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 The increasing demand for in-service structural health monitoring has 

stimulated efforts to integrate self and environmental sensing capabilities into 

materials and structures.  The present work is directed towards the development of a 

new means of fabricating composites that allows for integrating a high density of 
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small, advanced sensors into a laminated composite in a way that enables sensing 

without compromising the structural integrity of the host composite material.  

 

 This work presents efforts to develop structural composite materials which 

include networks of embedded sensors with decision-making capabilities that extend 

the functionality of the composite materials to be information-aware.  These 

structurally-integrated embedded microsensors render the composite information-

based, so that it can monitor and report on the local structural environment, on request 

or in real-time as necessary.   

 

 The integration of sensors, actuators, and their subsequent devices into a 

structure is vital in smart applications.  Essential to the application of smart 

composites is the issue of the mechanical coupling of the sensor to the host composite 

material.  Therefore, the question of the impact of such devices on the various 

mechanical properties of the host composite material is both relevant and important.  

This work characterizes the effects of introducing simulated microsensors, commonly 

used printed circuit board material (G-10/FR4 Garolite), and various piezo thin film 

sensors on the mechanical properties of the host structural composite material.   

  

 Quasi-static tension tests are conducted in order to characterize the mechanical 

properties of the host composite material as well as the effects the embedments have 

upon the host material.  Quasi-static three-point bending (short-beam shear) and 

fatigue three-point bending (short-beam shear) tests are conducted in order to 
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characterize the effects of introducing the sensors and such devices on the short-beam 

shear strength and fatigue life of the host structural composite material.  Furthermore, 

various embedding configurations are examined.   

 

The thrust of the research presented here is to characterize the effects of 

embedding sensors and their subsequent devices on the mechanical properties of the 

host structural composite material in order to select a sensor and embedding 

configuration that can seamlessly be integrated into the host composite without 

compromising the integrity of the structure.   



 

1 

 
 
 
 
Chapter 1 
 
 

Introduction 
 
 
 1.1 Background 
 
 In smart applications, it is essential to integrate sensors, actuators, and their 

subsequent devices into a structure.  The primary modes of integration include surface 

mounting and embedding within the host structural material.  Surface mounted 

components would offer ease of access and maintenance; however, in many 

applications surface mounting is not feasible due to the operating environment and 

system requirements.  Often embedding is the only realistic way to introduce a sensor 

to the host structure.  Embedding the sensors allows for protection from adverse 

environmental conditions and creates an autonomous structure.  The integration of 

sensing into materials and structures offers significant advantages.  By assimilating 

multiple needed properties into a single material or structure, a system that better 

meets the demands of its mission and operating environment can be achieved.   

 

 A number of previous efforts have sought to incorporate novel non-structural 

elements into composite systems to create an intelligent structure.  Crawley and de 

Luis (1987) conducted an experimental investigation of glass/epoxy laminates with
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embedded piezoceramics and showed that the ultimate strength of the tensile test 

coupons was reduced by 20%.  Warkentin and Crawley (1991) studied the feasibility 

of embedding integrated circuits on silicon chips into graphite/epoxy composite 

laminates and investigated the effects of the embedment under static mechanical 

loading.  Their work concluded that the presence of the device in a standard cure 

composite laminate had no effect on the longitudinal elastic modulus but did result in 

a 15% decrease in the ultimate stress.  Kim et al. (1992) demonstrated that embedding 

thermocouples or simulated strain gauges (Kapton film) in both graphite/epoxy and 

graphite/polyetheretherketone (PEEK) composite laminates had little effect on the in-

plane compressive and bending strengths regardless of whether the composite matrix 

was thermosetting or thermoplastic and whether the layup was unidirectional, cross-

ply, or quasi-isotropic.  In Sweden Paget and Levin (1999) studied the effect of 

embedded piezoelectric ceramic transducers on the structural integrity of 

carbon/epoxy laminates under static tensile and compressive loading.  It was found 

that the embedded piezoelectric ceramic element along with its subsequent 

interconnectors did not reduce the strength of the host composite material.  In both 

loading scenarios, the final failure did not coincide with the location of the embedded 

piezoelectric ceramic transducer within the laminate.     

 

Shukla and Vizzini (1996) developed a structural tailoring technique known as 

interlacing in graphite/epoxy laminates.  Through the use of interlacing it was shown 

that under quasi-static uniaxial tension the ultimate strength of the structure was 

substantially increased by distributing the discontinuity of the inclusion throughout the 
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thickness of the specimen, and the onset of damage at and near the inclusion was 

delayed.   

 

   Experimental work by Mall and Coleman (1998) investigated the effects of 

embedding piezoelectric sensors on the tensile strength and tension-tension fatigue 

behavior of graphite/epoxy laminates.  The monotonic tensile tests yielded ultimate 

strength and Young’s modulus results for laminates with and without sensors that 

were within 4% of one another.  The fatigue lives with and without the embedded 

sensors were also close to one another, with the range of modulus reduction within 5 

to 15% of each other.  The work of Hansen and Vizzini (2000) focused on the tension-

tension fatigue response of a host structure with interlaced embedded devices in 

graphite/epoxy laminates.  Their results once again demonstrated that the onset of 

damage can be delayed and the progression of delamination impeded by distributing 

the material discontinuity of the inclusion throughout the thickness of the specimen in 

the form of interlacing.  

 

 Sirkis et al. (1992) presented important experimental observations regarding 

laminated graphite/epoxy composites with embedded optical fiber sensors and 

piezoceramics actuators.  It was observed that on the macroscale the damage reduced 

the stiffness and strength of the host material.  On the microscale the damage actually 

affected the function of the sensors and actuators by altering the strain or force 

transfer.  Thus, the structural integrity of the host material was influenced.   
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 The work of Chow and Graves (1992) investigated the three-dimensional stress 

and displacement fields around a rectangular embedment in a graphite/epoxy laminate.  

Their results indicated that the interlaminar stresses due to the embedment were nearly 

five times as high as the magnitude of the stress corresponding to the applied far-field 

load.  Singh and Vizzini (1993) analytically demonstrated that it is merely the 

presence of the inclusion that dictates the structural integrity of the host, virtually 

independent of whether or not the inclusion is active.  

 

 In 2000 Varadan and Varadan addressed some of the relevant issues pertaining 

to the incorporation of non-structural elements into fiber reinforced composites by 

focusing on the design and fabrication of microelectromechanical systems (MEMS) 

devices and their use in engineering applications.  Lin and Chang (2002) developed a 

manufacturing method for integrating a network of piezoceramic actuators/sensors 

into carbon/epoxy laminated composite structures.  The method utilizes the printed 

circuit technique to fabricate a thin flexible layer with a network of piezoceramics 

referred to as the Stanford Multi-Actuator-Receiver Transduction Layer (SMART 

Layer).  The SMART Layer can be integrated into a composite laminate via insertion 

between ply layers or by bonding onto the surface.  In terms of quasi-static testing, 

tests demonstrated that the SMART Layer did not degrade the structural integrity of 

the host composite laminate. 
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For a brief overview of efforts to create materials which can respond to 

environmental inputs in an intelligent manner see the recent review paper on the 

subject of structural health monitoring by Mal (2004).   

  

 1.2 Motivation of research 

 A composite is an artificially constructed material system consisting of 

multiple components designed to attain specific properties superior to those of the 

individual constituents.  Composites have unique advantages over monolithic 

materials including high strength, high stiffness, long fatigue life, low density, and 

adaptability to the intended function of the structure (Daniel, 1993).  Because of these 

properties, composite materials lend themselves to a wide range of applications across 

numerous industries including transportation, construction, corrosion resistance, 

marine, and electrical and electronics.   

 

There is a trend of increased use of composites as confirmed by Boeing.  The 

Boeing 747, developed in the 1960s, had only one percent composites. That increased 

slightly to three percent with the Boeing 757 and 767 planes of the 1980s and to 

eleven percent on the 777 of the early 1990s. The 787 Dreamliner, which has yet to 

fly, has fully half of its airframe materials using composites (Wallace, 2008). 
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Figure 1.1: Flight path of American Airlines flight 587 from takeoff to impact in relation to 
the flight path of Japan Airlines flight 47 overlaid on a topographical map with wake direction 

and wake encounter.  Courtesy of the National Transportation Safety Board (2004). 
 
 

 In so many of the applications, failure of the composite in service can be 

critical.  This was clearly evident with the American Airlines flight 587 disaster.  This 

flight departed JFK airport in New York bound for Santo Domingo in the Dominican 

Republic.  The Airbus A300, which took off just minutes after a Japan Airlines Boeing 

747 on the same runway, flew into the larger jet's wake, an area of very turbulent air; 

see Figure 1.1.  The co-pilot attempted to keep the plane upright with the rudder.  The 

strength of the air flowing against the moving rudder stressed the vertical stabilizer of 

the aircraft and eventually snapped it off entirely, causing the aircraft to lose control 

Wake direction 

Wake encounter 

JAL position 
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and crash, resulting in the loss of 265 lives.  The failed carbon fiber vertical stabilizer 

can be seen in Figure 1.2.   

 

 

Figure 1.2: Failed carbon fiber and epoxy resin vertical stabilizer of American Airlines flight 
587.  Courtesy of the National Transportation Safety Board (2004). 

 

 
Thus, there is a need to rapidly assess the structural health or integrity of a 

composite; however, detection of incipient damage is usually difficult.  Expensive 

equipment and specialist operators are often required to perform non-destructive 

evaluation (NDE) techniques, such as X-ray or c-scan.  These inspections require that 

the structure be taken out of service.  In many cases the area of the composite needing 

inspection is inaccessible to presently available NDE interrogation methods, such as in 

chemical containers or the interior portions of structures.  For other applications such 

as satellites, inspection is simply impossible (Lin and Chang, 2002).   
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More importantly, the inspection takes place after the damage has already 

occurred, leaving the inspection process to look for residual signs of the overload or 

failure condition. In order to compensate for these difficulties, design engineers 

frequently resort to over designing, building in redundancy, or avoiding the use of 

composites altogether; thus leading to inefficient solutions.  

