five minutes before being poured into
the printed mold. The curing and testing were conducted in a laboratory setting that was
regulated to a temperature of approximately 21 + 2 °C and relative humidity of ~44 + 2.5
%.

5.3.2 Thermal Analysis (TGA)

Thermal analysis was performed using a Q600 SDT (TA Instruments) on resin
samples with r = 0.6, 1, and 1.4. The tests were conducted by heating the samples from
room temperature (~21 °C) to 600 °C at a rate of 5 °C/min, while argon gas was used as a
purging agent. The weight of the samples ranged between 9 and 9.5 mg.

5.3.3 Fourier Transform Infrared (FTIR)
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A Nicolet iS50 (Thermo Scientific) spectrometer was used to conduct FTIR. Scans
were taken from 4000 to 400 cm ™! with a resolution of 0.482 ¢m™!. Sixteen scans were
used and the spectra were graphed in absorbance mode. Resin samples with r = 0.6, 1, and
1.4 were tested during the cure. Spectra were collected every 2 minutes. The samples were
placed on a golden gate diamond top plate (Specac) equipped with a KRS-5 lens. The lens
was cleaned using ethanol followed by DI water before each sample.

5.3.4 Ultrasonics: Curing Process and Elastic Properties

To non-destructively evaluate the sound speed of the resin during cure, the resin
was first mixed and poured into a resin 3D printed mold using Form Labs rigid 10k resin.
Add new mold dimensions. A function generator (AFG31052, Tektronix) was used to
generate a sine burst at 10 volts peak-to-peak with a frequency of 500 kHz. This frequency
for the excitation waveform was selected since it gave the strongest output signal for this
sample size and material. A Tukey window with a cosine fraction, r, of 0.4 was used to
taper the input function consisting of five cycles [114]. Transducers placed at opposite
sides of the filled mold transmitted and detected the signal. 2.25 MHz transducers (V133-
RM and V154-RM, Olympus) were used for evaluating the longitudinal and shear sound
speeds, respectively. To ensure adequate contact and signal transmission between the
sample and the transducers, an ultrasound couplant (Echo Ultrasonics) was utilized. An
oscilloscope (MDO32, Tektronix) was used to record the resulting waveforms every two
minutes during the curing process.

The excitation waveform along with the output waveforms were then used to obtain
the longitudinal and shear sound travel time across the sample utilizing the cross-

correlation method [170]. Using the same method from previous work, the sound speed in
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each of the samples was calculated from the travel time and thickness of the samples using
equation X as follows:

d
c=-
t

(5.1)

where d is the thickness of the sample and t is the sound travel time. The thickness was
measured using a digital micrometer once the samples were fully cured. To account for the
uncertainty resulting from the oscilloscope's and micrometer’s resolution (9 ns and 0.01
mm, respectively), the law of propagation of uncertainty was employed to calculate the
error related to the velocity computations [116].

Since the epoxy resin used is a dispersive medium, the sound travel speed is
dependent on the frequency utilized. Thus, to accurately determine the longitudinal and
shear sound travel times, the cross-correlation method along with a frequency sweep
method similar to the one performed by C. Pantea et al. [104]. A frequency sweep ranged
from 0.9 to 2.3 MHz with a 0.1 MHz step. In the case of homogeneous isotropic materials,
once the longitudinal and shear sound speeds have been calculated and the density of the
material is obtained, equations 5.2 and 5.3 can be used to determine the Youngs modulus

and Poisson’s ratio, respectively [103]:

2 2
c; — 2c¢;
E = pc? 5.2
pCS 2 lz ZCSZ ( )
cf — 2c? (53)
vV=———— :
2¢t — 2¢2

where p is the density of the material, ¢; is the longitudinal speed in, and c, is the shear
speed, E 1s Young’s modulus, and v is Poisson’s ratio. The density of the samples was

obtained using Archimedes’ method.
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5.3.5 Cure process modeling

