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ABSTRACT 

 

 

Marine Hydro-Kinetic (MHK) devices encompass promising new technologies 

designed to harness energy from ocean currents and tides. However, there are unique 

challenges to successful implementation of MHK devices. Material selection and 

characterization are crucial steps in the design process as the marine environment can be 

extremely detrimental to many materials systems. Epoxy-fiberglass composites, the 

premier material in wind turbine blades are being studied for use in MHK due to desirable 

price and durability. Preliminary research has shown a significant drop in ultimate strength 

due to moisture absorption in unidirectional laminates. This research extends these studies 

by exploring these effects on balanced and unbalanced off-axis fiber angles for a common 

epoxy-fiberglass material system. Ply by ply analysis is completed to explore the efficacy 

of a strength reduction prediction method for off-axis laminates. It also extends the study 

to include acoustic emission analysis to further investigate the material degradation at a 

micromechanical level.  Partial saturation strength reduction in symmetric laminates is also 

studied.
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INTRODUCTION 

Marine Hydro-Kinetic Energy 

In the last few decades, the production of energy has become an important topic. 

Fossil fuels provided past societies with an abundance of energy. However, with increasing 

energy usage and the downsides of fossil fuels becoming more evident, scientists and 

engineers have begun to look elsewhere for energy production. The goal of “green energy” 

is to decrease pollution and create more renewable methods of energy production. These 

more environmentally conscious production methods include wind turbines, nuclear 

power, solar and hydro-kinetic power. Each one of these systems brought a tremendous 

amount of technology to support them. While green energy has made significant progress 

in recent years, there are still many challenges to overcome as well. These technologies 

frequently have key downsides too; nuclear reactor meltdowns, effects on wildlife 

populations and inconsistency in power generation are a few examples.  

Of these new energies, hydro kinetic energy is one of the oldest. Greek civilizations 

began using water wheels to grind flour over 2000 years ago. This practice remained 

prevalent throughout history. The modern hydro turbine was first conceived in the mid-

1700s by Forest de Belidor, a French military engineer. Hydroelectric power plants were 

first put into practice in the 1920s by the US Army Corps of Engineers. Throughout the 

20th century, an expansion of hydroelectric power began long before other green energies 

came to fruition. Although an old practice, river based hydroelectric power hasn’t been 

without its faults. Environmentally, it can be very taxing on the river system if managed 

incorrectly and has a significant effect on fish population and their spawning patterns.  
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However, in the last 10 – 15 years, a new vision for water driven electricity was 

born. Instead of using an entire river, engineers have looked towards the thousands of miles 

of coastline and predictable tidal wave patterns. This new type of energy has been given 

the moniker Marine Hydro-Kinetic Energy (MHK). 

 

Figure 1. Areas near US coasts that possess high velocity ocean currents where energy 

extraction devices could be installed1. 

MHK offers tremendous possible energy production due to the amount of coastal 

area available to harness energy from. Approximately 50% of the population lives near the 

coast as well minimizing the distance the energy needs to be transported. With an 

abundance of accessible area, it will also be significantly easier to mitigate the 

environmental impacts seen in river based power plants.  

Within the development of MHK technology, four different sub-types have been 

targeted for extraction: wave, tidal streams, ocean currents and ocean thermal gradients. 

                                                 
1 US Water Power Program. 
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Each of these include unique design considerations and installation locations. 

Differentiation between these different energy potentials can be subtle. It is important to 

define some terminology to be able to tell the difference between these techniques. A wave 

is the movement of the surface of the water, or what is seen crashing against the beach. 

Tide is the rise and fall of large bodies of water caused by the gravitational pull of the 

moon. Ocean currents comprise of large masses of water that move in one direction. These 

currents are caused by discrepancies in the density or temperature of water over a large 

distance. 

 

Figure 2. Areas of high wave activity where extraction devices could be installed to 

produce electricity for US homes2. 

                                                 
2 US Water Power Program. 
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The U.S. Water Power Program, through the Department of Energy has compiled 

research on the potential power from these different types of extraction [1]. In the context 

of renewable energy, power is how much energy is being produced at an instant, measured 

in Watts (W). However, as these types of production are inconsistent, it becomes more 

useful to talk about the amount of energy produced over a period of time. This is measured 

in a watt-hour (Wh), or the equivalent to one Watt of energy production for one hour. This 

provides a better unit to compare renewable energy sources as they are not always 

producing the same amount of power. Solar panels only produce energy while the sun is 

shining on them, and rivers produce differing amounts of energy based on the flow rate of 

the river. Listing these extraction methods by the amount of energy produced by year is a 

common way to compare the different methods. In Table 1, technical energy production 

metrics are presented for various types of marine hydro-kinetic devices.  

Table 1. Technical resource potential for different MHK energy extraction methods. 

Resource Technical Resource Potential 

Waves 898 – 1229 TWh/year 

Tidal Streams 222 – 334 TWh/year 

Ocean Currents 45 – 163 TWh/year3 
 

The technical resource potential for these devices represents a portion of the 

theoretical energy in the system. These numbers exclude other constraints such as 

economic, environmental and regulatory considerations that are difficult to speculate on. 

As the industry evolves, these other factors and their effects on the resource potential will 

need to be evaluated further. According to the Department of Energy, approximately 90,000 

average homes in the United States could be powered with 1 TWh/year [1]. As seen above, 

                                                 
3 TWh = 10^12 Wh/year 
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Marine Hydrokinetic Energy (MHK) offers a great potential for renewable energy. Even 

considering the excluded factors conservatively, these energy sources have the capability 

of providing clean energy to millions of homes across the country. With predictable and 

continuous tidal patterns, MHK can also provide more consistent power output than the 

more variable wind and solar energies.  

MHK is promising due to the amount of coastline available to harness tidal energy. 

As these systems are designed, it becomes paramount to have accurate mechanical strength 

values for the materials being used in construction. Similar to the wind energy industry, the 

most common material studied for MHK applications are fiberglass-epoxy composites. 

Offering good strength and stiffness values for the cost, it follows naturally to study these 

materials as a primary structural material for underwater turbines as well. 
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THEORETICAL BACKGROUND 

Composite Materials 

In the development of MHK systems, one of the prominent design constraints is the 

material they are made of. The saltwater environment and inconsistent loading presents a 

difficult application for many classes of materials. Corrosion properties become very 

important to consider as well as the structures must be submerged in saltwater for their 

entire design lifetimes. Another concern is weight of the structure as these systems need to 

be able to be suspended with ease underwater. One material that is frequently studied for 

these applications are composites.  

Composite materials provide greater flexibility in design than other material types. 

Formed from two or more different constituent materials, it is possible to tailor the 

mechanical properties of the structure to specific loading directions, fatigue patterns, 

corrosive environments and other design criterion. Typically, these materials are made from 

reinforcements held together with a matrix material. One of the simplest examples of this 

composites is steel rebar reinforced concrete. The rebar provides stiffness and strength in 

the direction of the steel while the concrete holds them in place and oriented correctly while 

also providing compression strength. When multiple layers (plies) are included in the 

manufacture, different angles per ply can be chosen providing strength in multiple 

directions.  



7 

 

 

Figure 3. Examples of composite materials and varying reinforcement types. From left to 

right: particle reinforcements, short fibers, unidirectional fibers.  

Epoxy Fiberglass Composites 

This same concept has been applied in smaller applications as well. Since the 1930s 

glass manufacturers have known how to produce glass strands from a melt. As this process 

was refined the strands became more uniform and they began being used as reinforcements 

in composite materials. In the renewable energy industry, glass fiber reinforced composites 

are the most common material utilized in construction of wind turbine blades and other 

energy extraction devices. Glass fibers offer good stiffness and strength at a much cheaper 

cost than carbon fibers. These fibers are then arranged in various ways depending on their 

application.  

In the manufacture of fiber composites, the fiber material typically comes in a 

woven mat to keep the individual fibers constrained. Structures that see most of their loads 

in one directions, most of the fibers might be aligned in one direction with a small amount 

of fibers being used to stitch these together to hold them in place. Fiber mats that are labeled 

as unidirectional frequently have as much as 8 – 10 % of their fibers oriented perpendicular 

to the principal orientation to hold the remaining fibers together during manufacture. This 

type of fiber architecture would technically classify as a “pseudo-unidirectional” but would 

commonly be considered unidirectional within the industry. In other applications, many 
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different loads are seen by the structure requiring there to be fibers aligned in multiple 

directions. In these applications, woven mats over fibers are commonly used. Mats that 

have two primary directions are called “biax” for two axes. Mats with three primary 

directions are given the moniker “triax” etc. Figure 4. An example of a woven mat. In this 

type of mat there are two principal directions (0o and 90o). The mat is woven with fiber 

tows which are made from many individual fibers. is an example of a biax woven mat as 

there are two primary directions of fibers.  

 

Figure 4. An example of a woven mat. In this type of mat there are two principal 

directions (0o and 90o). The mat is woven with fiber tows which are made from many 

individual fibers. 

The other key constituent material in a composite system is the matrix. The matrix 

hold the fibers in the desired orientation and provided stability in compressive loading. 

There are several matrix materials that are common within the industry. In general, there 

are two classifications of matrix materials: thermosets and thermoplastics. Thermoplastic 
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materials have a curing process that is reversible as no chemical bonding takes place. 

Thermosets on the other hands, have two parts that chemically cross-link during the curing 

process. In general, thermoset resins produce a stronger material as a direct result of the 

cross-linking. One of the most frequently used and studied thermosets is epoxy resin 

systems. Epoxy offers a good bond to the fibers as well as increased fatigue life over other 

resin systems. However, this comes at a cost in MHK applications, epoxy resins are 

particularly susceptible to environmental effects and degrade faster than other resins. 