 

This work seeks to add properties to the composite itself that are information-

based without compromising the structural integrity of the host composite material.  

This information takes the form of structurally integrated microsensors that can 

monitor and report on the local structural environment on request or in real-time as 

necessary.  The envisioned sensors could read such structural health related 

parameters as temperature, load, strain, acceleration, or acoustic emissions. 

 

This increased knowledge of the structure, based on actual data rather than 

statistical assumptions and extrapolations, will allow for greater flexibility in 

composite design. The development of a reliable means of ascertaining the status of 

the composite structure will allow for more high performance designs while 

minimizing over designing and building in redundancy. 

 

“The problem of embedding electronic components in structural materials 

involves both the concerns of the structural engineer interested in ensuring mechanical 

performance in the presence of inclusions, and those of the electrical engineer 

regarding the mechanical, electrical, and chemical effects of the surrounding structure 
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on the electronic devices,” as noted by Warkentin and Crawley (1991).  This work 

addresses the principal concern that the embedded sensors and subsequent devices act 

as inclusions and have the potential to degrade the structural integrity of the host 

composite material.  These inclusions function as discontinuities in transferring stress 

within the material, leading to matrix cracking, debonding, delamination, and 

ultimately the mechanical failure of such materials.  Previous efforts to integrate 

sensors and MEMS devices into fiber-reinforced composites have often required that 

such a device be placed between the fiber layers of a composite as it is being 

fabricated.  As a result, the device is usually surrounded by the matrix phase, typically 

a polymer, which is generally the weaker phase within the composite.  This weak 

region surrounding the sensor becomes a highly probable region for failure.  

Additionally, device failure can be caused by the presence of high stresses in the 

device as a result of poor laminate design or defects resulting from the manufacture 

process.  Therefore, it is necessary to characterize the effects of embedding sensors 

and their subsequent devices on the mechanical properties of the host structural 

composite material.   

 

 1.3 Objective of research 
 

The primary goal of this research is to ultimately extend the functionality of 

the composite material beyond that of simply load-bearing.  This work seeks to enable 

in situ sensing, without compromising the structural integrity of the host composite 

material.  The thrust of the research presented here is to characterize the effects of 

embedding sensors and their subsequent devices on the mechanical properties of the 
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host structural composite material in order to select a sensor and embedding 

configuration that can seamlessly be integrated into the host composite without 

compromising the integrity of the structure.   

 

 Aspects of the research include: 

 Characterizing the virgin composite material in terms of ultimate 

tensile strength, Young’s modulus, ultimate transverse tensile strength, 

transverse Young’s modulus, and maximum in-plane shear strength 

 Investigating the effect of the embedment on the strength of the host 

composite material and the failure mechanism under quasi-static tensile 

loading 

 Characterizing the short beam shear strength of the virgin composite 

material 

 Investigating the effect of the various embedments on the short-beam 

shear strength and failure mechanism  

 Investigating the effect of the various embedding configurations on the 

short-beam shear strength and failure mechanism 

 Characterizing the three-point bending (short-beam shear) fatigue life 

of the virgin composite material 

 Investigating the effect of the various embedments on the three-point 

bending (short-beam shear) fatigue behavior and the failure mechanism 
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 Investigating the effect of the various embedding configurations on the 

three-point bending (short-beam shear) fatigue behavior and failure 

mechanism 

 

Based upon these studies, an optimum sensor and embedding configuration are 

suggested such that the structural integrity of the host composite material is not 

compromised.   

 

1.4 Overview of dissertation 
 
 Most of the chapters presented in this dissertation are designed to be stand-

alone entities.  Therefore, some of the fundamentals are repeated for the sake of 

independence.  The remainder of the dissertation is organized as follows: 

 

 Chapter 2 discusses the material selections for this research.  The rationale for 

utilizing S-2-glass/epoxy composites is discussed.  The method of composite 

fabrication is detailed along with the means of quality assurance measurements 

in the form of ignition loss testing.  The range of sensors and simulated sensors 

investigated in this work is also presented along with the motivation for their 

use. 

 Chapter 3 focuses on the quasi-static tensile tests.  Characterization tests are 

conducted on the virgin composite material to determine the mechanical 

properties and failure mechanisms.  Subsequent characterization tests are 

performed on samples containing simulated microsensors in order to ascertain 
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the effect the embedment has on the mechanical properties and failure 

mechanisms.   

 Chapter 4 presents the three-point bending (short-beam shear) tests.  The 

quasi-static tests are conducted in order to characterize the short-beam shear 

strength of the virgin composite material and the effect of the various 

embedments and embedding configurations on the mechanical properties and 

failure mechanisms.  The short-beam shear strength results provide necessary 

baseline information for the fatigue three-point bending (short-beam shear) 

tests.  Fatigue three-point bending (short-beam shear) tests, which more 

accurately represent potential in-service loading conditions, are conducted in 

order to characterize the fatigue behavior of the composite material in virgin 

form and with the various embedments and embedding configurations under 

three-point bending (short-beam shear) loading conditions.  To understand the 

mechanical response, the microstructure is analyzed using a metallograph. 
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Chapter 2 
 
 

Materials 
 
 
 2.1 Introduction 

 Compatibility and survivability are relevant issues when considering 

integrating sensors, actuators, and their subsequent devices into composite materials.  

Silicon based electronic devices typically have a temperature limit ranging from 220 

to 235 degrees Celsius, beyond which damage to the device can occur (McFarland, 

2006).  The temperature range for piezoelectric thin films is more conservative, with 

the temperature limit ranging from merely 100 to 135 degrees Celsius (Measurement 

Specialties, Inc., 2006).  Therefore, the thermal processing of the composite must not 

exceed these limits or the sensing elements may be damaged.  The selection of the 

polymer matrix is an important consideration in designing the composite, as it needs to 

be cured and solidified below the indicated limiting temperatures.  Thermosetting 

polymers, such as conventional epoxies and polyesters, are well suited for such 

applications.  The temperature restriction does not limit the selection of the fiber phase 

of the composite.  Rather, the fiber type, be it aramid, carbon, or glass, will be selected 

for optimal mechanical properties, compatibility with the matrix phase, and such that 
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it does not interfere with the sensing and signal processing of the functioning 

composite. 

 

 2.2 Composite materials    
 
 Fiber reinforced composite materials consist of a fiber reinforcing phase 

embedded in a matrix phase.  In general, the fibers are the principal load-bearing 

members.  The matrix phase serves several functions, including keeping the fibers in 

the desired location and orientation, transferring load between fibers, and protecting 

the fibers from adverse environmental conditions (Mallick, 1993). 

 

 Elements of low atomic number, namely carbon, boron, aluminum, and silicon, 

can be utilized to create stiff, low density materials due to their strong directional 

interatomic bonds.  The materials can be made solely of the elements themselves, from 

their compounds, or from the elements in combination with oxygen or nitrogen (Baker 

et al., 2004).  Plastic flow is inhibited by the strong interatomic bonds.  When these 

materials are unable to relieve stress concentrations through plastic flow, they are 

weakened by submicroscopic flaws, particularly on the surface (Kelly, 1986).  

Therefore, it is only in the fiber form that these materials exhibit their inherent high 

strength (Chawla, 1987).  This is because the probability per unit length of a flaw 

being present is inversely related to the volume of the material.  Thus a fiber with very 

low volume per unit length is on average much stronger than the bulk material.  

Aramid, carbon, and glass fibers are the principal fibers in commercial use.  The 
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typical mechanical properties of these fibers compared with traditional monolithic 

metals of steel and aluminum are given in Table 2.1 

 

Table 2.1: Typical mechanical properties of common fibers used in polymer matrix 
composites compared to monolithic materials.  Reproduced from Kaw (2006). 

 

Property Units Carbon Aramid Glass Steel Aluminum

Specific gravity - 1.8 1.4 2.5 7.8 2.6
Young's modulus GPa 230.0 124.0 85.0 206.8 69.0
Ultimate tensile strength MPa 2067.0 1379.0 1550.0 648.1 275.8
Axial coefficient of        
thermal expansion 

µm/m/˚C -1.3 -5.0 5.0 11.7 23.0

 

 
 Aramid fibers are organic compounds composed of carbon, hydrogen, oxygen, 

and nitrogen.  They are advantageous due to their low density, high tensile strength, 

relatively low cost, and high impact resistance (Kaw, 2006).  A major advantage is 

their ability to absorb a large amount of energy during fracture; hence, they are 

commonly used for ballistic protection.  Some of the drawbacks include low 

compressive properties, a high tendency to absorb moisture, and degradation in 

strength due to prolonged exposure to ultraviolet radiation (Baker et al., 2004). 

 

 Carbon fibers are made from organic precursor materials by a process of 

carbonization.  Carbon fibers are advantageous due to their exceptionally high tensile 

strength to weight ratios, high tensile modulus to weight ratios, low coefficient of 

linear thermal expansion, and high fatigue strengths.  Their drawbacks include low 

impact resistance, high electrical conductivity, and high cost (Mallick, 1993).   While 
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the terms carbon and graphite are often used interchangeably for these fibers, they are 

different.  Carbon fibers contain 93 to 95% carbon, while graphite contains more than 

99% carbon (Schwartz, 1984). 

 

 Glass fibers are the most commonly used fibers in polymer matrix composites 

(PMC) largely due to their high tensile strength, low cost, high chemical resistance, 

and good insulating properties.  Their disadvantages include low tensile modulus, high 

specific gravity, sensitivity to abrasion, and relatively low fatigue strength.   

 

 While there are numerous types of glass fibers commercially available, the 

mainstays include E-glass and S-glass.  E-glass was designed for electrical 

applications and has the lowest cost.  S-glass is used primarily for more structurally 

demanding applications, such as those in the aerospace industry.  S-glass retains its 

strength at significantly higher temperatures and also has higher fatigue strength when 

compared to E-glass.  The typical mechanical properties of the two fiber types are 

compared in Table 2.2. 