The Hill equation was used to model the curing process for each sample. This was
used to better understand how variations in stoichiometry affect the curing mechanics of
the resin and to allow for future predictions of material quality. The degree of conversion,
a(t), ranges from 0 to 1 and can be expressed using the Hill equation as shown in equation
5.4 [119]:

1
a=1—— (5.4)

@)
where t is cure time in seconds, 6 is the shape parameter constant, and t is the time constant
defined as = = 6/k, where k is the rate constant. The time constant = is an important
parameter of the distribution since it represents when the degree of conversion o = 0.5. A
generalized reduced gradient (GRG) algorithm was used to minimize the sum of the errors

squared between the experimental and modeled data by fitting different 8 and k parameters.

5.4  Results and Discussion
5.4.1 Thermal Analysis (TGA)

Since thermal stability is highly dependent on the chemical structure of the
polymer, TGA was performed on fully cured samples to demonstrate how the varying
stoichiometry affected the decomposition of the epoxy resin. It can be observed in Figure
5.1 how the samples containing either excess resin or hardener experienced an increased
decomposition at the 250-325 °C temperature range. The system with excess resin (r = 0.6)
had the most weight loss in the aforementioned temperature range. H. Wang et al. describe
a very similar decomposition behavior when mixing bisphenol A epoxy resin with a

diamine curing agent, in which decreasing the amine/resin ratio caused an increase in

101



thermal instability due to a reduction in cross-linking density [68]. The increased weight
loss at lower temperatures could have also been caused by the presence of lower molecular
weight chains, which undergo thermal degradation earlier. However, the sample with the
most excess amount of curing agent (r = 1.4) became the least thermally stable at
temperatures higher than 325 °C. The system with the recommended stoichiometry (r = 1)
was the most stable from room temperature until 325 °C, which correlates with companies

using thermal analysis to optimize the amine/epoxy ratio.
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Figure 5.1. TGA of resin samples containing r = 0.6, 1, and 1.4 (a) from 0 to 500 °C; (b)
from 150 to 350 °C located inside the dashed rectangle of Figure 5.1a.

This thermal analysis demonstrates how varying the amine/resin stoichiometry
affects the chemical structure of the cured polymer. Increasing the resin amount possibly
increases the presence of lower molecular weight chains, which undergo thermal
degradation earlier. The presence of unbonded amines due to an excess amount of curing
agent also induces lower thermal stability.

54.2 FTIR

Since the molecular structure of the resin changes during cure, FTIR is able to
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monitor the cure kinetics. The spectra at 0, 0.5, 2.5, 5, and 22 curing hours of the r =
1 sample are displayed in Figure 5.2. It can be observed how the peak located at 913
cm’!, corresponding to the epoxy groups, decreases in intensity as the cure proceeds due
to epoxy consumption. Note that the epoxy is not fully consumed since the reaction
cannot be fully completed due to the decreased mobility/diffusion at vitrification,
which prevents the epoxy and amine molecules from finding each other and bond. The

temperature of the resin would have to be increased above its glass transition temperature

to further complete the reaction.
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Figure 5.2. FTIR spectra of the r = 1 sample at different curing times.

The FTIR spectra between 875 and 950 cm™ of fully cured samples are shown in

Figure 5.3a. They exhibit how the 913 cm™ peak corresponding to the epoxy group
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decreases in intensity with an increasing amount of hardener present in the sample. The
sample with 40% excess hardener (r = 1.4) experiences the highest epoxy consumption.
This trend is also observed in Figure 5.3b, which contains the intensity of the epoxy group
peaks during cure. To allow for a better visual comparison, the intensities were shifted so

that their initial points at cure time 0 were coincident.
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Figure 5.3. (a) FTIR spectra of the three different ratios between 875 and 950
wavenumbers; (b) intensity of the epoxy group peak (913 cm™) of the three ratios during
cure.