Composites Manufacturing 

The manufacture of composites is a complex operation with many different 

considerations. In composite manufacturing, it is important to get a good bond between the 

resin and the fiber and minimize the amount of resin used. One of the simplest methods of 

production is a hand layup. In this process, the fibers are manually oriented in the desired 

position and the resin is forced into the fiber mat by hand. Resin material is poured onto 

the fibers and rollers are used to press the resin into the fibers. While this method is the 

simplest and often the cheapest, it is very unreliable and has many problems associated 

with it. It is very difficult to get a consistent amount of resin throughout the material. This 

can manifest itself in an inconsistent thickness and adhesion between the matrix and the 

fibers. Another disadvantage is porosity; as the fibers are exposed to the air prior to 

manufacture, large air pockets are often present in the resultant material. These air pockets 

make the material much more prone to premature failure as it gives existing damage easy 

pathways to travel throughout the material and there is a decreased load transfer between 

the fiber and the matrix.  
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Another process more commonly used is resin transfer molding (RTM). In this 

method, resin is forced through the fibers driven by a positive pressure from the resin 

reservoir. This method produces much better composites than hand layups as the process 

of pressing the resin through the fibers can force most the air out of the material resulting 

in less porosity. Given an even flow across the material, it is also much easier to achieve a 

more consistent thickness and infusion. However, this process does nothing to minimize 

the thickness of the composite. As the fibers carry most of the longitudinal load, 

minimizing the amount of resin used significantly increases the strength of the overall 

material. 

Vacuum assisted resin transfer molding (VARTM) is a variation of RTM that 

produces thinner and more consistent material through the introduction of a vacuum. Two 

ports are open on the mold prior to infusion. One of these is the inlet for resin material, the 

other a port for a vacuum to be applied. A heavy plastic is used to seal the fiber material to 

the mold and when the vacuum is applied, negative gage pressure pulls the fiber material 

against the mold creating less free space for the resin to fill. The vacuum also helps drive 

the flow of the resin through the material. This is one of the most common methods of 

producing composite materials as it results in a very consistent infusion while minimizing 

the resin that is used. The materials used for research presented later in this study were 

manufactured using the VARTM method. The Montana State University Composites 

Group has consistently used this manufacturing method over the last two decades to 

produce test samples. A diagram of the VARTM process with the different materials used 

in production can be seen below in Figure 5. 
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Figure 5. VARTM manufacturing process4. 

The VARTM process produces material with high volume fractions (ϕf), which in 

turn results in higher strengths. Fiber volume fraction is a measure of the volume of fibers 

relative to the overall volume of the material. It is calculated per equation 1 below, where 

Vc is the volume of the composite and Vf is the volume of the fibers.  

 𝜙𝑓 =
𝑉𝑓

𝑉𝑐
 (1) 

In practice, measuring volume fraction is done by a matrix burn off. A sample of 

material is placed in an oven at a temperature where the resin will burn off but not the 

fibers. Using the densities of the two materials and the change in weight, an accurate 

measurement of volume fraction can be completed.  

The direction in which resin is infused into the fibers is another advantage to the 

VARTM process. With a hand layup, the resin must be forced into the mat transverse to the 

fiber. This orientation is not conducive to flow and can cause significant porosity in the 

                                                 
4 http://www.gurit.com/files/documents/vac-consv2pdf.pdf 
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composite. However, with VARTM, the infusion is parallel to the direction of the fibers. 

This results in significantly less air gets trapped behind the fibers producing less porosity 

and increasing the strength of the overall composite.  

This method does present a problem when manufacturing samples that have plies 

in both the 0o and 90o orientation. A simple linear orientation of the two ports causes some 

layers to be infused transverse to their principal direction. In these cases, it is beneficial to 

use spiral tubing along two sides of the plate allowing resin to flow diagonally across the 

coupon. This drives flow in both directions, achieving a much more uniform volume 

fraction. It also helps avoid porosity on the backside of the 90o fibers.   

Failure Mechanisms in Composites 

The failure mechanisms in composites are difficult to study due to the complexity 

of the microstructure. The existence of multiple constituent materials allows for several 

different types of failures to exist within a composite material. Damage within the 

composite can occur in any of the constituent materials or at the interface between them. 

As the fibers are typically much stronger and stiffer than their surrounding material, the 

transfer of load between them and the matrix is very important. When these bonds begin 

to fail, the load must be transferred through other parts of material. It is common for 

composites to see significant damage within the microstructure long before final failure of 

the material occurs. 
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Figure 6. Examples of damage types seen within composites materials5. 

Failure mechanisms in composites have been studied and presented in recent 

literature. Research by Cantwell and Morton concluded that matrix and interphase failures 

occurred at lower stresses and strains than fiber failures [2]. These events exhibited release 

of fracture energy as well. Kim and Nairn added observations on interfacial debonding and 

fiber fracture for many different materials [3]. However, the research is far from having 

concrete theoretical models commonly seen in other material systems. One reason for this 

uncertainty is the amount of different material options available within the industry.  

As mentioned above, one of the first damage mechanisms seen in testing is cracking 

of the matrix material. Thermoset resin systems are brittle in comparison to their 

thermoplastic counterparts. As they transfer the increased load from fiber tows, cracks will 

form in regions of high strain energy. These matrix cracks are low energy events and are 

typically seen throughout testing as load is continuously redistributed throughout the 

specimen. Individual matrix cracks are rarely catastrophic as the fibers inhibit a consistent 

                                                 
5 Hart 
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crack path. The existence of large voids can provide matrix cracks with easy propagation 

paths. 

 

Figure 7. Matrix cracking in fiber reinforced composites. Note the tortuous pathway the 

crack takes through the fibers6. 

The bonds between fibers and the matrix are the primary pathway for the load to be 

distributed throughout the structure. As matrix cracks begin to degrade this interface, the 

load must be redistributed, further stressing the interface. There are two different interfacial 

failures that are typically seen, fiber/matrix pullout and fiber/matrix debond. Fiber/matrix 

pullout is a shear stress dominated failure that results in the fiber slipping along the matrix 

and shearing away from it. Fiber/matrix debond is a normal stress dominated interface 

failure resulting in the fiber being pulled away from the matrix normal to the interface.  

                                                 
6 National Research Council 
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Figure 8. SEM image of fiber/matrix pullout failure surfaces7. 

Pullouts and debonds can occur at the same time depending on the specific loading 

conditions and many times the failure of the interface is a combination of the two. They 

are very difficult failures to differentiate and are often grouped into one category 

encompassing all interphase damage mechanisms. Post testing microscopic imaging shows 

very similar failure surfaces for both damage types. Fiber failure is much easier to identify 

as glass fibers are brittle and fail catastrophically when they are overloaded. This is not a 

common failure to see in the testing of composite materials as they are typically the 

strongest material within the material and the other constituents fail before the fibers reach 

their ultimate strength. Each of these types of damage exist at the microstructure level and 

contribute to the failure of the overall material. These mechanisms will be studied more in 

depth later in this study as they will be classified using acoustic emission analysis. 

                                                 
7 John Summerscales 
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Figure 9. Debond failure between the fiber and matrix8. 

Diffusion 

In order to study the possibilities of using composite materials in marine 

environments, it becomes important to understand the mechanics of diffusion in fiber 

reinforced polymers. Diffusion in its simplest form is the movement of molecules or atoms 

from a region of high concentration to a region of low concentration. This is a common 

phenomenon seen throughout daily life. When a drop of food coloring is added to a glass 

of water, the movement of the color molecules can be seen throughout the volume of water. 

The original drop of food coloring has a high concentration of color molecules while the 

water does not. Over time, they diffuse into the water towards a steady state or an equal 

concentration throughout the water.  

                                                 
8 John Summerscales 
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Figure 10. Diagram of simple diffusion. Over time the solution will approach a steady 

state where all molecules are equally spread out9. 

The study of diffusion in composite materials has an extra layer of complexity as 

each constituent material can possess different diffusion characteristics. For this specific 

study, the two constituent materials in question are the epoxy resin system and the 

fiberglass reinforcements. In other published literature, fiberglass has been found to absorb 

a negligible amount of moisture [4-6]. This greatly simplifies the analysis of the overall 

composite as the resin is the only constituent to evaluate in regards to water diffusion. It 

has been seen in other published literature that epoxy polymers follow similarly to diffusion 

in porous media [4]. 

This phenomenon has been studied extensively and is classified by a pair of laws 

developed by Adolf Fick in 1855. Fick was a German-born physician and physiologist that 

is most known for his contributions in diffusion modeling. He continued his study of 

movement of liquid in the field of medicine as he was the first person to measure cardiac 

output in 1870.  

                                                 
9 Kyle Yeung 
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Fick’s First Law 

Before Fick’s first law can be presented, a few terms must be explained. Flux (J) is 

the mathematical representation of how fast a material is diffusing; it can be thought of as 

the rate at which diffusion is occurring. Diffusivity (D) is a measure of how easily fluids 

can spread within a material. Materials with a lower diffusivity are more resistant to 

diffusion. For some materials, e.g. isotropic materials, the direction of travel isn’t important 

in measuring how easily something can diffuse. However, this is not true with composites. 

Composites by default are not considered isotropic materials and therefore diffusivity 

changes depending on the direction in which flow is occurring. Concentration (C) is a 

measure of the amount of a material present at a specific location within the material.  

Fick’s first law relates these above terms. Specifically, it states that the diffusive 

flux is proportional to the diffusivity times the concentration gradient (spatial derivative of 

the concentration).  

 𝐽𝑖 = −𝐷𝑖𝑗

𝜕𝐶

𝜕𝑥𝑗
 (2) 

Where: 

Ji   = The moisture flux term 

Dij = The mass diffusivity tensor 

C  = The moisture concentration 

xj  = The spatial coordinate of interest 

The above equation simplifies greatly when only one direction is considered. The 

mass diffusivity tensor is replaced by a single constant representing diffusivity in the 

direction desired and the concentration gradient becomes a single spatial derivative. The 
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inclusion of the off diagonal terms in the Dij tensor complicates diffusion studies greatly 

and is frequently neglected. An example of one dimensional diffusion can be seen above 

in Figure 10. 