 

Table 2.2: Comparison of the properties of the most prevalent commercially available  
glass fibers in use; E-glass and S-glass.  Reproduced from Kaw (2006). 

 

Property Units E-Glass S-Glass 

Specific gravity - 2.54 2.49 
Young's modulus GPa 72.40 85.50 
Ultimate tensile strength MPa 3447.00 4585.00 
Coefficient of thermal expansion µm/m/˚C 5.04 5.58 
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 The variation in the properties can be attributed to the differences in 

composition; see Table 2.3.  The compositional difference combined with a higher 

manufacturing cost make S-glass a more expensive fiber.  S-2-glass, a lower cost 

version of S-glass has been developed.  S-2-glass is made to less stringent nonmilitary 

specifications but maintains a tensile strength and modulus similar to that of S-glass 

(Mallick, 1993).  

 

Table 2.3: Chemical composition of E-glass and S-glass fibers (in weight percent).  
Reproduced from Kaw (2006). 

 

% Weight 

Material E-glass S-glass 
Silicon oxide 54.00 64.00
Aluminum oxide 15.00 25.00
Calcium oxide 17.00 0.01
Magnesium oxide 4.50 10.00
Boron oxide 8.00 0.01
Others 1.50 0.80

 
 

As mentioned previously, the matrix phase of the composite serves multiple 

functions.  The matrix transfers stresses between fibers, provides a barrier for the 

fibers from adverse environmental conditions, and protects the fiber surface from 

mechanical abrasion.  While the matrix plays a minor role in the longitudinal tensile 

load-carrying capability of a composite structure, the matrix significantly affects the 

matrix-dominated properties including the longitudinal compression strength, the 

transverse tensile strength, the interlaminar shear strength, and in-plane shear strength.  

The interaction between the fibers and the matrix is important in designing damage-
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tolerant structures.  The physical and thermal characteristics of the matrix heavily 

influence the ability to process a composite as well as the defects in a composite 

structure. 

 

Matrix materials include polymers, metals, and ceramics, with polymers being 

the most prevalent in advanced composites.  Polymers can be divided into two broad 

categories: thermoplastics and thermosets.  The molecules in a thermoplastic polymer 

are linear in structure and lack chemical linking between them; see Figure 2.1(a).  

Instead they are held in place by weak secondary bonds, and when heat and pressure 

are applied these intermolecular bonds can be temporarily broken.  When these bonds 

are broken, the molecules can move relative to one another.  Once cooled, the 

molecules restore the secondary bonds and form a new shape.  Quite simply, a 

thermoplastic can be heat softened, melted, and reshaped as often as desired.   

 

       

                                (a)                                                                         (b) 

Figure 2.1: Schematic representation of (a) thermoplastic polymer held in place by weak 
secondary bonds and (b) thermosetting polymer with cross-linking. 

 

cross-links 
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Thermosetting polymers are insoluble and infusible because they are joined 

with strong covalent bonds.  After cure the molecules are chemically connected by 

cross-links, forming a rigid three-dimensional network, depicted in Figure 2.1(b).  

Once the polymerization reaction has occurred, the cross-links have been formed, and 

the thermoset cannot be melted and reshaped.  In certain thermosetting polymers with 

low instances of cross-linking, it may be possible to soften the polymer at elevated 

temperatures (Mallick, 1993). 

 

Table 2.4: Characteristics, advantages, and disadvantages of thermosets and thermoplastics. 

Thermoset Thermoplastic 

Primary Characteristics 

▪ Chemical reaction, cured ▪ Non-reacting, no cure required 
▪ Low strain to failure ▪ High strain to failure 
▪ Low fracture energy ▪ High fracture energy 
▪ Irreversible processing ▪ Very high viscosity 
▪ Very low viscosity possible ▪ Reversible processing 
▪ Absorbs moisture ▪ Absorbs little moisture 
▪ Excellent solvent resistance ▪ Fair solvent resistance 

Advantages 

▪ Low processing temperature ▪ Short processing time possible 
▪ Good fiber wetting ▪ Can be recycled 
▪ Formable into complex shapes ▪ Can be reprocessed 
▪ Liquid-resin manufacturing feasible ▪ Rapid processing 
▪ Resistant to creep ▪ Unlimited shelf life 
 ▪ High delamination resistance 

Disadvantages 

▪ Long processing time ▪ Lower resistance to solvents 
▪ Long cure cycle ▪ Can be prone to creep 
▪ Limited storage life ▪ Poor drapability and tack 
▪ Cannot be reprocessed ▪ High temperature and pressure 

processing required 
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 The relative properties of thermosets and thermoplastics polymers as well as 

their advantages and disadvantages are summarized in Table 2.4.  The selection of the 

matrix materials is primarily based on its basic mechanical properties.  It is desirable 

to have a matrix with high tensile modulus, which influences the compressive 

strength.  Intraply cracking is controlled by high tensile strength, and ply delamination 

and crack growth are inhibited by high fracture toughness (Mallick, 1993).     

 

While there are obvious distinct advantages to using a thermoplastic matrix, 

thermosets have traditionally been favored in fiber reinforced composites.  The 

thermoset epoxy is the most common type of matrix material, with more than two-

thirds of the polymer matrices used in aerospace applications being epoxy based 

(Kaw, 2006).  The range of typical properties of epoxy resins are provided in Table 

2.5.   

 

Table 2.5: Typical properties of cast epoxy resin at ambient conditions. 
 

Property Units Value 

Specific gravity - 1.2-1.3 
Tensile strength MPa 55-130 
Tensile modulus GPa 2.75-4.10 
Poisson's ratio - 0.2-0.33 
Cure shrinkage % 1-5 
Coefficient of thermal expansion µm/m/˚C 50-80 
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The principal disadvantages to epoxies are its relatively high cost and long 

cure time, but there are numerous advantages to epoxy matrices including:   

 High strength 

 Low volatility during cure 

 Low shrinkage during cure 

 Low viscosity and flow rates 

 Excellent resistance to chemicals and solvents 

 Excellent adhesion to a variety of fillers, fibers, and substrates 

 Available in a variety of grades to meet specific property and 

processing requirements 

 
 

In structural applications, fiber reinforced composites are commonly used in 

the form of a laminate.  The laminate is created by stacking thin layers of fibers and 

matrix until a desired thickness is obtained.  The fiber orientation and stacking 

sequence can be controlled to meet the demands of the operating environment.  Thin 

sheets of fibers impregnated with predetermined amount of uniformly distributed 

polymeric matrix are available in the form of prepreg.  Epoxy is the primary matrix 

material used in prepregs.  The fibers are preimpregnated with liquid resin which is 

then partially cured in a controlled manner in a heating chamber.  The prepreg can 

then be placed in a desired mold to be processed to undergo its final stage of curing. 

 

For this study, a unidirectional glass/epoxy prepreg tape supplied by Bryte 

Technologies, Inc. (Bryte) was selected.  A prepreg was chosen due to the manner in 
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which it lends itself to strategic sensor placement and varying sensor configurations.  

Instances of sensor migration were minimized.  The prepreg system consisted of S-2-

glass and BT250E-1 epoxy resin.  The fiber aerial weight was 284 g/m2.  The uncured 

resin content was 35% by weight.  The BT250E-1 epoxy resin system was selected for 

its combination of toughness and strength.  The resin system is MIL-R-9300 qualified 

and ideal for applications in the low to medium service temperature range.  The S-2-

glass fiber was selected for its high strength, high modulus, and cost effectiveness.  

The typical neat resin properties as supplied by Bryte are detailed in Table 2.6 (refer to 

section 2.2.3 on the ultrasonic testing of the resin for verification of these properties).   

 

Table 2.6: Typical neat resin properties of BT250E-1 epoxy resin as supplied by Bryte 
Technologies, Inc. 

 

Property Unit  Value 

Density g/cc 1.17 
Tensile Strength MPa 75.15 
Tensile Modulus GPa 3.03 

 

   
 2.2.1 Composite processing   
   
 In order to ensure the quality of the S-2-glass/epoxy prepreg, the material was 

either stored in an airtight bag with desiccant and kept frozen below zero degrees 

Celsius or stored in a vacuum chamber which maintained vacuum at 5 mm Hg.  While 

very resistant to moisture absorption after cure, epoxies can be adversely affected by 

moisture uptake prior to cure.  For this reason, the prepreg material was thoroughly 

thawed in its airtight bag prior to opening to avoid condensation on the material.   
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Flat panels measuring 305 mm by 305 mm were created using an aluminum 

mold.  The mold consisted of a base tool plate made of aluminum covered in a Teflon 

film.  Silicone rubber was placed along the edges of the material coinciding with the 

fiber direction to dam the material.  Bleeder material was placed along the material 

edges perpendicular to the fiber direction to absorb excess resin.  A second layer of 

Teflon film covered the entire setup.  Aluminum rails, coinciding with the fiber 

direction, secured the Teflon and silicone rubber dams in place via screws.  The two 

ends containing bleeder material each had a Teflon tube which attached to vacuum 

valves to draw vacuum in parallel.  A 305 mm by 305 mm, 12.7 mm thick piece of 

aluminum, or caul plate, was placed directly on top of the Teflon sheet covering the 

prepreg to keep the surface of the laminate flat during cure (Lin and Chang, 2002).  

The entire layup was sealed in vacuum bagging.  Due to symmetry, half of the 

schematic of the layup sequence is depicted in Figure 2.2. 

 

 

Figure 2.2: Vacuum bagging sequence for embedding sensors inside S-2-glass/epoxy prepreg 
composite laminate. 
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Figure 2.3: 125 ton Wabash laminating hot press at CEAM in which S-2-glass/epoxy 
laminates were processed. 

 
 
 
 While a minimum vacuum of 635 mm Hg (typically less than 10 mm Hg 

vacuum was achieved) and 0.35 MPa pressure were applied, the layup was placed in a 

125 ton Wabash laminating hot press seen in Figure 2.3.   