To quantify the rate at which the epoxy was being consumed for each of the sample
types, the intensities of the 913 cm™ peaks were normalized with respect to the intensity of
the 1034 cm™ peak. This peak is associated with the phenyl band and is taken to be
chemically unmodified during the curing process. The degree of conversion a of the r =
0.6, 1, and 1.4 resin samples are plotted in Figure 5.4. It can be observed how the epoxy of
the amine-rich system (r = 1.4 sample) is consumed at a faster rate compared to the other
samples. Similarly, the epoxy-rich system (r = 0.6) shows a slower cure. The onsets of the

curves were evaluated to be 5.44, 4.89, and 4.53 hours for the r = 0.6, 1, and 1.4 samples,
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respectively. This clearly demonstrates that the amine-to-epoxy ratio influences the cure

kinetics of the epoxy resin.
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Figure 5.4. Degree of conversion of the intensity of peak 913 cm™.

5.4.3 Ultrasonics

The longitudinal sound speed was evaluated in the four sample types during the
curing process. Figure 5.5a shows how the curing process differs for each sample due to
the varying stoichiometry. The epoxy resin cured at a faster rate with an increasing amount
of curing agent. The curve onsets for the r = 0.6, 1, and 1.4 samples were 5.36, 4.88, and
4.34 hours, respectively. This shows a similar trend to the one observed with FTIR,
especially regarding the r = 1 and 1.4 samples, although ultrasonics converged at an earlier

time for the r = 0.6 sample. The excess amount of amine reduces the diffusion required for
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the epoxy and amine molecules to find each other and bond, thus speeding up the curing
process. This also allows for almost a complete reaction of the epoxy molecules present.
Experimentally, achieving a complete consumption of the epoxy molecules will most likely
not occur. When vitrification occurs, the diffusion/mobility drops, which impedes a full

reaction to happen.
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Figure 5.5. The sound speed with respect to the cure time of resin samples with r = 0.6, 1,
and 1.4 during (a) the first 24 curing hours; (b) the first 10 curing hours located in the
dashed rectangle in Figure 5.2a.

The sound speed in the samples at 24 curing hours indicates that the viscoelastic
properties are also affected by the change in chemical structure, where the stiffness of the
epoxy increased with amine content. The longitudinal sound speeds for the r = 0.6, 1, and
1.4 samples were 2595 (£ 46), 2667 (x 47), and 2724 (£ 51) m/s, respectively. This shows
how the system’s stoichiometry not only affects the curing mechanics of the resin but also
its mechanical properties, which has been proven by various researchers [31], [171].

Since sound speed increases as the reaction and cross-linking proceeds, it has an
inverse relationship with the FTIR intensity of the epoxy group peak 913 cm™. It is

appreciated in the plot in Figure 5.6 how the sound speed increases as the epoxy group is
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consumed as the reaction proceeds. Both the sound speed and the FTIR intensity of the 913

cm™ peak start converging when the vitrification phase occurs and the reaction rate

decreases.
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Figure 5.6. Sound speed and FTIR intensity of the epoxy group during cure forr = 1.

To further correlate the sound speed and the chemical structure of the resin during

cure, the FTIR intensity of the peak 1106 cm™, which corresponds to the C-H aromatic
stretching, and the sound speed were plotted and compared in Figure 5.7. The intensity of
the C-H aromatic stretching closely follows the trend of the sound speed during cure, which
is related to the mechanical properties of the polymer. This trend is observed for all the
sample types. During the first curing hour, both the sound speed and the 1106 cm™ peak
intensity decrease. This can be due to the relaxation of the polymer chains caused by the
increase in temperature of the material, which induces a decrease in viscosity. Then, as the

reaction proceeds, cross-linking between the polymer chains occurs. This causes both an

increase in sound speed and in C-H aromatic stretching, which may be due to the
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intensification of the interaction between the polymer chains. Finally, the sound speed and

intensity converge after the gel point and during the vitrification stage.
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Figure 5.7. FTIR intensity of peak 1106 cm™ and sound speed during cure for each of the
sample types.