Fick’s Second Law 

Fick’s second law follows as a natural extension from his first. Through a 

combination of his first law and the conservation of mass it relates how the concentration 

of the diffusing substance changes with time. The concentration of mass states that the 

concentration of the diffusing substance must change by the same amount of substance that 

is entering the control volume. This is represented mathematically below: 

 
𝜕𝐶

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
𝐽𝑖 = 0 (3) 

Combining this Fick’s first law as an expression for Ji, the following equality can 

be achieved: 

 
𝜕𝐶

𝜕𝑡
=

𝜕

𝜕𝑥𝑖
(𝐷𝑖𝑗

𝜕𝐶

𝜕𝑥𝑗
) (4) 

A partial differential equation, 1st order in time and 2nd order in time, this equation 

relates the change in concentration in time to the change in concentration across space 

through the diffusivity tensor described above. For a homogenous material with off 

diagonal diffusivity terms ignored, this can be reduced to: 

 
𝜕𝐶

𝜕𝑡
= 𝐷𝑖𝑖

𝜕2𝐶

𝜕𝑥𝑖
2
 (5) 

1-Dimensional Solution 

For the research presented in this paper, it was decided to simplify the above 

equations and consider diffusion in the analysis of the composite coupons as one 
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dimensional. The primary factor for this decision is the eventual application that these 

materials will see. The design and construction of MHK devices has followed that of wind 

turbine blades. These structures are typically made with a light core on the inside 

surrounded with composite material for added strength and stiffness. An example of this 

can be seen below in Figure 11. 

 

Figure 11. Cut away of a wind turbine blade. The construction method seen above is 

extremely common in the wind industry and it is likely that MHK construction will 

follow similar patterns. 

Assuming a similar construction method for MHK energy extraction devices, 

diffusion will be primarily in one direction as there will be large “flat” surfaces exposed to 

the water protecting the inner structure of the blade. A more detailed diagram with this 

assumption can be seen below in Figure 12. 
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Figure 12. Stacking sequence involved in composite structure construction and the 

moisture penetration path. 

With the assumption of 1-dimensional diffusion behavior, it becomes trivial to solve 

equation 5 above for concentration with respect to time. This allows a generalized curve 

for concentration to be plotted. The moisture curve presented below in Figure 13 will be 

utilized throughout the rest of this study. Periodic weight gain measurements were taken 

for conditioned samples to verify that the material behaved as expressed in Figure 13. 
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Figure 13. Generalized moisture curve for Fickian diffusion in 1-dimension. 

In this application, concentration is analogous to moisture content. Moisture 

content is a measure of how much liquid (water in the case of MHK structure) has been 

diffused into the structure. It is a comparison of the weight of the conditioned composite 

to the weight of the dry composite and is calculated as follows: 

 𝑀(𝑡) =  
𝑚𝑡 − 𝑚𝑖

𝑚𝑖
 (6) 

For the assumption of 1-dimensional diffusion to remain valid the coupons had to 

be designed to mimic this behavior. This will be covered in more detail later in the 

experimental procedures section.  

Diffusion in Composites 

While the 1-dimension solution of Equation 5 can be used for composite materials, 

the lack of homogeneity adds complexity to the analysis. As discussed above fiberglass and 

epoxy have very different diffusion properties. In practice, the fiberglass has a negligible 

maximum moisture content (M∞f) while studies have shown that most epoxy resin systems 
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will absorb up between 2.5 – 3% moisture. This is denoted by M∞m. As these materials are 

combined, the material properties of the composite must be calculated rather than using the 

individual constituent properties. The theoretical maximum moisture content of the 

composite (M∞c) can be calculated as follows: 

 𝑀∞𝑐 = 𝜙𝑚𝑀∞𝑚

𝜌𝑚

𝜌𝑐
 (7) 

where ϕm represents the matrix volume fraction. ρm and ρc are the densities of the 

matrix and composite respectively. The density of the composite can be calculated from 

the constituent densities as follows: 

 𝜌𝑐 = 𝜌𝑓𝜙𝑓 + 𝜌𝑚𝜙𝑚 (8) 

Using the above equations, the theoretical maximum moisture content of the 

coupon can be calculated and compared to the experimental values. Good agreement in the 

two moisture contents are seen throughout the research presented later. 

Strength Reduction 

The absorption of water into the material structure is detrimental to the strength of 

the material. This phenomenon has been shown several times in published literature and in 

past research conducted at MSU[5, 7]. The research presented is an extension of previous 

research and will attempt to classify these strength reductions further with the addition of 

new analysis techniques.  

The complexity of composite materials is not limited to the diffusion. The stiffness 

and strength are governed by large sets of tabular equations. These equations consider fiber 

orientation and thickness per ply to calculate a total stiffness and strength in the global 
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coordinate system. In the simplest form, this material property tensor is reduced to 5 

independent material properties. At its most complicated in a reasonable application, a fully 

anisotropic solid, there may be as many as 21 independent constants.  

Previous research for diffusion has focused on simple cases, where all the fibers are 

aligned in one or two directions (usually 0 or 90 degrees to maintain another layer of 

simplicity). The failure mechanisms that show up in 0 degree coupons are much different 

than the ones present in 90 degree coupons. While valuable research, there is little 

information for other ply angles or combinations of ply angles. As it is expected that the 

inclusion of the water effects only a handful of these failure mechanisms, the effects of 

moisture absorptions should vary depending on the construction of the sample. Examples 

of the strength reduction in unidirectional composites can be seen below in Figure 14 and 

Figure 15 research was conducted at MSU and provided a starting point for the work 

presented herein.  

 

Figure 14. Fully saturated epoxy tensile sample with 0.86 % Wt. Gain, Vf = 0.56, Cured 

at 70C and soaked at 40C. [8] 
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Figure 15. Partially saturated epoxy sample with 0.47 % Wt. Gain, Vf = 0.56, Cured at 

70C and soaked at 40C. 

Two different studies will be presented in this research. Both attempt to provide 

some insight into how moisture absorption degrades the overall material. As discussed 

above, the different failure mechanisms seen within composites are dependent on the 

internal stress state of the material. Changing the layup can significantly alter the internal 

stress states making certain damage mechanisms more prevalent than others. 

Effects of Fiber Angle and Moisture Diffusion 

The first half of the study will focus on the effects of diffusion on the static strength 

and acoustic emission signatures given different fiber angles. Six different layups were 

chosen to study as they provided a broad spectrum of internal stress states to analyze. 

Specifically, unbalanced off-axis and balanced antisymmetric laminates were studied.  

In a unidirectional off-axis composite (fibers are primarily aligned in one direction) 

the stress distribution and thus the failure mechanisms are generally uniform throughout 
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the thickness of the sample. However, as the angle between the principal load and the 

orientation of the fibers changes, the internal stress state seen in the material changes 

considerably. With the fibers aligned along the axis of principal load (0o), the load is 

primarily carried in the fibers as they are in their optimal orientation and can provide their 

full strength. This contrasts with samples with only 90 degree fibers. The fibers provide 

very little strength to the overall composite as they are oriented perpendicular to the 

principal load. In this case, the limiting factor becomes how well the fibers are bonded to 

the matrix as the failure occurs when one the two are pulled apart. 

When the fiber angle is varied between 0o and 90o, the stress state becomes much 

more complicated as the stiffness of the coupon does not align with either principal axes 

of the load. In this case, the bonds between the fiber and matrix are subjected to a 

combination of tension and shear. The amount of each type of stress changes throughout 

the range of angles, reaching a maximum shear at 45o.  

In a balanced coupon, there are an equal number of plies with the opposite angle as 

that of the positive angle. For example, in a 2 ply balanced coupon there would be one +X 

and one –X ply, denoted by [±X]. Samples with this construction provide a unique stress 

state as well. The net stiffness of the sample is in the primary direction of the load (0o) but 

the individual plies have increased stiffness in different direction. There is a significant 

amount of shear stress present between the two plies as each one wants to rotate against 

the other one. As the angle X is increased, the amount of shear is increased and the amount 

of tension being carried by the fibers is decreased.  
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Effects of Stacking Sequence and Moisture Diffusion 

The second study that will be presented varies stacking sequence and studies the 

effects of partial moisture saturation on static strength. Under the assumption of Fickian 

diffusion, the concentration of water is variable within the sample during the soaking 

process. This phenomenon was studied analytically in research completed by Stoffels [7]. 

The result of this study, a cross section showing variable moisture content, can be seen 

below in Figure 16. The extension of this conclusion is that the strength reduction of the 

material will be variable when the sample is not fully saturated.  

 

Figure 16. Saturation profile throughout the two-dimensional cross section at time = 200 

hours. Note: minimum saturation ratio value of 0.488952. 

As discussed above, 0o and 90o plies have very different properties when subjected 

to tensile loads. When these two fiber angles are combined and tested in a static tensile test, 

the 0o plies carry most the load while the 90o plies provide lateral stiffness. It follows that 
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when tested in a static tensile test, the moisture effects on the 0o plies are more important 

to the integrity of the overall material.  

Combining these two concepts, it is then assumed that the stacking sequence of the 

sample is pertinent to the strength throughout the saturation process. In a traditional design 

scenario, plies with high longitudinal stiffness are placed on the outside of the material to 

maximize flexural stiffness. In the design of MHK systems, these plies would be the first 

subjected to moisture effects possibly negating the advantages of increased flexural 

stiffness. Looking specifically at an unconditioned 4-ply layup consisting of two 0o and 

two 90o plies, the position of the plies does not affect the tensile strength. Assuming an 

equal distribution of water, the different stacking sequences would have identical tensile 

strengths at full saturations as well. However, the difference in these two layups becomes 

important when there is a partial saturation within the coupon. As there is a concentration 

gradient between the two surfaces, each ply will have a different amount of moisture within 

it. As most of the strength is from the 0o plies, the samples with the 0o plies on the inside 

will degrade much slower than those with the 0o plies on the outside. 

Acoustic Emission Testing 

Non-destructive testing (NDT) and non-destructive inspection (NDI) cover many 

technologies that are finding new applications in academic settings and already see wide 

acceptance in industry. These technologies allow the user to analyze the material in 

question without altering the overall structure. There are several industries that rely on 

these techniques for design and inspection of their products. NDI is utilized regularly in 

the aircraft industry during routine inspections. Cracks in primary structure can be 
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discovered through the skin panels allowing for faster inspections into hard to reach areas. 

NDI techniques are also utilized during testing, providing unique insight into how the 

material is failing. These techniques are typically considered a subsection of NDT labeled 

as ‘in-situ” analysis. Acoustic Emission (AE) analysis is one of these methods and was 

used during all mechanical tests presented throughout this research.  