 

Figure 2.4: Cure cycle for S-2-glass/BT250E-1 prepreg per Bryte Technologies, Inc. 

50˚

150˚

100˚

Time 

Hold at 121˚C for 60 minutes minimum. 
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The composite panels were processed in accordance with Bryte’s 

recommendations; see Figure 2.4.  Flat panels were cured using a 3˚C/min heating 

rate.  The panels were ramped up to a final temperature of 121˚C and were allowed to 

dwell at this temperature for 1.5 hours.  The setup remained in the hot press under 

pressure until it cooled to room temperature.     

 

 2.2.2 Ignition loss testing 
 
 Samples from all composite panels were subjected to ignition loss testing in 

order to determine the fiber volume fraction.  Thus, it was insured that the composite 

panels were uniform within reason and suitable for comparison to one another.  The 

ignition loss tests were conducted in accordance with ASTM D 2584-02.  The tests 

were performed in the muffle furnace as seen in Figures 2.5 (a) and (b). 

 

                
 

Figure 2.5: (a) Muffle furnace at CEAM utilized for ignition loss testing. (b) Crucible 
insertion into muffle furnace for ignition loss testing during which a specimen undergoes a 

rigorous heating schedule that ignites and burns the resin until only fibers remain. 
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 The outer 25.4 mm perimeter was discarded as it was not necessarily 

representative of the general composition of the composite panel.  Ignition loss 

specimens measuring 12.7 mm by 12.7 mm were extracted from the composite panels 

in the approximate locations depicted in Figure 2.6 using a computer numerical 

controlled (CNC) 3-axis milling machine.   

 

                  
 

Figure 2.6: Location of ignition loss specimen extraction from a composite panel.  The 
mapping of the specimen location is noted for each panel in order to ensure panel uniformity. 

 
 
 

 The ignition loss specimens were placed in porcelain crucibles and then 

positioned in the muffle furnace where they were subjected to the following heating 

schedule: 350°C for 30 minutes, 400°C for 30 minutes, 450°C for 30 minutes, and 

finally 565°C for 150 minutes.  Glass fibers were all that remained in the crucibles 

12.7 x 12.7 mm 
ignition loss 
specimen 

305 mm 

305 mm 
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after being subjected to the rigorous heating schedule.  The crucibles were cooled to 

room temperature in a desiccator and then weighed.  The fiber volume fraction was 

determined using the following equation: 

 

fmmf

fm
f WW

W
v

ρρ
ρ
+

=                                                    (2.1) 

 
 
where vf is the volume fraction of fibers, Wf is the weight of the fibers, Wm is the 

weight of matrix, ρf is the density of fibers, and ρm is the density of matrix.   

 

 The ignition loss tests determined the average fiber volume fraction for the 

panels.  The values can be found in the respective results section of this work.  

   
 
2.2.3 Ultrasonic testing of resin 

 Additional testing, in the form of ultrasonic testing of the resin was performed 

in order to more accurately determine the properties of the resin, or matrix constituent, 

of the prepreg being used throughout the experimental testing needed for accurate 

simulations being conducted by Mr. Yi Huang.  

 

 A pure resin sample was created from partially cured BT250E-1 resin provided 

by Bryte.  The semi-solid resin was placed in a glass beaker and then connected to a 

Buchi Rotovapor R-200 (see Figure 2.7) and partially submerged in a silicone oil bath.  

The resin was heated at a rate of 3°C per minute until it reached its minimum viscosity 

at 112°C; see Figure 2.8.  The resin was then poured into a Teflon film coated 

http://www.ceam.ucsd.edu/polymertf.html#Pic2#Pic2
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aluminum mold.  The mold was then placed in the 125 ton hot press for 1.5 hours at 

121°C and under 0.35 MPa pressure to allow the resin to fully cure. 

 

 

Figure 2.7: Buchi Rotovapor R-200 used to heat BT250E-1 resin in a silicone oil bath. 
 

 

Figure 2.8: Temperature to achieve minimum viscosity for BT250E-1 epoxy resin and 
duration at minimum viscosity provided by Bryte Technologies, Inc.  

http://www.ceam.ucsd.edu/polymertf.html#Pic2#Pic2
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 The resulting resin specimen was machined by a mill to create an even surface 

on both sides.  The thickness of the resin specimen was determined to be 5.38 mm (+/- 

0.005 mm).   

 

 Essentially, time of flight measurements through the thickness of the sample 

were used to measure the properties of the resin.  The equipment included two 

Panametrics V155 (5 MHz resonance) and V153 (1 MHz resonance) shear 

transducers, two Panametrics V112 (10 MHz resonance) and V213BB (30 MHz 

resonance) delay line transducers (longitudinal), and a Matec TB 1000 pulse 

generator.   

 

 When the generated shear wave enters the material it is only partially 

transmitted as a shear wave.  It also produces a longitudinal wave. Since the 

longitudinal wave travels faster, it can be separated from the complimentary shear 

wave and both times of flight can be measured. 

 

 Due to the given resonance frequencies of the respective transducers, the 

measurements made with the shear transducers were performed at 500 kHz with a 

pulse width of 10 μs.  For the compression transducers 5MHz was used with a pulse 

width of 1 μs. 

 

 Both the transmitter and receiver signals were connected to an oscilloscope 

(Gage-scope and Tektronix TDS2014) and the time shift in signals was taken. 
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 The density of the material ( ρ ) was 1.17 g/cm3 as given in the manufacturer 

specification sheet and confirmed with mass and water displacement volume 

measurements. 

 

 The transverse wavespeed ( tv ) was determined to be 1090 km/s and the 

longitudinal wavespeed ( lv ) was determined to be 2560 km/s.  Using these 

experimentally determined values, the shear modulus (G) can be calculated as follows 

(given that it is a plane strain regime): 

 

2)( tvG ρ=                                                        (2.2) 

 

 Based upon the above equation, the shear modulus is 1.39 GPa.  Similarly, the 

Young’s modulus (E) was calculated by combining the following two equations and 

solving for Poisson’s ratio (ν ): 

 

)1(
)21()1()( 2

ν
ννρ

−
−

+= lvE                                             (2.3) 

 

)1(2 ν+= GE                                                     (2.4) 

 

 Thus, the Poisson's ratio is equal to 0.39, and the Young’s modulus is 3.86 GPa 

for the BT250E-1 resin system.   
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 Additional mechanical testing was conducted on a pure BT250E-1 resin 

specimen.  Unfortunately, the specimen had a slight edge flaw due to machining that 

acted as a stress concentration.  Despite the flaw, the testing determined that the 

tensile strength of the resin was 68 MPa.  The manufacturer, Brtye, specifies that the 

tensile strength is 75 MPa.  Therefore, taking into account the small machining flaw, 

the tensile strength of the BT250E-1 resin is taken to be 75 MPa. 

 

2.3 Sensors 

 Previous efforts to integrate sensors into composite materials have often 

focused on fiber optic sensors due to the fact that the sensor itself is a fiber that can 

commingle with the other reinforcing fibers of the material as evidenced in the review 

paper by Zhou and Sim (2002).  MEMS and other microprocessors offer a much more 

diverse sensing potential than fiber optic sensors.  Furthermore, fiber optic sensors do 

not present a networking option within the structure itself, which is integral to a truly 

sensing composite material (Nemat-Nasser et al., 2005).   

 

Advances in the microelectronics industry are clearly showing progress 

towards achieving smaller chip and package sizes, consuming less power, while also 

steadily increasing the processing and functionality.  This work anticipates the 

continued push for smaller and more powerful microprocessors, which will assist in 

mitigating mechanical degradation when integrated into structural composite 

materials.    

  



32 

 

 The envisioned sensors could potentially measure such structural health 

related parameters including temperature, load, strain, acceleration, or acoustic 

emissions.   An initial feasibility study was conducted using a digital thermometer as 

the demonstration sensor (see section 2.3.1).  Based upon the success of this 

preliminary work, mechanical testing focused on integrating a simulated microsensor 

in the form of a chip resistor (see section 2.3.2).  Further efforts to minimize the 

impact of the sensor on the mechanical properties of the host composite led to the 

investigation of polyvinylidene fluoride (PVDF) thin film sensors (see section 2.3.3).   

 

 2.3.1 Temperature sensor 

Preliminary work to demonstrate the feasibility of embedding sensors in 

composite materials was undertaken by Nemat-Nasser et al. (2005).  In this initial 

stage a DS18B20X digital 1-wire thermometer from Maxim/Dallas Semiconductor 

was utilized. The dimensions of the DS18B20X are detailed in Figure 2.9 showing its 

footprint of 1.32 mm by 1.93 mm with a height of 0.69 mm.  It also has a unique 64-

bit address in ROM, and can draw power and communicate via a single wire. The 

communications interface supports a multi-drop network, enabling many such devices 

to operate on the same conductor pair.  A microprocessor was programmed to 

communicate over the network and a more robust configuration with separate power 

and communications lines which share a common ground line was implemented. 
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Figure 2.9: DS18B20X digital 1-wire thermometer from Maxim/Dallas Semiconductor shown 
from side view, bottom view, and top view with mechanical specifications used as the initial 

demonstration sensor by Nemat-Nasser et al. (2005). 
 

 
The initial demonstration utilized a conventional fiberglass based printed 

circuit board (PCB) substrate.  The substrate, FR4, measured 0.254 mm thick, 2.03 

mm wide, and 152.4 mm long with a 0.5 oz. copper foil overlay.  A rapid PCB 

prototyping numerical controlled milling machine was used to create the device land 

pattern seen in Figure 2.10.  The DS18B20X was attached to the substrate a using 

convection hot gas solder reflow technique.   
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Figure 2.10: Photograph showing substrate with fabricated traces and land pattern (below) 
and with sensor attached (above).  Reproduced from Nemat-Nasser et al. (2005). 