5.4.4 Modeling

To numerically understand how varying stoichiometry affects the cure kinetics of
the epoxy resin, the Hill equation was used to model the curing process for each of the
samples. The longitudinal sound speed curves in Figure 5.5a were normalized and plotted
in Figure 5.8a. This graph represents the degree of conversion a of the resin, which ranges
from O (uncured) to 1 (cured). Normalization accentuates what was portrayed in Figure
5.5b, where an increasing amount of curing agent reduces the time needed for the
convergence to begin. Figure 5.8b compares the experimental and theoretical curves of the
resin sample with r = 1. The Hill model gives a good estimate of the curing kinetics of the

epoxy resin.
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Figure 5.8. Degree of conversion with respect to cure time of (a) resin samples with r =
0.6, 1,and 1.4 ; (b) experimental and model using the Hill equation of the r = 1 sample.

Table 5.1 summarizes the rate constant k and the shape parameter 6 values for each
sample type after fitting the experimental data to the Hill equation. As expected, the rate
constant k increased with raising amine content, going from 1.92x 10~* to 3.12x 10~* for
the sample r = 0.6 and r = 1.4, respectively. The shape parameter 6 appears to have a linear
increasing relationship proportional to the amine content. A higher 0 represents a more
accentuated sigmoidal “S” shape. The sum of errors (between experimental and theoretical
values) squared was small, meaning that the modeling resembled the experimental results.
This model helps predict how the manufacturing process influences the curing behavior of
the final properties of the structure, which is very advantageous during in-situ evaluation.

Table 5.1. Rate constant k and shape parameter 6 of the Hill equation model for each

sample type.
Sample (r)  k(x10~% 0 Sum of Error Sq
0.6 1.92 1.76 0.121
1 2.30 1.87 0.070
1.2 2.58 1.96 0.045
14 3.12 2.05 0.048
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5.4.5 Elastic Properties

Table 5.2 summarizes the longitudinal and shear sound speeds of the tested
samples. As reported previously, the longitudinal sound speed increases with amine
content. However, the baseline (r = 1) sample had the fastest shear speed. After using the
densities to calculate Young’s modulus and Poisson’s ratio of the polymers using equations
5.2 and 5.3, the highest Young’s modulus had a value of 4.285 + 0.131 GPa, corresponding
to the r = 1 sample. The resin with the least amount of amine had the lowest Young’s
modulus with a value of 4.285 £ 0.131 GPa. Using ultrasonics is an effective way to non-
destructively evaluate the elastic properties of curing and fully cured epoxy resins. These
results demonstrate that ultrasonics can serve as a quality control method during the
manufacturing process, and that it could be used for structural health monitoring while the
part is being utilized.

Table 5.2. Longitudinal and shear sound speeds used to calculate the elastic properties.

Longitudinal ~ Shear Speed  Density Young's Modulus Poisson’s

Sample () “gheed (mis) (mis) (g/cm™3) (GPa) Ratio
06 2318 + 14 1164+21 11885  4285+0131 0.332+0.005
1 2341+ 12 1195+ 24 1.1882 4,491 + 0.157 0.324 + 0.005
14 2412+ 15 1182+20 11842  4440+0124  0.342 +0.004

55 Conclusions

Epoxy resins are highly versatile thermosets, exhibiting a wide range of properties
that can be tailored through the modification of their manufacturing process. Varying the
ratio of epoxy to curing agent is a common approach to altering the mechanical properties
of the material. However, it has been found that this alteration of the system's stoichiometry
can affect not only the final properties of the material but also its curing process. To this

end, the influence of the amine-to-epoxy ratio was studied using a range of analytical
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techniques. TGA revealed that the sample with the stoichiometry recommended by the
manufacturer was the most thermally stable. Furthermore, FTIR confirmed that changing
the chemical composition of the polymer affected its curing kinetics. Ultrasonics has also
demonstrated its potential to become a useful tool for the evaluation of polymer quality in
both a manufacturing and in-field setting. This unique combination of techniques can be
employed as a non-destructive method to assess the curing process and viscoelastic
properties of polymers.
Chapter 6 Conclusion and Future Work