Wave Theory 

To understand the analysis methods of AE testing, it is necessary to understand the 

fundamentals of elastic wave release and propagation. As a structure is loaded, energy is 

being stored within the system. As the fibers and matrix are strained, the amount of energy 

increases until failure occurs. In brittle materials, microstructure failure typically occurs 

very fast and results in catastrophic failure for the entire structure. In contrast, epoxy 

fiberglass materials can build up significant damage at the microstructure level without 

resulting in catastrophic failure due to the complexity of the material system. Each of the 

failure mechanisms outlined above can contribute to this. As these failures occur, the load 

is transferred to other parts of the structure away from the damage. This resettling of load 

occurs incredibly fast and results in an elastic wave being propagated throughout the 

material.  

Elastic wave theory has been studied extensively throughout literature. In 1917 

Lamb successfully decomposed the wave equation into components applicable to plate 

geometry [9]. For a zero-order Lamb wave these two components denote the symmetric 

(S0) and anti-symmetric wave (A0) modes. They are more commonly referred to as the 

extensional and flexural wave modes. Extensional wave modes are those that expand and 
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contract the plate symmetrically across the mid-plane of the plate. Flexural wave modes 

displace the material asymmetrically perpendicular to the direction of the wave. Examples 

of these two wave modes can be seen in Figure 17. 

 

Figure 17. Distinct wave modes for a zero-order lamb wave. S0 and A0 represent the 

extensional and flexural modes respectively. 

However, the above solutions describe wave modes of a homogenous, infinite plate, 

one of the simplest forms to analyze. As these equations are then applied to composite 

materials, many added complexities need to be considered. First off, composite materials 

are inherently not homogenous as they are made of multiple constituent materials. As the 

waves that are released during damage propagate through the material, they are met with 

boundaries where one material ends and one material starts. The two different materials 

can have differing wave propagation properties which can significantly alter the waveform 

as it crosses the boundary. The boundaries can also provide a reflective quality as the wave 

must pass from one material to the next resulting in smaller reflections within the material 

[10]. The reflections seen from material mismatch complicate the wave analysis 
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significantly as the reflections can interfere with the initial signal. The AE timing 

parameters that will be discussed later are used in attempt to limit the amount of reflections 

recorded by the sensors.  

Lamb’s equations also assume an infinite plate for their development. In real world 

applications, it is not feasible to test an infinite plate. Experimental limits require that test 

specimens have an edge to them which further deviates from Lamb’s initial theories. These 

edges of the test specimens also create boundaries for the initial elastic wave to reflect off 

[11]. 

Wave Speed 

Wave propagation within composite materials very difficult to fully define 

analytically. However, a few assumptions can be made which significantly simplify the 

analysis. The first assumption made in this research is that the material can be described as 

a homogeneous orthotropic material. This is an assumption classically used throughout 

composites research where orthotropic material properties are derived using laminate plate 

theory. Laminate plate theory, presented by Barbero [12] uses ply by ply equations to derive 

a global stiffness matrix for the overall material. The material can then be treated as if it 

was homogenous with the material properties calculated.  

This is especially useful for AE wave speed calculations as it has been shown that 

the extensional and flexural wave speeds are proportional to the tensile and bending 

stiffness of the material, respectively. These equations can be seen below.  

 𝑐𝑒 =  √
𝐴11

𝜌ℎ
 (9) 
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 𝑐𝑓 =  √
𝐷11

𝜌ℎ

4

∗ √𝜔 (10) 

Where ρ represents material density, h is the thickness and ω is the frequency of the 

wave [13]. Analyzing the above equations, it can be noted that the extensional wave speed 

is not dependent on the frequency, also known as non-dispersive. The flexural wave speed 

is dispersive and is proportional to the square root of the frequency. The increased root of 

the flexural wave generally dictates that the flexural wave has a slower wave speed. A 

typical waveform with the two signals is shown below in Figure 18. 

 

Figure 18. A typical AE signal with both an extensional and flexural component. 

Reflections caused by material boundaries can be seen at the end of the signal. 

The above figure is important for AE analysis as it is important to differentiate 

between the two types of signals in the classification of damage mechanisms. Current AE 

research tends to focus on the extensional signal as the indicator of the type of damage, due 
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to its non-dispersive nature. There is a possibility that both signals may be of importance 

to the classification of damage but this research will not be covered within this paper.  

Acoustic Emission Hardware 

Understanding the hardware and its limitations is integral to the success of Acoustic 

Emission testing. As the signals are extremely complex and varied, different hardware 

setups are often required to maintain quality data. This is evidenced in the wide variety of 

sensors that are available for purchase and implementation. In general, the hardware of an 

AE system can be broken into two parts: sensors and recorder.  

AE sensors are manufactured to maintain clear signal acquisition while also 

protecting the sensitive piezoelectric crystal from wear or damage. Typically, these sensors 

come encased in a metal jacket to protect the sensitive pieces. A wear plate typically 

constructed with a hard ceramic is used in direct contact with the piezoelectric crystal. A 

typical configuration can be seen below in Figure 19. 
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Figure 19. Standard AE sensor utilizing piezoelectric data acquisition10. 

While most sensors are constructed as above, the sensitivity of the piezoelectric 

crystal can be tailored for many different applications. Typically, sensors that house only 

one crystal are specifically tuned for a certain frequency range that is expected to be 

prevalent. The increased sensitivity at a specific range is useful for applications where only 

certain frequencies are expected or only certain frequencies are important. However, in the 

investigatory manner that AE sensors are used in for composites, a wideband sensor is often 

more applicable. Wideband sensors have less sensitivity at specific ranges but have a more 

consistent range of frequencies they are sensitive to. The downside of wideband sensors is 

that the crystals are smaller so the sensitivity is decreased. Choosing the correct sensor for 

a given application is a difficult process and often the use of multiple different sensors can 

provide the highest quality of data. The sensitivity diagrams for the sensors used in this 

study can be seen in Appendix A.  

                                                 
10 https://www.nde-ed.org 
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The second piece of hardware pertinent to AE testing is the PCI board responsible 

for interpreting the signal and storing it. The PCI board can be a limiting factor depending 

on the sampling frequency available as it is necessary to record according to the Nyquist 

rate. Typical AE signals have a broad range and can reach frequencies of 1 MHz. For epoxy 

fiberglass composites, it has been seen in past research that fiber breakage events can result 

in frequencies above 400 kHz [14-16]. 

Peak Frequency Analysis 

There have been many methods presented throughout literature that attempt at 

classifying damage based on different AE metrics. These metrics can be derived from both 

the time and frequency domain of the signal. Time based AE metrics are those that are 

derived or calculated directly from the voltage-time output of the sensor. Frequency based 

metrics are calculated through post processing methods to dissect the time signal into its 

respective frequency components. The research presented in this paper will focus on the 

frequency based AE metrics. The simplest method for frequency analysis is the Fast Fourier 

Transform (FFT).  

As the released elastic wave travels throughout the material it will reflect off 

material boundaries and the edges of the sample. The reflections can constructively and 

destructively interfere with the initial elastic wave complicating the signal that is received 

by the AE sensor. FFT analysis of the waveform can help to dissect the waveform into 

components to determine which components are the more important. An example of FFT 

decomposition can be seen below in Figure 20 and Figure 21. 
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Figure 20. A representative AE signal in the time domain. 

 

Figure 21. An AE signal decomposed using an FFT analysis. The FFT analysis shows 

which frequencies are most prevalent in the underlying signal. The Peak Frequency (P-

FRQ) can then be used to classify the waveform. 

One of the current methods for identifying and classifying damage in a material is 

through the analysis of the peak frequency of a signal. The individual signals are analyzed 
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with a FFT to decompose the wave into its respective frequencies and their intensity. The 

strongest frequency is then labeled as the peak frequency, and is used to describe the 

“damage event.”  

Peak frequency has been studied extensively in past literature. Early on within AE 

testing on composite materials, researchers noted that a relatively small number of “bands” 

of frequencies would be present within the test results. Some of the early researchers 

studying peak frequency in fiberglass/epoxy composites include Suzuki, deGroot, 

Ramirez-Jimenez and Bohse. These researchers used a combination of materials and 

inspection methods to classify specific damage mechanisms to specific [14-17]. Their work 

provided the basis for Michael Schuster in which he developed a set of discrete frequency 

bins typically seen in the material systems studied at MSU [18]. His summary and 

visualization of their work can be seen below in Figure 22. 

 

Figure 22. A summary of prior research in peak frequency analysis for fiberglass/epoxy 

composites. 
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Utilizing the above research as well as observations during his own research on the 

specific material studied at MSU, Schuster came up with the following discrete bins which 

will be used in this research as well. Events that fall into the 50 – 120 kHz range will be 

classified as matrix cracking. Interphase damage types will be split into two ranges, 120 – 

180 kHz representing fiber/matrix pullout while 180 – 300 kHz will represent fiber/matrix 

debond. Events with a peak frequency greater than 300 kHz will be classified as a fiber 

failure. Peak frequency analysis with a combination of dry and soaked samples will provide 

insight into the effects of moisture absorption on the failure mechanisms on composites.  

The goal has always been to correlate these common frequencies to specific damage 

mechanisms within the material, often at the microstructure level. Attempts at developing 

an all-encompassing set of frequencies has been frivolous. The discrete bins that these 

frequencies can be grouped into changes based on fiber architecture, fiber type, lay-up, 

stacking sequence, etc. There are an immense number of variables in the study of AE 

signatures for composite materials which has stymied researchers in the quest for one 

answer. New methods are emerging utilizing Artificial Neural Networks (ANN) to cluster 

data by automated methods. They often result in complicated clustering techniques that are 

difficult to complete in real time and provide very little information as to what type of 

damage is occurring. They also require an immense computing power and time to be 

complete. These ANN’s can differentiate the data to a level a human researcher doesn’t 

have the capability, they also see changes as the material structure changes. Ultimately, it 

doesn’t appear that ANN’s have any advantage in developing one set of rules over simpler 

analysis methods such as peak frequency. 
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EXPERIMENTAL PROCEDURES 

Coupon Manufacture 

All test specimens used in this research were manufactured by the Montana State 

University Composites Research Group. The research completed by this group has helped 

maintain the MSU/SNL/DOE database for the last 25 years. This database is meant to 

provide designers with research quality testing data for a variety of conditions and 

materials. The materials studied are specific to the renewable energy industry and wind 

energy developers.  