 
 

 After electronic testing, the substrate with attached sensor was embedded in a 

glass/epoxy prepreg composed of E-glass and BT-250 epoxy resin as provided by 

Bryte.  The substrate and sensor were placed at the midplane of eight layers of prepreg 

and underwent processing at 121°C with 0.35 MPa of pressure applied for one hour as 

indicated in the manufacturer’s processing specifications.   

 

 Once it was determined that the embedded sensor successfully survived 

processing, a ten by ten array of the sensors was fabricated on similar printed circuit 

board material.  The substrate and sensors were embedded in an aramid/epoxy 

composite via vacuum-assisted resin transfer molding (VARTM).  The resulting panel 

and its temperature sensing ability are shown in Figure 2.11.  Refer to Nemat-Nasser 

et al. (2005) for further details on the preliminary feasibility studies. 
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Figure 2.11:  Aramid/epoxy composite panel with embedded network consisting of a 10 by 
10 array of individually addressable thermal sensors.  A hand is placed on the panel (left) 

generating a thermal image (right).  Reproduced from Nemat-Nasser et al. (2005). 
 
 

 2.3.2 Simulated microsensor/chip resistor 

 With the success of the feasibility study came interest in how the microsensor 

affected the mechanical performance of the composite material.  Due to the high cost 

associated with the DS18B20X digital 1-wire thermometer demonstration sensor, a 

suitable simulated microsensor was chosen in the form of a chip resistor.  A 2A or 

0805 chip resistor was selected to mimic the DS18B20X sensor in both size and 

material for the mechanical testing.  During the mechanical testing to determine the 

effects on the structural integrity of the host composite material, the embedded sensor 

will not be actively sensing, further supporting the use of a simulated microsensor.  

The mechanical construction and dimensions of the chip resistor are shown in Figure 

2.12 and Table 2.7.   
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Figure 2.12: Dimensions and construction of chip resistor used as simulated microsensor.  
Courtesy of Koa Speer Electronics, Inc. 

 
 

Table 2.7: Dimensions of 2A or 0805 chip resistor used as simulated microsensor.   
Courtesy of Koa Speer Electronics, Inc. 

 

 

 2.3.3 Polyvinylidene fluoride (PVDF) sensor 

 The detection of acoustic emissions indicative of events such as matrix 

cracking, matrix/fiber debonding, and fiber breakage would provide a valuable 

indication of the health of a structure.  As this study became interested in detecting 

acoustic emissions, piezoelectric sensors in the form of polyvinylidene fluoride 
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(PVDF) thin film sensors presented themselves as very viable options.  Figure 2.13 

depicts PVDF sensors with signal conditioning in a slave/master network 

configuration.  While other materials exhibit a piezoelectric effect, none are as highly 

piezoelectric as PVDF and its copolymers.  The recent development of new 

copolymers of PVDF permits its use at higher temperature around 135˚C 

(Measurement Specialities, Inc., 2006).  Piezofilms are desirable due to their excellent 

sensitivity and mechanical toughness (Gautschi, 2002).  Several configurations of 

PVDF thin film sensors were investigated in this study.  They are detailed in the 

following sections. 

 

 

Figure 2.13: Diagram of proposed network configuration with PVDF sensor to detect acoustic 
emissions.  The PVDF sensor requires signal conditioning and then connects to the slave 

which reports to the master.  Diagram courtesy of Dr. Fabrizia Ghezzo.  
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 2.3.3.1 PVDF sensor with protective coating 

 This study initially investigated 55 µm thick PVDF sensors with flexible leads 

as depicted in Figure 2.14.  The FDT1-028K model PVDF sensor supplied by 

Measurement Specialties, Inc. consisted of a rectangular element of piezofilm with 

silver ink metallization and a piezo polymer tail that extends from the active sensor 

area as flex circuit material with offset traces all of which was covered with a screen 

printed acrylic protective coating.  The dimensions of the PVDF sensor are detailed in 

Table 2.8.  With the exception of the connector pins, the whole PVDF sensor with 

flexible leads was embedded in the composite material with test specimens extracted 

from the entire length.  The results of the specimens that contained the electrode 

versus the offset traces are given in the respective results sections of this work. 

 

 

 

      

Figure 2.14: Photograph and diagram of FDT1-028K model PVDF thin film sensor with 
details of construction.  Courtesy of Measurement Specialties, Inc. (2006). 
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Table 2.8: Dimensions of FDT1-028K model PVDF thin film sensor depicted in Figure 2.14. 

  A B C D 

Description Film Electrode Film Electrode 

FDT1-028K 16 mm 12 mm 235 mm 30 mm 
 

 

2.3.3.2 PVDF sensor without protective coating 

 Bonding issues between the screen printed acrylic protective coating on the 

FDT1-028K model PVDF sensors and the epoxy arose during the initial mechanical 

testing.  Subsequent tests focused on PVDF sensors consisting strictly of the piezo 

film and metallization as depicted in Figure 2.15. 

 

       

Figure 2.15: Photograph and construction of metallized piezo film sheet.   
Courtesy of Measurement Specialties, Inc. (2006). 

 

 
    Two types of metallized piezo film sheets were investigated; silver ink 

metallization and a nickel copper alloy metallization.  Silver ink is recommended for 
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applications where mechanical stress is being applied, whereas the nickel copper alloy 

has good conductivity and is resistant to oxidation.  The metallized piezo film sheets 

were nominally 28 µm thick; however, only the nickel copper alloy measured 28 µm 

thick.  The silver ink had an actual thickness of 40 µm.  The areal dimensions of the 

bulk sheets are shown in Figure 2.16.   

 

 

Figure 2.16: Dimensions of the piezo film and metallization on the bulk sheets of the PVDF 
sensors which lack the problematic screen printed acrylic protective coating. 

 
 
 

 2.4 Summary     

 The selected composite system and its rationale for use were presented along 

with the composite processing and quality assurance procedures used in this study.  

An initial feasibility study by Nemat-Nasser et al. (2005) demonstrated the ability to 
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detect thermal changes in a composite material via embedded sensors.  The types of 

sensors investigated in this work, including simulated microsensors in the form of 2A 

or 0805 chip resistors and PVDF thin film sensors were introduced.   

 

 2.5 Acknowledgement 

 I would like to thank Mr. Patrick Rye for his assistance with creating the pure 

resin samples.  Mr. Jon Isaacs and Mr. Patrick Rye were integral in utilizing the 

ultrasonic equipment for the material property extraction of the neat resin. 
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Chapter 3 
 
 

Quasi-static tension test 
 
 

3.1 Introduction 

When introducing elements to create an intelligent structure, the principal 

concern is the effect of the embedments on the load carrying capability, structural life, 

and effective elastic modulus of the host composite material.  These issues can be 

addressed by selecting a compatible sensor with minimal size such that it presents the 

smallest interruption to the fewest number of plies in the laminate (Warkentin and 

Crawley, 1991).   

 

The quasi-static tensile tests were conducted in order to characterize the 

ultimate tensile strength, Young’s modulus, ultimate transverse tensile strength, 

transverse Young’s modulus, and maximum in-plane shear strength of the virgin host 

composite material.  Furthermore, the tests were utilized to characterize the effects of 

the simulated microsensor on the strength of the host composite material and the 

failure mechanism.  The tests were conducted in accordance with ASTM 3039 and 

ASTM 3518 standards.  
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3.2 Specimen preparation 

 3.2.1 Specimen layup and fabrication 

 All of the composite panels utilized in this study were processed in a 125 ton 

Wabash laminating hot press according to the general manufacturer specifications 

detailed in Section 2.2.1 with the bagging sequence provided in Figure 2.2.  More 

specifically, the quasi-static tensile tests investigated specimens created from four 

layup scenarios detailed in Figure 3.1. 

 

 

Figure 3.1: Composite laminate prepreg layup sequences for creating [0]2, [90]12, [±45]10, and 
[0]4 with simulated microsensors test specimens for the quasi-static tensile tests in order to 

characterize the ultimate tensile strength, Young’s modulus, ultimate transverse tensile 
strength, transverse Young’s modulus, and maximum in-plane shear strength of the virgin 

material as well as to characterize the effect of the embedment.
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 3.2.2 Specimen machining 

 For the quasi-static tension test specimens, a preliminary cut using a band saw 

was made in order to cut the composite panel down from a size of 305 mm by 305 mm 

to a size of 254 mm by 254 mm, thus eliminating the undesirable edges of the outer 

perimeter of the composite panel.  The panel was then clamped to a polyvinyl chloride 

(PVC) platen and covered with a 1.6 mm thick PVC sheet in order to obtain a clean 

cut edge without any fiber fraying.  A 3.175 mm (1/8 inch) four flute aluminum 

titanium nitride coated end mill was used to cut the samples using a CNC 3-axis 

milling machine.  The cuts were made at a speed of 1500 rpm with a feed rate of 101.6 

mm per minute.  Throughout the machining process, the composite panels were 

flooded with a coolant which was composed of water and a rust inhibitor.  The 

samples were then cleaned with water and thoroughly dried.   

 

 3.2.3 Specimen tabbing 

Tabs are highly recommended when testing unidirectional materials to failure 

in the fiber directions as described in ASTM 3039.  Based upon this, tabs were used 

when testing the [0]2 specimens and the [0]4 specimens with one simulated 

microsensor at the mid-plane between layers of prepreg.  Tabs are also strongly 

recommended when testing unidirectional materials in the matrix direction in order to 

prevent gripping damage, and thus tabs were used on the [90]12 specimens.  
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All tabs were created using the same Bryte prepreg used to create the test 

specimens.  The tabs were machined using the CNC 3-axis milling machine.  The tab 

dimensions were 25.4 mm wide and 50.8 mm in length.  The tabs maintained a low 

beveled edge in order to successfully transition into the gage section of the specimen. 

 

For alignment purposes, tabs of matched thickness were always used.  The tabs 

were bonded to the individual test specimens using Techkits A-12 rigid bond epoxy 

adhesive consisting of a two-part resin and catalyst.  The Techkits epoxy was applied 

to the clean surfaces of the tab and test specimen.  After twenty-four hours at room 

temperature with contact pressure applied, the epoxy cure was complete.  The 

mechanical properties of the Techkits epoxy at ambient conditions are supplied in 

Table 3.1. 