The use of tailored polymers in highly demanding applications has been shown to
be advantageous, reducing both the weight and cost of structures. This has attracted
considerable attention from both industry and research communities. It has been
established that the manufacturing process of polymeric materials is integral, as it defines
the structure of the polymer and thus, its final properties and performance. It is essential to
monitor the polymer during fabrication in order to gain a better understanding of the effects
of the cure kinetics and the quality of the manufactured parts. Non-destructive testing is a
cost-effective way to evaluate the properties of the polymer during fabrication and post-
manufacture without damaging the samples, making it suitable for in-field examinations.
This type of testing can be used to characterize the cure kinetics, the chemical structure,
and the viscoelastic properties of epoxies. Thus, non-destructive testing offers a reliable
and accurate alternative to destructive testing when it comes to assessing the properties of
polymers. This article presents the successful use of three non-destructive evaluation
methods, including magneto-electric nanoparticles (MENS), ultrasonics, and Fourier

transform infrared spectroscopy. The key outcomes of this work are the following:
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Successfully synthesized and dispersed magneto-electric nanoparticles
(MENS) to an aerospace epoxy adhesive to perform non-destructive testing
by monitoring changes in the nanoparticles’ surface charge density by
evaluating output magnetic signal under an applied magnetic field.
Increased both the tensile and shear strength of an epoxy adhesive by
dispersing up to 5 vol% of MENS.

Developed an ultrasonic setup to monitor changes in longitudinal and shear
sound speeds during the cure of an epoxy adhesive containing IPA as
residual solvent. Used LabVIEW software to create a graphical program to
autonomously perform the data acquisition.

Used the acoustics setup to detect changes in the cure kinetics of an epoxy
resin as a result of varying stoichiometry (i.e., amine to epoxy ratio)
Modeled the curing Kinetics using the Hill equation to better understand
numerically the curing processes of polymers and allow for future
predictions during the tailoring process. The rate constant k and the shape
parameter & were correlated to the residual solvent content and the
stoichiometry of the system.

Correlated the longitudinal and shear sound speeds to the viscoelastic
properties of the polymeric materials. It was proven that varying chemical
structure affects the mechanical properties of the epoxies during cure and
after they have been manufactured.

Used FTIR to monitor changes in the chemical structure of an epoxy resin

during the curing process. FTIR was correlated with ultrasonics,
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implementing a unique combination of these two non-destructive evaluation
methods to characterize the curing kinetics of polymers.
The work presented in this dissertation can be adopted to design new polymeric materials,
which will aid in achieving their widespread implementation in highly demanding
applications.

The focus in the future will be put on the ultrasonics method since it was determined
to be the most feasible and accurate of the two methods presented. First, the curing kinetics
of polymeric materials will be investigated as a function of the curing temperature. This
will help understand if the quality of the material is maintained under different curing
temperatures, especially when these cannot be easily controlled. It will also aid in
determining how the properties are affected by different temperature cycles during the cure.
Temperatures both higher and lower than room temperature will be investigated.
Ultrasonics measurements will be correlated with FTIR to further understand the structure
of the material under different curing rates affected by temperature. The goal will be to
optimize the temperature cycles during cure to obtain the desired properties of the material.

Another focus will be the investigation of the influence of fillers in both the curing
kinetics and the final properties of the polymer. Fillers include boron nanotubes, carbon
nanotubes, 3D-structured foams, and diverse types of nanoparticles. Fillers are usually

introduced into the polymer to enhance properties like thermal, electrical, and mechanical.
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