Vacuum Assisted Resin Transfer Molding 

Test specimens were manufactured using vacuum assisted resin transfer molding 

(VARTM). The VARTM process requires a significant amount of setup and sacrificial 

material but produces consistently high quality test coupons. Research presented in this 

work was manufactured using material studied extensively throughout the database, 

providing an extensive amount of data to compare to. Layups were chosen to help study 

the effects of water submersion at different thicknesses and fiber angles. The two fiber 

systems discussed below are very similar. Unfortunately, Vectorply changed the fiber 

weight of their E-LT system in the middle of the research. However, the change was 

minimal and assumed negligible.  

To produce static tensile coupons, a large rectangular plate was produced on an 

aluminum mold and individual coupons were cut from the plate. The mold used measured 

36” by 24” and was made from 1/2” aluminum. Two 3/16” ports were drilled through the 
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mold at the locations shown below in Figure 23. The mold was conditioned with Loctite 

770-NC Frekote mold release to make the process of removing the plate easier. The process 

for applying the mold release can be seen on the manufacturer specifications sheet in 

Appendix A. The two ports were installed with shark tooth quick connection fittings to 

easily connect to the plastic injection tubing. One of these ports was connected to the 

reservoir of resin and the other to the vacuum.  

 

Figure 23. Schematic for aluminum mold used for manufacture of coupons. 

After the mold release was applied, tacky tape was run around the outside of the 

plate leaving the top layer of paper intact. This tape would later be used to seal the 

constituents within the vacuum bag. It was important to place the tape on the mold first to 

minimize the possibility of a stray fiber being trapped under the tape. In this case, the 

vacuum would not be able to be maintained and the infusion would result in a lower volume 

fraction and strength. Careful consideration was taken to ensure a good seal was achieved 

throughout the process. 
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A layer of peel ply was then placed on the mold. Manufactured by Airtech, the peel 

ply provided a sacrificial layer between the mold and the fibers making it easier to remove 

the plate without damaging the fibers. The fibers were then aligned in their desired 

orientation. When applicable, the backing was placed together. For the 4-ply samples, the 

backings were all placed towards the inside of the plate. Another layer of peel ply was 

placed on top of the fibers. Finally, a layer of flow media manufactured by Airtech was 

placed on top of the peel ply. The flow media is a sheet of plastic mesh with a diamond 

pattern. When the vacuum bag was compressed into the material, the resin can flow easier 

along the long direction of the diamonds than the short direction. This helps get a consistent 

fiber volume fraction along the length of the plate.  

The above stacking sequence was then sealed with vacuum bag material 

manufactured by Airtech. After the bag material is initially sealed, careful inspection was 

completed to find areas where errant fibers bridged across the tape. If any were found, extra 

tacky tape would be applied under the bag to complete the seal. After this initial inspection, 

the infusion port was sealed off with a clamp and the vacuum was pulled. The vacuum port 

was then sealed off with another clamp. After 15 minutes completely sealed off, the vacuum 

bag was inspected to verify that there were no leaks in the system. Even a small leak during 

this time would result in the vacuum bag loosening significantly. If a leak was present, 

extra tacky tape was placed along the seal. 

The resin reservoir was then connected to the infusion port and the vacuum port 

was released allowing the resin to flow through the material towards the vacuum side. The 

flow rate was limited for the initial 50% of the infusion to slow down the infusion process 
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and reduce the amount of porosity seen near the infusion port. After the infusion front 

slowed down considerably, the restriction was taken off and the resin was left to infuse the 

remainder of the plate. After the infusion was completed, both ports were sealed off and 

the plate was left on the mold for the first part of the curing cycle outlined below.  

Fiber Systems 

Two fiber systems were utilized for the research presented in this paper: Vectorply 

E-LT 3800 and Vectorply E-LT 3900. Both systems are unidirectional fiber systems 

utilizing E-Glass fibers woven into a mat. They both have 91% of their fibers in the 0o 

orientation, with 9% in the 90o orientation. Stitching accounts for less than 1% of aerial 

weight. Vectorply is known for high quality fabric utilized in the wind industry and was 

chosen for study as it provides great mechanical properties in the fiber orientation with 

enough reinforcing fibers to ease the manufacturing process. It was also chosen because 

there is a wide variety of aerial weights available with very similar fiber architectures 

available. After validating research is completed, the research in this paper should provide 

a basis for other aerial weights with a similar fiber architecture. The switch in fiber systems 

occurred between the two sections of research. Effects of fiber angle and moisture diffusion 

was completed using Vectorply E-LT 3900. Effects of stacking sequence and moisture 

absorption was completed using Vectorply E-LT 3800. More detailed information on the 

fiber systems can be seen in Appendix A. 

Resin System 

The resin system chosen was a two-part epoxy from Momentive developed for the 

wind industry, EpikoteTM RIMR 135 and hardener EpicureTM RIMH 1366. This resin 
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system is commonly used in research at MSU as it provides good overall properties and 

some of the best fatigue properties for these applications. A detailed list of mechanical 

properties for this resin can be found in Appendix A. 

The post cure cycle specified by the manufacturer called for 24 hours at room 

temperature (23 C) and 12 hours at 70 C. The location of infusion was consistently beneath 

that of the specifications so an extra heating element was added to maintain the aluminum 

plate at the recommended temperature. This heating element was placed underneath the 

aluminum mold and the temperature was monitored with a thermocouple. After the initial 

curing cycle, the composite was then removed from the plate and placed into a curing oven 

for the remaining 12 hours. 

Post Infusion 

All specimens were then cut to 300mm by 30mm from the plates manufactured. 

The sizing was selected as it provided an approximate representation of 1-D diffusion, 

enough facial area to mount the AE sensors and an overall strength low enough to be tested 

with equipment at MSU. The samples had loading grip tabs attached where the samples 

would be gripped by the load frame. Before the tabs were attached, the ends of the sample 

were sanded lightly to produce a good surface for the tabs to bond to. They were sanded 

for approximately 10 – 15 seconds on each side to verify that the fibers were not damaged 

during this process. The tabs were made from G10 and were manufactured to 64 x 32 mm. 

They were attached with 3M Scotch-Weld DP460 epoxy [Appendix A]. The tabs were held 

to the coupon with large binder clips while the adhesive cured. The clips were then removed 
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24 hours later and the tab surfaces were sanded to produce two parallel surfaces to be 

gripped by the load frame. 

Test Design 

There were several layups chosen to be studied. As the goal of the research was to 

investigate the effects of moisture absorption on the static strength and AE signatures, 

layups were chosen that would provide a breadth of situations to analyze. As can be seen 

in the background section, it is known through previous research that the moisture 

absorption has serious implications on the integrity of material. However, the extent of the 

effects is not known for all scenarios. 

For the first section, layups were chosen to study the effect of moisture absorption 

at varying fiber angles. Six different 2-ply layups were chosen; three balanced and three 

unbalanced. The different stacking sequences tested were [15]2, [30]2, [45]2, [±15], [±30], 

[±45]. It is suspected that the inclusion of moisture is affecting the material at the 

micromechanical level. The selection of layups chosen above provides a wide variety of 

internal stress states. The balanced coupons were to produce a significant amount of shear 

between the two plies. As the fiber angles are increased, the inter-ply shear stress would 

increase as well. The unbalanced coupons were designed to produce the opposite effect. As 

both plies are in the same direction, there will be a negligible amount of inter-ply shearing 

stress. The internal stress state of these coupons instead focuses on the bonds between the 

fibers and matrix. As the fiber angle is increased the amount of normal force on the bonds 

increases and the shearing stress decreases. In the case of a [0]2 sample, the only normal 

force pulling the fibers apart laterally within the sample is the contraction seen from 
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Poisson’s effect. However, in the case of [15]2 samples, a portion of the tensile load is 

translated into a normal force on the bond.  

The second section of research focused on how the effects of moisture absorption 

changed with the stacking sequence. As previous research has shown that the moisture 

diffusion follows Fickian diffusion principles, the amount of water at a specific point within 

the sample is dependent on both time and location. Given the assumption that the inclusion 

of moisture is affecting the material at the microstructural level, it follows that the stacking 

sequence should be very important during the diffusion process. The second set of samples 

were designed to test this hypothesis. For these coupons, it was chosen to produce samples 

that had the same tensile strength before diffusion but would have different strengths during 

the diffusion process. The two layups that were chosen were [0/90]s and [90/0]s. Both 

layups have the same theoretical tensile strength as they both have the same amount of 

fibers in the tensile direction. In both coupon sets, the 0 degree plies provide the majority 

of the stiffness and strength in the tensile direction while the 90 degree plies provide lateral 

stability. However, as these coupons are subjected to a water environment and diffusion 

begins, the difference in stacking sequences will affect which plies are degraded first.  

Water Submersion 

The coupons were conditioned in a variety of ways. For the first round of tests, the 

samples were soaked in synthetic sea water manufactured to conform to ASTM D1141. 

The manufactured salt water and coupons were kept in sealed plastic containers and 

conditioned at 50C. The increased temperature significantly hastened the diffusion rate 

allowing for thicker samples to be tested in shorter time. This phenomenon is referred to 
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as the Arrhenius relationship and is a well-known effect of temperature. Research on 

accelerated aging was referenced that concluded that the increased temperature was 

negligible for M∞ and the strength reduction of the composites [4].  

For the second round of tests, the samples were conditioned in distilled water at 50 

C. The decision to switch to distilled water stemmed from problems with the salt skewing 

the weight gain measurements. It was noticed in the first round of tests that salt would build 

up on the surfaces of the samples. This salt would have to be washed off before the weights 

could be recorded, significantly complicating the process and introducing possible error. 

Prior research at MSU has explored the difference between saltwater and distilled water 

for weight gain and the difference in strength reduction and maximum moisture content is 

negligible for these material systems.  