 

Table 3.1: Typical mechanical properties of Techkits A-12 rigid bond epoxy adhesive 
at ambient laboratory conditions. 

 

Property Units Techkits A-12 
Epoxy 

Tensile strength MPa 62.05 
Shear strength MPa 41.37 
Compressive strength MPa 110.32 
Flexural strength MPa 103.42 
Coefficient of thermal 
expansion 

µm/m/˚C 28 

 
 

Multidirectional laminates can be successfully tested without the use of tabs, as 

was the case with the [±45]10 specimens tested here.    
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3.2.4 Thickness and width measurements 

 The tension test specimen width was measured at the central gage location, 

while the thickness measurements were taken at three points along the specimen 

length using flat nose digital calipers.  The average of these measurements was 

determined and used in calculations. 

 

 3.3 Specimen configurations 

 

 

Figure 3.2: Specimen configurations for the quasi-static tensile tests. 

 

 Four specimen configurations were tested in this study as depicted in Figure 

3.2.  [0]2 specimens were created to characterize the ultimate tensile strength and 

Young’s modulus of the material.  [90]12 specimens were created to characterize the 

ultimate transverse strength and transverse Young’s modulus of the material.  [±45]10 
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specimens were created to characterize the in-plane shear response of the material.  

Finally [0]4 specimens with one simulated microsensor at the midplane were created to 

determine the effect an embedment would have on the ultimate tensile strength and 

Young’s modulus.   

 

 The specimens maintained a length of 254 mm and were 25.4 mm wide with 

the respective thicknesses shown in Figure 3.2.  The addition of the simulated 

microsensor to the midplane of the [0]4 specimens still allowed for a completely 

smooth surface finish.  The specimens which had tabs applied had a central gage 

section measuring 152.4 mm in length.   

 

 3.4 Testing equipment and test configuration 

 The quasi-static tension tests were performed using an MTS model 312.21 load 

frame with an MTS model 407 load unit controller.  The load frame was equipped 

with an 88.9 kN (20000 lb) load cell (model 661.21A-03).  Additionally, the load 

frame was equipped with model 647.10 hydraulic wedge grips as shown in Figure 3.3. 
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Figure 3.3: MTS model 312.21 load frame with hydraulic wedge grips and an 88.9 kN load 
cell used to conduct quasi-static tensile tests at CEAM. 

 
 

 3.5 Experimental procedure 

The quasi-static tension tests were performed in displacement control, at 

ambient laboratory conditions.  The crosshead movement was at a rate of 0.020 mm/s.  

The specimens were centrally aligned within the wedge grips.  The test proceeded at 

the specified rate until failure.  A minimum of three test specimens of each 

configuration were tested.  The tests conducted on the [0]2 specimens were performed 

in accordance with ASTM 3039 to determine the ultimate tensile strength and 

Young’s modulus of the unidirectional composite material.  The ultimate tensile 

strength was determined using the following: 

 
APF tu max=                                                      (3.1) 
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where tuF is the ultimate tensile strength (MPa), maxP  is the maximum load before 

failure (N), and A is the average cross-sectional area (mm2).  Strain gages were applied 

to select specimens and the Young’s modulus was determined using: 

 

ε
σ
Δ
Δ

=E                                                           (3.2) 

 
 

where E is the Young’s modulus (GPa), σΔ  is the stress difference (MPa), and εΔ is 

the strain difference.      

 

 The tests conducted on the [90]12 were completed in order to determine the 

transverse Young’s modulus and the ultimate transverse strength.  Transverse tensile 

loading represents the most critical loading scenario for a unidirectional composite 

material.  In this case, the matrix stresses and strains are the governing failure criteria 

(Daniel, 1993).  The ultimate transverse tensile strength was determined using: 

 
APF tu

t
max=                                                   (3.3) 

 
where tu

tF is the ultimate transverse tensile strength (MPa), maxP  is the maximum load 

before failure (N), and A is the average cross-sectional area (mm2).  Strain gages were 

applied to select specimens and the transverse Young’s modulus was determined 

using: 

 

ε
σ
Δ
Δ

=tE                                                     (3.4) 
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where Et is the transverse Young’s modulus (GPa), σΔ  is the stress difference (MPa), 

and εΔ is the strain difference.      

 

 The quasi-static tension tests on the [±45]10 were performed in order to 

determine the in-plane shear response of the laminates according to ASTM 3518.  The 

maximum in-plane shear stress was determined as follows: 

 

 
A

Pm
m

212 =τ                                                         (3.5) 

 

where m
12τ  is the maximum in-plane shear stress (MPa), mP  is the maximum load at or 

below 5% shear strain (N), and A is the cross-sectional area (mm2).  The shear 

modulus was calculated using: 

 

12

12
12 γ

τ
Δ
Δ

=G                                                        (3.6) 

 
 
where 12G  is the shear modulus of elasticity (GPa), 12τΔ  is the difference in applied 

shear stress (MPa), and 12γΔ  is the difference in shear strain. 

 

 During the tensile loading of the [±45]10 test specimens, the first ply failures 

consist primarily of the normal stress failures rather than pure shear failures.  The 

surface plies which are being constrained only by one neighboring ply (as opposed to 

interior plies, which are constrained by two plies, one on each side) represent the 

weakest link.  It is because of this that the actual material shear strength cannot be 
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determined through this test.  Instead, the shear stress at failure is believed to 

underestimate the actual material shear strength except for the case of materials 

capable of sustaining large axial strains (greater than 3%). 

 

 Through these tension tests the fundamental properties of the S-2-glass/epoxy 

composite material are characterized.  The results from tests on samples containing 

embedded simulated microsensors can be compared to these characteristic values to 

determine the effect of the embedment on the mechanical properties of the host 

composite material under quasi-static loading. 

 

 3.6 Experimental results and discussion 

In the results for the quasi-static tension tests described below, there are results 

given for two materials: roll one material and roll two material.  The names simply 

refer to two different rolls of composite prepreg material, one purchased after the other 

had been completely used.  The two different rolls are noted because different rolls 

can vary slightly in composition, and the results from testing panels created from the 

two different rolls can be compared to see how uniform they are since numerous rolls 

of material will be required throughout the duration of the mechanical testing process. 

 

 The results of the [0]2 specimens created from the roll one material are given in 

Table 3.2 and shown in Figure 3.4.  Photographs of the typical failure sequence are 

shown in Figure 3.5.  The tests concluded that the average ultimate tensile strength 

was 1635.09 MPa which is in agreement with the values of the properties as provided 
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by Bryte; see Table 3.3.  Using data gathered through the use of strain gages, the 

Young’s Modulus was determined to be 46.51 GPa, which is also in agreement with 

the values published by Bryte.  The average fiber volume fraction of the panel used to 

create the test specimens was 51%. 

 

Table 3.2: Results from quasi-static tension tests of S-2/BT250E-1 [0]2 specimens from roll 
one material. 

 

Sample 
Ultimate 
Tensile 

Strength 
(MPa) 

Average 
Ultimate 
Tensile 

Strength (MPa) 

Standard 
Deviation 

Coefficient 
of 

Variation 
(%) 

E 
(GPa) 

Max 
Deformation 

(%) 

2 1692.258           
3 1598.519           
4 1665.651           
5 1583.925           
    1635.09 52.15 3.19 46.51 4.89 
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Figure 3.4: Plot of results from quasi-static tension tests of S-2/BT250E-1 [0]2 specimens 
from roll one material. 
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Figure 3.5: Photographs of typical failure sequence from quasi-static tension tests of  
S-2/BT250E-1 [0]2 specimens. 

 
 
 

 The same tension tests were conducted on [0]2 specimens created from material 

from roll two as well.  The results are provided in Table 3.4 and Figure 3.6.  The tests 

concluded that the average ultimate tensile strength was 1621.50 MPa, and the 

Young’s Modulus was 47.80 GPa.  These values once again are in agreement with 

those provided by Bryte.  The average fiber volume fraction of the panel used to create 

the test specimens was 52%. 

 

Table 3.4: Results from quasi-static tension tests of S-2/BT250E-1 [0]2 specimens from roll 
two material. 

 

Sample 
Max 

Tensile 
Stress 
(MPa) 

Average Max 
Tensile Stress 

(MPa) 
Standard 
Deviation

Coefficient 
of 

Variation 
(%) 

E 
(GPa) 

Max 
Deformation 

(%) 

1 1605           
2 1638           
    1621.5 23.33 1.44 47.80 5.2 
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Figure 3.6: Plot of results from quasi-static tension tests of S-2/BT250E-1 [0]2 specimens 
from roll two material. 

 
 

 The results from the two rolls of prepreg material are quite close.  In 

comparing the results from the tension tests on the two rolls, the ultimate tensile 

strength of specimens from roll two differed by 0.83% from specimens from roll one.  

The Young’s modulus of the specimens from roll two differed by 2.78% from the 

specimens from roll one.  These results bode quite well for the mechanical testing as 

the manufactured rolls prove to be made quite uniformly from roll to roll.   

 

 Similar tests were conducted on [90]12 specimens made from roll one material.  

The results are given in Table 3.5 with photographs of the typical failure sequence 

shown in Figure 3.7.  The average maximum transverse stress was determined to be 
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58.17 MPa.  The average fiber volume fraction of the panel used to create the test 

specimens was 50%.  

 

Table 3.5: Results from quasi-static tension tests of S-2/BT250E-1 [90]12 specimens from roll 
one material. 

 

Sample 
Failure 
Stress 
(MPa) 

Average 
Failure Stress 

(MPa) 
Standard 
Deviation

Coefficient 
of Variation 

(%) 
Deformation 

(%) 

4 57.7         
5 60         
6 56.8         

    58.17 1.65 2.84 0.62 
 
 

 Similar tests were also conducted on [90]12 specimens made from roll two 

material.  The results are summarized in Table 3.6.  The average maximum transverse 

stress was determined to be 62.27 MPa.  The average fiber volume fraction of the 

panel used to create the test specimens was 52%.  

 

Table 3.6: Results from quasi-static tension tests of S-2/BT250E-1 [90]12 specimens from roll 
two material. 

 

Sample 
Max 

Transverse 
Stress (MPa) 

Average Max 
Transverse 

Stress (MPa) 
Standard 
Deviation

Coefficient 
of Variation 

(%) 
Deformation 

(%) 

1 61.72         
3 61.53         
6 65.18         
7 61.83         

10 61.11         
    62.27 1.65 2.65 0.79 

 
 

 Experimentally, the transverse Young’s modulus was determined to be 11.00 

GPa.  Theoretically, the transverse Young’s modulus was determined to be 10.70 GPa.  
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Thus, the experimental value has a difference of merely 2.8% from the theoretical 

value. 

 

 
 

Figure 3.7: Photographs of typical failure sequence from quasi-static tension tests  
of S-2/BT250E-1 [90]12 specimens. 

 

 
 Comparing the results from the tests involving the roll one material versus the 

roll two material, it is evident that the results from the roll two material are 7.04% 

higher when compared to the results from the roll one material.   

 

 Tension tests were also performed on [±45]10 specimens in order to determine 

the in-plane shear response, or the maximum in-plane shear stress, and the shear 

modulus.  The results of the tests on the [±45]10 specimens made from the roll one 

material are displayed in Table 3.7 and Figure 3.8.  Photographs of the typical failure 

sequence are shown in Figure 3.9.  The specimens had an average maximum in-plane 

shear stress of 52.25 MPa.  Through the use of strain gages, the shear modulus was 
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determined to be 5.40 GPa.  The average fiber volume fraction of the panel used to 

create the test specimens was 51%.  

 

Table 3.7: Results from quasi-static tension tests of S-2/BT250E-1 [±45]10 specimens from 
roll one material. 

 

Sample 
Max 

Tensile 
Stress 
(MPa) 

Average 
Maximum 

Tensile 
Stress (MPa)

Standard 
Deviation 

Coefficient 
of 

Variation 
(%) 

Tau 
Max 

(MPa) 

Average 
Tau Max 

(MPa) 

1 190.08       52.41   
2 188.82       52.00   
3 190.75       52.35   
    189.88 0.98 0.52   52.25 
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Figure 3.8: Plot of results from quasi-static tension tests of S-2/BT250E-1 [±45]10 specimens 
from roll one material. 
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Figure 3.9: Photographs of typical failure sequence from quasi-static tension tests of  
S-2/BT250E-1 [±45]10 specimens. 

 
 
 

 Once again, tension tests were also performed on [±45]10 specimens made 

from roll two material in order to determine the in-plane shear response, or the 

maximum in-plane shear stress, and the shear modulus.  The results of the tests on the 

[±45]10 specimens made from the roll two material are displayed in Table 3.8 and 

Figure 3.10.  The specimens had an average maximum in-plane shear stress of 52.25 

MPa.  Through the use of strain gages, the shear modulus was determined to be 5.70 

GPa.  The average fiber volume fraction of the panel used to create the test specimens 

was 52%.  

 

Table 3.8:  Results from quasi-static tension tests of S-2/BT250E-1 [±45]10 specimens from 
roll two material. 

 

Sample 
Max 

Tensile 
Stress 
(MPa) 

Average Max 
Tensile 

Stress (MPa) 
Standard 
Deviation

Coefficient 
of Variation 

(%) 

Tau 
Max 

(MPa) 

Average 
Tau Max 

(MPa) 

1 205.05       56.21   
2 205.31       55.77   
3 203.23       52.77   
4 206.5       56.07   
    205.02 1.35 0.66   55.20 
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Figure 3.10: Plot of results from quasi-static tension tests of S-2/BT250E-1 [±45]10 specimens 
from roll two material. 

 
 

 In comparing the results from the tests on the roll one material and the roll two 

material, it can be noted that the average maximum in-plane shear stress differs by 

5.6% from the roll two material as compared to the roll one material.  The shear 

modulus also differs by 5.5% from the roll two material when it is compared to the 

results from the roll one material.  Again, the general results between the tests on the 

specimens from the two different rolls are very much in agreement.   

 

 Tests were also conducted on samples with an embedded simulated 

microsensor placed at the midplane between layers of prepreg in a four layer test 



61 

 

specimen.  The [0]4 test specimens with the simulated microsensors embedded at the 

midplane were tested in the same manner as the [0]2 blank test specimens.  The 

samples were designed to be fabricated using four layers of prepreg versus the two 

layers used in the blank samples due to the thickness of the simulated microsensor.  

The results of the tension tests on the [0]4 are detailed in Table 3.9 and Figure 3.11.   

 

Table 3.9: Results from quasi-static tension tests of S-2/BT250E-1 [0]4 specimens with one 
embedded simulated microsensor at the midplane. 

 

Sample Max Tensile 
Stress (MPa) 

Average Max 
Tensile Stress 

(MPa) 
Standard 
Deviation 

Coefficient of 
Variation (%) 

3 1570       
4 1635       
    1602.50 45.96 2.87 
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Figure 3.11: Plot of results from quasi-static tension tests of S-2/BT250E-1 [0]4 specimens 

with one embedded simulated microsensor at the midplane.  
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 In comparing the results from the blank [0]2 specimens with the results from 

the [0]4 with the embedded simulate microsensor it is obvious that the addition of the 

embedded simulated microsensor has a negligible effect upon the ultimate tensile 

strength of the host composite laminate.  The average ultimate tensile strength of the 

[0]4 specimen with the embedded 0805 chip resistor is well within the standard 

deviation of the blank specimens as evidenced by comparing the values in Table 3.9 to 

those of Tables 3.2 and 3.4.  Photographs of the typical failure sequence of the [0]4 

specimen with the embedded simulate microsensor at the midplane are shown in 

Figure 3.12. 

 

 
 

Figure 3.12: Photographs of typical failure sequence from quasi-static tension tests of           
S-2/BT250E-1 [0]4 specimens with one embedded simulated microsensor at the midplane. 

 
 

 The above results indicate that in a quasi-static testing regime, the addition of 

the embedded sensor does not affect the longitudinal tensile strength properties, which 

is consistent with the literature.  However, as evidenced in the photographs, the 

integration of the simulated microsensor did affect the failure mechanism. 
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 Further quasi-static tests have been completed by Dr. Fabrizia Ghezzo which 

are not discussed here.  Moreover, it is important to recognize that further testing, 

namely fatigue tension-tension testing which more realistically portrays an in-service 

loading scenario, is required in order to more fully understand the impact that the 

embedded microsensors may have upon the host composite material. 

 

 3.7 Summary 

The results of the quasi-static tension tests provide valuable baseline values of 

the characteristic properties of the host composite material.  The test results are 

consistent with the values published by the prepreg manufacturer, Bryte.  The 

preliminary results indicate that the introduction of the simulated microsensor (0805 

chip resistor) had a negligible effect upon the ultimate tensile strength of the 

composite material.  While this result is promising, it is critical that further testing that 

more accurately simulates in-service loading be conducted.  
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Chapter 4 
 
 

Three-point bending (short-beam shear) test 
 

4.1 Introduction 

In most fibrous composites, the interlaminar shear strength is considerably 

lower than that of the longitudinal tensile strength (Shindo et al., 2001).  It is the 

interlaminar shear strength that often is the critical parameter.  It follows that with 

laminated composite structures, the delamination failure mode has the potential for 

being the major life-limiting failure process.   Thus, delamination is a fundamental 

issue in the evaluation of laminated composite structures for durability and damage 

tolerance (Whitney, 1989).  

 

With the introduction of sensing elements into the host composite material, 

interlaminar stresses arise at or near the inclusions.  The interlaminar stresses could 

result in delamination.  The occurrence of delamination is problematic for several 

reasons.  Delamination could lead to a reduction in the load carrying capability.  A 

delamination failure between the embedded sensor and the host composite material 
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could cause a sensor to lose its ability to detect its surrounding environment (Shukla 

and Vizzini, 1996).   

 

 
 

Figure 4.1:  Typical three-point bending (short-beam shear) test configuration used to 
determine the short-beam shear strength of high-modulus fiber reinforced composite materials.    

 

 
 The short-beam shear test method based upon ASTM D2344 has become a 

widely used method for characterizing the interlaminar failure resistance of fiber 

reinforced composites (Shindo et al., 2001).  The typical test configuration is shown in 

Figure 4.1.   

 

Although editorially corrected in 2000, ASTM historically referred to it as the 

“apparent” interlaminar shear strength due to the highly complex stress state that 

exists in the short-beam shear specimen.  With the complex internal stresses, although 

shear is the dominant applied loading, several failure modes can occur.  Complications 

arise due to the stress distributions near the loading nose and supports which are not 

specimen 

P 
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span length 

specimen length 



66 

 

predictable by classical beam theory.  However, Adams and Lewis (1995) observed 

that the local compressive damage under the loading cylinder was a minor secondary 

event, if it occurred at all, and that shear (interlaminar) failure modes were typically 

observed in three-point bending tests.  Stress analysis by Shindo et al. (2001) revealed 

that maximum pure shear is present on the midplane.  Thus, under maximum shear 

stress interlaminar shear failure will initiate at the midplane.   It is critical to note that 

unless midplane interlaminar failure has been clearly observed, the short-beam shear 

strength determined from this test method cannot be attributed to a shear property.  

Typical interlaminar failures can be seen in Figure 4.2 along with other possible 

failure modes including those due to flexure and inelastic deformation.   

 
 

 
 

(a) Interlaminar shear failure. 
 
 

 
 
 

(b) Flexure failure due to compressive stresses (left) and due to tensile stresses (right). 
 
 

 
 

(c) Inelastic deformation. 
 