Weight measurements were taken periodically throughout the soaking process 

using a scale accurate to 0.0001g. To get a consistent measurement, the samples were 

removed from the water and placed on paper towels and allowed to dry for 10 minutes. 

They were then flipped onto the opposite side on a fresh set of paper towels. This process 

ensured that no surface moisture would skew the weight gain measurements. Other testing 

was done to verify that this time was not enough for the water to significantly diffuse out.  

The mass of the samples was then compared to the original weight of the sample to 

calculate the percent weight gain. This calculation can be seen below in equation 11. Mc, 

mc and mi represent the weight percentage or moisture content, the current mass and the 

initial mass respectively. 

 𝑀𝑐 =
(𝑚𝑐 − 𝑚𝑖)

𝑚𝑖
 (11) 



47 

 

For the first round of samples, the salt build up was not washed off until the final 

weight measurement. When full saturation was reached, signified by the weight gain curve 

leveling off asymptotically, the salt was then washed off and the samples were weighed 

again to get a more accurate moisture uptake percentage. 

Test Procedures 

All samples were tested in static tensile loading specifications as per ASTM D3039. 

Tests were completed on an Instron 8562 100 kN servo-electric load frame in static tension 

tests. All tests were completed in environmental conditions of 23 C and 20% - 40% 

humidity. The hydraulic grips were pressurized to approximately 3000 psi throughout all 

tests. Strain was collected during the tests using an Instron 2620-824 extensometer with a 

gage section of 12.7mm and a rage of ±40% strain. Load and strain data were output from 

the load frame to the AE system and recorded through the AE software. The load was 

zeroed prior to the specimen being loaded into the grips to calibrate against the self-weight 

of the actuator head. Loading rates of 0.05”/min to 0.06”/min were chosen for the tests 

depending on the layup. 

Test Matrices 

For the first section of testing, fiber angle and moisture absorption were varied. In 

these tests, only two conditioning steps were studied: fully saturated and dry. The test 

matrix for this section can be seen below in Table 2. 
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Table 2. Lists of tests completed to study the effects of moisture absorption on various 

off-axis laminates. 

Layup Fabric # of Tests Load Rate Conditioning 

[15]2 E-LT 3900 6 .05”/min 3 Dry, 3 Saturated 

[30]2 E-LT 3900 6 .05”/min 3 Dry, 3 Saturated 

[45]2 E-LT 3900 6 .05”/min 3 Dry, 3 Saturated 

[±15] E-LT 3900 6 .05”/min 3 Dry, 3 Saturated 

[±30] E-LT 3900 6 .05”/min 3 Dry, 3 Saturated 

[±45] E-LT 3900 6 .05”/min 3 Dry, 3 Saturated 

For the second section, stacking sequence and moisture absorption were varied. It 

was chosen to study the effects of moisture absorption throughout the saturation process to 

explore partial degradation effects. Times were chosen that would represent various levels 

of moisture saturation evenly distributed between 0.0% moisture and M∞. As the diffusion 

process is much faster at the beginning, the times selected ended up being weighted towards 

the beginning of the saturation process. The testing matrix can be seen below in Table 3. 

Table 3. List of tests completed in order to study the effects moisture absorption on 

various stacking sequences. 

Layup Fabric # of Tests Load Rate Conditioning 

[0/90]s E-LT 3800 5 .06”/min 0.0% Moisture 

[0/90]s E-LT 3800 5 .06”/min 0.2% Moisture 

[0/90]s E-LT 3800 5 .06”/min 0.5% Moisture 

[0/90]s E-LT 3800 5 .06”/min 0.7% Moisture 

[0/90]s E-LT 3800 5 .06”/min Fully Saturated 

     

[90/0]s E-LT 3800 5 .06”/min 0.0% Moisture 

[90/0]s E-LT 3800 5 .06”/min 0.2% Moisture 

[90/0]s E-LT 3800 5 .06”/min 0.5% Moisture 

[90/0]s E-LT 3800 5 .06”/min 0.7% Moisture 

[90/0]s E-LT 3800 5 .06”/min Fully Saturated 
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AE Procedures 

Acoustic emission testing was utilized for all tests. The system used was a Mistras 

PCI-8 owned and operated by the composites research group at MSU. WD and WDI 

sensors from Physical Acoustics were used. These sensors are the same piezo crystal setup 

however the WDI has an internal amplifier with a gain of 40 dB and the WD is ran through 

an external amplifier with the same gain. Both the WD and the WDI are wideband sensors 

with frequency ranges between 50 and 400 kHz. Vacuum grease was used as a couplant 

between the sensor and the specimen.  

Two sensors were used in a linear array for all tests. The sensors were placed 128 

mm apart, each 64 mm from the center of the coupon. The sensors were held in place by 

caps and rubber bands. The acoustic emission parameters were set so that waveforms that 

originated outside of the sensors were not recorded. It was decided to eliminate these events 

as it is hard to differentiate the difference between test damage and damage initiated by the 

grip pressure. The specific timing parameters used in the AE software can be seen in 

Appendix C.  

Prior to each test, the Acoustic Property Matrix Generator (APMG) was ran to 

verify that the sensor was working properly. This utility within the AE software sent out a 

signal from one sensor and read it from the other. The time of flight between the two sensors 

was then reported as well as the relative amplitude of the signals between the two sensors. 

As the location between the two sensors was already input into the system, the wave speed 

could then be calculated from the time of flight. In addition to the APMG, a pencil lead 

break test was completed for each sample. A pencil lead break test allowed the user to 
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verify the accuracy of the location calculations happening within the AE system. Pencil 

lead was broken in three different places along the length of the coupon. Measuring from 

sensor one to sensor two as length L; pencil lead was broken at 0.25L, 0.50L and 0.75L. 

These locations were then compared to the output location on the AE software.  

AE Post Processing 

The AE system stores the individual waveforms as part of the large data file 

generated during a test. Data analysis was completed partially within the AE system and 

partially using external MatLab scripts developed at MSU. The AE software analyzes the 

waveforms using an FFT and outputs several characteristics of the waveform. As discussed 

above, the characteristic of interest for this research is the peak frequency. The AE system 

also outputs test data at the moment the waveform is recorded allowing frequency data to 

be matched up with mechanical data.  

A set of MatLab scripts were developed to automate the data analysis methods. The 

main purpose of the scripts was to allow the user to truncate the data file at a specific time. 

During mechanical testing, the final failure of the composite produces a large quantity of 

noise and events that is difficult for the sensors to differentiate. For this reason, all tests 

were truncated at max load as the goal of the AE analysis was to study the damage 

happening at a microstructural level prior to final failure. After truncation, the MatLab 

scripts then separated the events into the respective bins as outline above in the background 

section of this work. From there, the user could work with the data in various ways. Plotting 

functions could be called directly from MatLab. The data was then exported to excel for 

further analysis.  
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RESULTS 

Overview 

All samples manufactured for testing were inspected to verify quality and 

consistency. Volume fraction was measured with a burn off for each manufactured plate. 

The recorded volume fractions for each plate were consistent throughout each test set. 

Static ultimate strength results will be presented in MPa, with standard deviation error bars 

added to show variation in the data. For AE results, frequency will be plotted against time 

or strain where applicable. The percentages of each damage category will also be presented. 

Standard deviation error bars are added to the bin percentage charts to show the variation 

in the data.  

Visual Inspection of Damage 

When the saturated samples were removed from conditioning, damage was already 

visible. The damage appeared as regions of opaqueness parallel to the direction of the 

fibers. The damage was often visible at multiple places along the length of the coupon. 

Examples of the damage can be seen below in Figure 24 and Figure 25. Once these samples 

were subjected to tensile loading, the damage would propagate further along the fiber 

angle. A few samples were removed from testing and the damage was inspected using 

optical microscopy. Cross sections through the areas of opaqueness were cut and various 

levels magnification were used. Unfortunately, the damage was not obviously visible at a 

microscopic level. Future work will include SEM analysis as the capability is available. 
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Figure 24. Coupon 2442-5 and the damage seen after the coupon was removed from the 

saltwater bath. 

 

Figure 25. Coupon 2444-11 and the damage after the coupon was removed from the 

saltwater bath. 
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Off-Axis Strength Reduction 

Moisture Absorption 

For the study of off-axis strength reduction, six different layups were tested: [15]2, 

[30]2, [45]2, [±15], [±30], and [±45]. Samples were manufactured from four different 

plates. Witness samples for each of these plates was placed in saltwater and measured 

periodically to document the absorption process. The resulting absorption curves can be 

seen below in Figure 26. The samples exhibited Fickian diffusion characteristics as 

expected. As the sample weights were measured it was noticed that there was significant 

salt buildup on the surface. The salt was not washed off prior to weight measurements until 

full saturation as it was difficult to verify that a consistent washing occurred. There was 

also a concern that the washing would induce additional diffusion further skewing the data. 

As the moisture curve leveled off to a consistent weight gain at 1000 hours, it was 

concluded that moisture absorption had ceased. The samples were conditioned for another 

500 hours to ensure the samples were at full saturation. A thorough washing was then 

completed eliminating the salt buildup. This last weight measurement is representative of 

the amount of water absorbed into the material without the added weight of the salt build 

up. 
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Figure 26. Moisture absorption for off-axis samples to study the effects of fiber angle and 

moisture diffusion on static strength and AE signatures. 

Static Strength Reduction 

Three samples of each layup were tested to static failure in both dry and saturated 

conditions. The average strength values for each layup in dry/saturated conditions can be 

seen below in Figure 27. 
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Figure 27. Static strength for both dry and saturated coupons at various fiber angles. 

Consistent failures occurred for all layups and conditions. 

The static strengths of the dry laminates are in line with expected results from 

previous research at MSU. The strength reductions in the off-axis laminates are similar to 

those seen in unidirectional laminates. Interestingly, the inclusion of water affected the 

strength of the balanced coupons more than the unbalanced coupons. Strength in the [45]2 

samples was reduced by 23% while the [±15] samples were degraded by 32%. The standard 

deviation error bars show little variation in the strengths of the layups at each condition. 

Analysis Model 

As discussed earlier, epoxy-fiberglass materials are being considered for 

implementation in marine environments. In these situations, material characterization 
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becomes paramount. Mechanical designers require accurate material properties to 

complete successful designs for MHK devices. The research presented throughout this 

paper has a direct effect on these designs as the material properties are significantly altered 

by the moisture absorption. However, the strength reductions of specific layups testing 

must be able to be extended to a larger structure. This is accomplished using a mechanical 

model.  

There have been many mechanical models developed for composite materials as 

they have seen wider implementation throughout industry. Unfortunately, due to the 

inherent material complexity many of these models fall short. Often the models correctly 

predict behavior at specific fiber angles but fail at others. This is typically due to the 

difference in failure modes at other angles. Models also tend to struggle predicting 

strengths in woven lamina as the transverse fibers complicate the derivation of material 

properties.  

In general, mechanical models for composites fall into three categories: bulk 

material models, ply level models and micromechanical models. Bulk material models, the 

simplest of the three calculate equivalent strengths and moduli in each direction and then 

treat the material as if it was homogenous with the resultant properties. These models have 

several shortcomings, the primary being the inability to calculate the stresses between plies. 

They often work well for simple structures and for basic design, but for failure analysis 

they leave out interply interactions. These interply interactions are critical for the transfer 

of load between plies and without them a large design consideration in composites is 

ignored.   
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The next level of analysis are ply level models, also known as lamina level analysis. 

Instead of treating the entire structure as a homogenous material, ply level models calculate 

strengths and moduli in each direction per ply. Stresses and strains can then be calculated 

on a local ply basis given external loading. These models can then be extended to include 

failure analysis. Failure analysis methods provide a way to predict when specific plies fail 

given their local stress. Simple method within this category include Max Stress and Max 

Strain, while more complicated models like Tsai-Wu and Tsai-Hill include interaction 

terms. Ply by ply analysis models provide much more flexibility, however they are still 

plagued by inaccuracies and inability to predict across a wide range of fiber angles and 

architectures.  

Micromechanical analysis models provide even greater detail. These models often 

model individual fibers or fiber bundles in an FEA format. Micromechanics models have 

the capability of providing some of the most in depth analysis techniques, but require a 

large amount of input data and processing power that is often infeasible for composite 

designers.  

Model Parameters 

For this research, it was chosen to use lamina based analysis as these models have 

the most applicability to industry designers. In lamina analysis, the lamina are generally 

assumed to be transversely isotropic materials. This reduces the number of required elastic 

constants for the lamina to five. The required elastic constants are the longitudinal modulus 

(E1), transverse modulus (E2), shear modulus (G12) and two Poisson’s ratios (ν12 and ν23). 

In addition to the elastic constants, strengths of the material are required to fully define the 



58 

 

lamina. In tensile applications, typically the longitudinal tensile strength (F1t), transverse 

tensile strength (F2t) and shear strength (F6) are required.  

For the analysis of the current work, two material property sets were required: one 

for dry material, and one for fully saturated material. Currently the analysis does not 

include partial saturation however this work is underway. To determine the material 

properties for the model, several baseline tests were completed. To determine E1 and F1, 

[0]2 coupons were tested in static tensile loading conditions. In this orientation, the 

longitudinal properties can be extracted from the stress-strain curve and the ultimate 

strength of the sample. Similarly, [90]2 coupons are used to derive E2 and F2. Shear 

properties G12 and F6 are determined from a simulated shear test per ASTM Standard 

D3518 [Appendix B]. A summary of the model parameters used for dry material can be 

seen below in Table 4. The test data that was used to derive these material properties can 

be seen in Appendix B. 

Table 4. Model input parameters for unconditioned E-LT 3800. 

E-LT 3800 Unconditioned 

F1t 1133 MPa 

F2t 57 MPa 

F6 49.2 MPa 

E1 40.2 GPa 

E2 15.9 GPa 

ν12 0.27  

G12 3.54 GPa 

ν23 0.35  

Saturated input parameters were derived from another set of data as the baseline 

coupons were still undergoing moisture saturation. In previous research at MSU [19], 

strength reduction due to moisture absorption was studied using the same resin used in the 

current research. The fabric used in the prior research was slightly different, however, both 
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fabrics had a similar architecture and the volume fractions in both sets were similar as well. 

It was assumed that the percentage strength reductions seen in the previous research 

extends to the current material properties as well. For samples at full saturation, 0.86% 

moisture, F1t decreased by 20% while E1 only decreased by 2%. F2t, derived from [90]6 

samples decreased by 3% at 1000 hours saturation. It is important to note that the [90]6 

tests were not completed at full saturation, but 0.46% moisture. This discrepancy was 

assumed irrelevant though as the controlling strength seen later in the analysis was the 

shear strength, F6 across all layups and the F2 only dropped 3% at more than halfway to 

full saturation.  

Shear strength, F6 is difficult value to define as it is difficult to achieve pure shear 

in a fiber-reinforced polymer. There are several testing methods that have been developed 

for determining F6 in these materials, although each has its disadvantage. In the dry input 

parameters above, ASTM standard D3518 for simulated shear tests was used to determine 

a value for F6. In this method, samples of [±45] are tested and the stress at 5% strain is used 

as F6. As seen earlier in the results section, [±45] samples saw a 22% reduction in strength. 

This reduction was applied to the F6 value derived from the simulated shear test to round 

out the mechanical properties for saturated E-LT 3800. 

Table 5. Model input parameters for saturated E-LT 3800. 

E-LT 3800 Saturated 

F1t 906.4 MPa 

F2t 55 MPa 

F6 38.4 MPa 

E1 39.4 GPa 

E2 15.1 GPa 

ν12 0.27  

G12 3.54 GPa 

ν23 0.35  
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Ply Stresses 

Using the above material properties, the local stresses for each ply were calculated 

per laminate plate theory as outlined by Barbero [12]. The variety of fiber angles within 

the laminates tested resulted in a unique set of internal stress states. The laminates primarily 

featured transverse tension and shear stresses. The local longitudinal tensile stress was not 

significant in respect to the strength for any of the laminates discussed. For comparison of 

the laminates, the ratio of shear stress to transverse tensile stress was calculated and can be 

seen below in Table 6. The stress ratio details the prevalence of one stress to the other, 

allowing for strength reduction analysis to be related back to the internal stress state of the 

material. 

Table 6. Lamina shear / transverse stress ratio per laminate. 
𝝈𝟔

𝝈𝟐
 

[15]2 3.73 

[30]2 1.73 

[45]2 1.00 

[±15] 2.20 

[±30] 1.30 

[±45] 0.95 

As seen above, the shear stress was the dominant stress for four of the six laminates. 

However, as the fiber angle reached 45 degrees, both shear and transverse tension stress 

reached similar magnitudes. The stress ratios for the balanced coupons show less variation 

than in the unbalanced coupons.  
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Interacting Failure Criterion 

Utilizing the above stress ratios, it becomes apparent that there is significant 

interaction in stresses within the lamina. It is important to consider these interactions when 

extending unidirectional strength values to off-axis laminates. This rules out failure 

criterion such as Max Strain and Max Stress as they do not include interactions of stresses. 

There are several criterion that do include interactions, each taking a slightly different 

approach to the interactions. Tsai-Wu failure criterion includes all lamina stresses into one 

equation, with a mix of linear and quadratic terms. Interacting failure criterion, presented 

by Barbero is a modification to Tsai-Wu that separates fiber dominated failures from matrix 

dominated failures. For the development of the model in this paper, interacting failure 

criterion was chosen for the analysis. The separation of fiber and matrix dominated failure 

lends itself to off-axis analysis as there will likely be negligible fiber dominated failure. 

This also allows matrix dominated failure to be studied individually. The results of the 

failure model can be seen below in Figure 28 and Figure 29 compared to the experimental 

results. Interacting failure criterion incorrectly predicts the experimental results across all 

laminates. In the balanced samples, the percentage difference between the experimental 

results and the failure criterion varied between 18% and 81%. The unbalanced samples saw 

even greater difference, varying between 78% and 115%. Clearly laminate plate theory and 

interacting failure criterion do not adequately describe the laminates. There are several 

possible reasons for these discrepancies. First off, laminate plate theory assumes a perfectly 

unidirectional lamina, while the fibers used in the construction of the laminates studied 

were in the form of a stitched mat. The inclusion of 9% backing strands complicates 

analysis as these strands produce varying amounts of strength depending on fiber angle.  
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Figure 28. Strength, Interactive Failure Criterion (IFC) vs Experimental Results (Exp) for 

balanced laminates. 

Another possible source of error is the value for shear strength F6. Shear strength is a 

difficult value to define as it is very difficult to test a material in pure shear. Also, the strain 

to failure for shear stress is often considerably larger than other failure modes which 

complicates the analysis. Per ASTM D3518, the shear stress at 5% strain is used as the 

shear strength. However, 5% strain is not achievable in these laminates so the shear strength 

of the lamina may not be indicative of the shear strength of the laminate. Laminate plate 

theory and interacting failure criterion do not have the capability of considering this 

discrepancy. A micromechanical model with material property inputs for both resin and 
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individual fibers would be needed to adequately describe this phenomenon. However for 

the current scope of this work, that is not feasible.  

 

Figure 29. Strength, Interactive Failure Criterion (IFC) vs Experimental Results (Exp) for 

unbalanced laminates. 

AE Analysis 

AE analysis was performed on the tests presented above to further study the effects 

of moisture inclusion. The waveforms were analyzed utilizing an FFT and the peak 

frequency of the events was recorded. The events were then collected into the discrete 

damage bins discussed earlier, each representing a different failure mechanism. As the 

purpose of the research was to investigate the difference in failure mechanisms between 

dry and saturated samples, the percentage of different damage bins will be presented for 
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the two conditions. Using the percentage of events in each bin provides a better comparison 

between tests as the number of individual events can change drastically.  Below in Figure 

30 - Figure 35, the AE results of each laminate set are displayed. Each set keeps the same 

format which shows the bin percentages summarized on the left chart for each condition. 

Standard deviation error bars are added to show the variation of the data. On the right side 

of the page, frequency distribution plotted again stress is showed for one test of each 

condition. These charts are important as they show the progression of damage as opposed 

to a snapshot at the end of the test.  

The bin percentage charts show very similar results across the different laminates. 

All laminates showed a decrease in events classified as fiber/matrix debond and an increase 

in matrix cracking. For saturated samples, the percentage of matrix cracking events 

exceeded 70% for all three sample sets while percentages for the dry samples varied from 

34.4% to 42.0%. The percentage of fiber/matrix pullout (bin 2) events remained relatively 

consistent throughout all balanced layups with a slight decrease after moisture saturation. 

For saturated samples, the percentage of events classified as fiber/matrix pullout varied 

from 1.9% to 2.1% while the dry samples had a range from 3.8% to 9.4%. Fiber failure 

was negligible for all laminates tested as expected.  
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Figure 30. Percentage of damage mechanisms for [±15] samples. Frequency scatter plots are shown to the right, showing the 

development of damage throughout the test. 
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Figure 31. Percentage of damage mechanisms for [±30] samples. Frequency scatter plots are shown to the right, showing the 

development of damage throughout the test.  
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Figure 32. Percentage of damage mechanisms for [±45] samples. Frequency scatter plots are shown to the right, showing the 

development of damage throughout the test.  
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Figure 33. Percentage of damage mechanisms for [15]2 samples. Frequency scatter plots are shown to the right, showing the 

development of damage throughout the test.  



 

 

6
9

 

 

Figure 34. Percentage of damage mechanisms for [30]2 samples. Frequency scatter plots are shown to the right, showing the 

development of damage throughout the test.  



 

 

7
0

 

 

Figure 35. Percentage of damage mechanisms for [45]2 samples. Frequency scatter plots are shown to the right, showing the 

development of damage throughout the test.  
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The AE results provide further insight at a micromechanical level into the specific 

effects of the moisture absorption. All laminates tested had a decreased amount of 

fiber/matrix debond damage events and an increase in matrix events post saturation. The 

increase of matrix cracking events may indicate that the saturated matrix material is failing 

prior to the bonds of the unconditioned samples. This also appears evident when the AE 

events are plotted against stress. It can then be seen when damage mechanism bins become 

prevalent during the test.  

 

Figure 36. Frequency distribution plotted against stress for a dry [±15] sample. 

Figure 36 shows the damage events plotted by frequency at the load they occurred 

at. There is a build-up of events occurring in bin 3 (fiber/matrix debond; blue) prior to 
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failure but the events in bin 1 (matrix cracking; pink) occur much closer to failure. This 

contrasts with the events diagram for the saturated sample seen below in Figure 37. 

 

Figure 37. Frequency distribution plotted against stress for a saturated [±15] sample. 

For the saturated sample, the matrix cracking events begin to occur much earlier 

prior to failure. In this case, the matrix cracking begins prior to the fiber/matrix interface 

failures. This indicates that the matrix failing prematurely, may be overloading areas of 

fiber/matrix interface causing further damage to the microstructure of the material. This 

effect would result in a premature failure as seen throughout mechanical testing. It is also 

evident from this chart that the matrix cracking bin is far more prevalent than fiber/matrix 

debond. These results are consistent throughout all laminates tested and can be seen 

throughout all scatter diagrams shown in Figure 30 - Figure 35.  
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Partial Saturation Strength Reduction 

Static Strength 

Five samples of each layup outlined above were tested for each time step. Both 

layups tested had very similar static strengths in the control set. As the samples were 

subjected to the marine environment, the strength of both layups decreased throughout 

time. The strength of the samples vs time and vs saturation percentage can be seen below 

in Figure 38 - Figure 39. 

 

Figure 38. Ultimate strength vs time soaked for [0/90]s and [90/0]s coupons. Note: five 

tests performed for each layup at each time step.  
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Figure 39. Ultimate strength vs % weight gain for [0/90]s and [90/0]s coupons. Note: five 

tests performed for each layup at each time step. 

As expected, the [0/90]s samples saw a larger decrease in the first part of the 

moisture saturation curve than the [90/0]s samples as the primary load bearing plies were 

subjected to the moisture first. The full saturation data points are not in the charts as they 

have not been able to be completed yet. The samples are still undergoing conditioning and 

are expected to be complete in a couple months. The trend for the 0.6% and 0.8% moisture 

sample sets shows that the samples are approaching the same value again as expected.  

As discussed above, this is a simple extension of the Fickian diffusion laws but it 

has the potential to be very important to MHK designers. In traditional composite design, 

the stiff plies are placed on the outside to maximize the bending strength they provide to 
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the structure. The results above provide another provide another consideration as it may be 

beneficial to design structure with sacrificial layers on the outside. These layers would 

protect the load bearing plies from significant degradation for a significant amount of time. 

Moisture detection methods could be installed as well allowing repairs to the surface to be 

completed prior to the primary plies being damaged.  

AE Data 

Acoustic emission testing was utilized in the analysis of the tests to explore the 

specific mechanisms affecting the strength degradation. Unfortunately, the data collected 

did not add any value to the discussion due to unforeseen circumstances. The stacking 

sequence of the layup influences the acoustic emission signature significantly. This was 

supported by the results in this study as the number of events in each bin was significantly 

different for the two layups in the control set. The [90/0]s samples exhibited primarily 

matrix cracking while the [0/90]s samples had a more varied signature. The summary of 

the control samples can be seen below in Figure 40. 
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Figure 40. Bin percentages for both layups in the control set. 

As seen above, there is a significant difference between the two layups tested, even 

within the unconditioned control samples. The question arises as to whether this effect is 

caused by a difference in the failure of the material, or how the elastic waves are perceived 

by the sensors. As both layups have the same theoretical strength in the tensile direction, it 

is assumed that this effect is due to the AE signals. During testing of these samples, the 90 

degree plies build up a lot of damage prior to final failure of the coupon. This damage 

begins occurring at approximately 0.4% strain. It is likely that the 90 degree plies being in 

direct contact with sensors is skewing the number of events towards matrix cracking. The 

sensors are picking up the damage in the transverse plies first due to the proximity and then 
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shutting out the other damage occurring further within the material. Further examples of 

this effect can be seen below in Figure 41 and Figure 42. 

Unfortunately, this effect causes the AE data for the two layups to not be able to be 

compared. The relative change in the percentage of the events in each bin was sought after 

in these tests. As the control samples do not show similarity, conclusions cannot be drawn 

from the changes in each layup at this time. Future work will explore this effect as the 

reasons for it are currently unknown. 

 

Figure 41. Percentage of AE events in each bin for [0/90]s samples, varying moisture 

percentage. 
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Figure 42. Percentage of AE events in each bin for [90/0]s samples, varying moisture 

percentage. 
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CONCLUSIONS 

Strength reductions seen in off-axis epoxy/fiberglass laminates were consistent and 

in line with previous unidirectional results. The six laminates tested provided a breadth of 

strength values at fiber angles not normally tested. Both the unconditioned and saturated 

ultimate strengths are directly applicable to industry. Preliminary MHK designs will need 

accurate strength values for both conditions to ensure proper durability throughout device 

lifetime. This research also began to expand test data into mechanical analysis with a broad 

application to potentially minimize future mechanical testing required. However, 

interactive failure criterion did not adequately describe the failure stresses seen in the 

experimental results. The inconsistencies were present in the prediction of the 

unconditioned samples and are indicative of deficiencies in off-axis prediction methods. 

The amount that each lamina strength value is contributing to the laminate strength is 

unknown and makes further classification of strength reduction difficult. 

Further analysis was completed to understand the strength reductions on a 

micromechanical level. Acoustic emission analysis was performed and provided a unique 

insight into a potential change in damage progression due from moisture inclusion. Matrix 

cracking damage events, picked up by the AE system began to accumulate at earlier points 

prior to failure in saturated samples. In unconditioned samples, fiber/matrix debond 

damage events start happening before or at a similar time to matrix cracking. The change 

in damage progression within the laminate due to the inclusion of moisture complicates the 

mechanical analysis as well. The extent to which each lamina strength is contributing to 

the laminate strength likely changes in addition to the change in damage progression. This 
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information combined with the mechanical analysis points towards interply matrix regions 

as a key area for future study. This region of matrix material is often subjected to large 

shear stresses in off-axis laminates.  

Partial saturation testing was successful in extending the importance of stacking 

sequence on the evolution of strength reduction. This idea is novel in composites design as 

the primary load bearing plies are typically placed on the outside of a laminate. The 

research presented above challenges this principal. In situations where damage to the 

outside of the MHK device occurs, it may be beneficial to have sacrificial layers exposed 

to the marine environment to protect the primary plies.  

Acoustic emission analysis of partial saturation testing was inconclusive. The 

difference in the two layups resulted in the frequency bin percentages varying significantly 

between the control sets. Analysis was not able to be completed into how damage 

mechanisms evolved throughout absorption as this effect outweighed any other trends. 

However, it did reveal the effects of stacking sequence on the peak frequency of events, 

which will be investigated further in future work. 

Future Work 

A clear path forward for the study of off-axis laminates is evident. Static strength 

reduction values for off-axis laminates provides designers with a great baseline of data. 

The next step would be to expand this data to include other material systems and layups. It 

will also be important to expand the data to include fatigue strength reduction to ensure 

proper design. Data collected in this research points towards the shear strength of the 

matrix. There are several techniques available to study this effect in greater detail. 
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Iosipescu shear testing (ASTM Standard D5379) is designed to test materials in shear 

loading. It utilizes a double v-notched sample loaded in bending producing a shear stress 

between the two notches. This method could be used for the analysis of neat resin samples 

at absorption intervals. The study of fracture toughness in neat resin samples is also an area 

of study to be completed in future work. Various testing methods could be employed to 

study the effects of absorption on the toughness. These studies will result in a more 

complete understanding of how the constituent materials are affected by moisture 

saturation. Additional further work into the classification of damage mechanisms and how 

they extend to the laminate strength in dry and saturated conditions will also be important. 

Further work into the development of partial saturation strengths involves 

determining the strength curves for individual lamina. These curves would then be input 

parameters for a laminate based analysis model with the goal of being able to predict the 

partial saturation of the entire laminate. Further development of diffusion models in 

composites materials would provide greater accuracy for strength reduction models. 
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