 

Figure 4.2: Typical failure modes observed in the three-point bending (short-beam shear) test.  
(a) Interlaminar shear failure. (b) Flexure failure due to compressive stresses (left) and due to 

tensile stresses (right). (c) Inelastic deformation. 
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The classic interlaminar shear failure is defined as a shear crack at the mid-

thickness of the beam propagating parallel to the axis of the beam (Adams and Lewis, 

1995).  The interlaminar shear strength can be defined as the resistance of a layered 

composite to internal forces that tend to induce relative motion parallel to, and 

between, the layers (Shindo et al., 2001).   

 

Owing to the complexity of internal stresses and the variety of possible failure 

modes, it is generally not possible to relate the short-beam shear strength to any one 

material property.  However, the failures are typically dominated by the resin and 

interlaminar properties.  The test results have been found to be highly repeatable for a 

given specimen geometry, material system, and stacking sequence as evidenced in the 

results section of this work (ASTM, 2000). 

 
 
 In accordance with ASTM D 2344, the quasi-static three-point bending (short-

beam shear) tests were conducted to characterize the short-beam shear strength of the 

host composite material as well as to characterize the subsequent effects of the various 

embedments and their embedding configurations on the short-beam shear strength.   

 

Glass/epoxy composite materials are widely used throughout the automotive, 

aerospace, and aeronautic industries due to their high strength and relatively low cost.  

These glass/epoxy composites are routinely subjected to bending fatigue (Roudet et 

al., 2002).  For composite structures that experience bending, the formation of matrix 

cracks may lead to catastrophic delamination formation and growth (O’Brien et al., 
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2002).  It follows that with laminated composite structures, the delamination failure 

mode has the potential for being the major life-limiting failure process.   Thus, 

delamination is a fundamental issue in the evaluation of laminated composite 

structures for durability and damage tolerance (Whitney, 1989).  

 

The introduction of an advanced sensing network into the composite material 

could prove very useful in monitoring the health of the composite.  The network could 

provide information on the integrity of the composite material, thus preventing 

catastrophic failure.  However, a sensor must be chosen such that it does not degrade 

the host composite material.   

 

Fatigue three-point bending (short-beam shear) tests have been conducted in 

order to more wholly understand the in-service effects of the embedded elements on 

the mechanical properties of the host structural composite material.  Although bending 

fatigue tests are not widely accepted as a standard, they are useful for research 

purposes because bending loads often occur with in-service loading conditions 

(Paepegem et al., 2004).   

 

Based upon these studies, an optimum sensor and embedding configuration are 

selected for the purpose of creating a composite material with an integrated embedded 

sensing network to allow for structural health monitoring.   
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 4.2 Specimen preparation 

 4.2.1 Specimen layup and fabrication 

 All of the composite panels utilized in this study were processed in a 125 ton 

Wabash laminating hot press according to the general manufacturer specifications 

detailed in Section 2.2.1 with the bagging sequence provided in Figure 2.2.  More 

specifically, each panel consisted of twenty layers of unidirectional S-2-glass/epoxy 

prepreg with some containing the additional embedments of sensors or simulated 

sensors.  Due to the small nature of the short-beam shear specimen and in order to 

increase specimen uniformity, multiple specimen types were fabricated within the 

same composite panel as depicted in Figure 4.3.  The quasi-static and fatigue three-

point bending (short-beam shear) test specimens were created from the same 

composite panel.  That is to say, all of sample type 1 test specimens for both the quasi-

static and fatigue three-point bending (short-beam shear) tests were created within the 

same panel in an effort to minimize specimen variation. 
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Figure 4.3: Composite panel with short-beam shear specimen layout. 
 
 

 4.2.2 Specimen machining 

 The three-point bending (short-beam shear) test specimens were extracted from 

the composite panels using a CNC 3-axis milling machine.  The embedments were 

targeted and marked.  The unidirectional composite panel was then clamped to an 

aluminum plate mounted in a vise.  The panel was flooded or submerged in water in 

order to contain the harmful dust created by cutting the material.  The specimens were 

machined by side milling with a 3.175 mm (0.125 in) diameter titanium nitride coated 

carbide four flute cutter specifically designed for cutting glass/epoxy composite 

materials.  The cutter speed was 1200 rpm, with a feed of 203 mm per minute for 

rough cuts and 101.5 mm per minute for finish cuts.  All cuts were done at full depth, 

305 mm

305 mm

sample type 1 sample type 1 sample type 1 

sample type 2 sample type 2 sample type 2 

sample type 3 sample type 3 sample type 3 

sample type 1 sample type 1 sample type 1 

sample type 2 sample type 2 sample type 2 

sample type 3 sample type 3 sample type 3 
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the thickness of the composite panel.  Finally, the specimens were deburred, rinsed 

with water, and thoroughly dried. 

 

 4.2.3 Thickness and width measurements 

 The thickness of each three-point bending (short-beam shear) specimen was 

measured at three points along the length of the specimen using flat nose digital 

calipers.  The average of these measurements was determined and used in calculations. 

 

 4.3 Specimen configurations 

 Each specimen consisted of twenty layers of S-2-glass/epoxy prepreg, with the 

fiber direction of each ply coinciding with the span direction of the beam, thus far 

exceeding the ASTM prescribed 10% fiber minimum in the span direction.  Being 

purely unidirectional laminates, the specimens were both balanced and symmetric with 

respect to the span direction of the beam.  The specimen geometry is governed by the 

following equations: 

 
6×= thicknesslengthSpecimen                                   (4.1) 

 

0.2×= thicknesswidthSpecimen                                 (4.2) 

 
Per ASTM, the test method is limited to test specimens maintaining a 

minimum thickness of 2.0 mm, but not exceeding 6.0 mm.  Analysis by Adams and 

Lewis (1994) indicated that using a width-to-thickness ratio that exceeds a factor of 
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2.0 can result in a significant shear stress variation along the width of the specimen.  

The typical geometry of the specimens tested in this study is detailed in Figure 4.4. 

 

Figure 4.4: Typical geometry of the short-beam shear specimens investigated in the quasi-
static three-point bending (short-beam shear) tests. 

 
 

The three-point bending (short-beam shear) tests investigated eleven different 

specimen configurations.  Independent of whether the specimen contained an 

embedment, all of the specimens maintained a smooth surface finish.  The various 

specimen configurations are depicted in Figure 4.5.  The blank specimens consisted 

solely of the unidirectional S-2-glass/epoxy prepreg.  The G-10 specimens consisted 

of an entire layer of the commonly used printed circuit board material G-10/FR4 

Garolite (0.18 mm thick) at the midplane.  Specimens that contained two 0805 chip 

resistors to simulate embedded microsensors at the mid-plane placed between the 

layers of prepreg (hereafter referred to as embedded sensor specimen) were also 

created.  Specimens that contained two 0805 chip resistors to simulate embedded 

microsensors at the mid-plane placed within precision punched layers of prepreg 

(hereafter referred to as punched sensor specimen) were created in order to avoid the 

eye shaped resin pockets and fiber distortion associated with the embedded sensor 

4.36 mm 
8.76 mm 

25.4 mm 
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specimens.  In both sensor specimen configurations, the simulated microsensors were 

located equidistant from the loading nose and supports.   

 

The first type of PVDF specimen consisted of an entire layer of PVDF sensor 

with silver ink metallization and an acrylic screen printed protective coating (hereafter 

referred to as PVDF protective coating midplane specimen).  Due to lackluster 

results caused by poor bonding between the epoxy and the protective coating all 

successive PVDF specimen configurations utilized PVDF consisting solely of the 

piezo film and metallization.  New specimens were fabricated that contained entire 

layers of PVDF sensors with silver ink and nickel copper alloy metallization at the 

midplane (hereafter referred to as PVDF Ag-ink/Ni-Cu midplane specimen).  The 

PVDF sensors were placed in a sandwich configuration between the first and second 

as well as the nineteenth and twentieth layers of prepreg (hereafter referred to as 

PVDF Ag-ink/Ni-Cu sandwich specimens).  Finally, a PVDF sensor specimen was 

created that contained a more representative area of the PVDF sensor placed at the 

midplane of the specimen (hereafter referred to as PVDF Ag-ink/Ni-Cu 

representative area midplane specimen).  The PVDF sensor at the midplane of the 

representative area specimens measured 12.7 mm long by 6.35 mm wide. 



74 

 

 

 

 
Figure 4.5: Specimen configurations for three-point bending (short-beam shear) tests.  (a) 
Blank specimen.  (b) G-10 specimen.  (c) Embedded sensor specimen.  (d) Punched sensor 
specimen.  (e) PVDF protective coating midplane specimen (Ag-ink).  (f) PVDF sandwich 

specimen (Ag-ink and Ni-Cu).  (g) PVDF midplane specimen (Ag-ink and Ni-Cu).  (h) PVDF 
representative area midplane specimen (Ag-ink and Ni-Cu). 

 
 

 4.4 Testing equipment and test configuration 

 The three-point bending (short-beam shear) tests were performed using an 

MTS model 309.20 load frame with an MTS model 490.05B unit controller.  The load 

frame was equipped with a 22.2 kN (5000 lb) load cell.  Additionally, the load frame 

(d) Punched sensor specimen (c) Embedded sensor specimen 

(a) Blank specimen (b) G-10 specimen 

(e) PVDF protective coating midplane 
specimen (Ag-ink) 

(g) PVDF midplane specimen  
(Ag-ink and Ni-Cu) 

(f) PVDF sandwich specimen  
(Ag-ink and Ni-Cu) 

(h) PVDF representative area 
midplane specimen            
(Ag-ink and Ni-Cu) 



75 

 

was outfitted with a three-point bending fixture, shown in Figure 4.6, manufactured by 

Wyoming Test Fixtures, Inc.  The test fixture consists of individual upper and lower 

supports kept in proper alignment through two linear bearings.  The loading nose 

cylinder has a 6.00 mm diameter, while the support cylinders each maintain a 3.00 mm 

diameter.  All cylinders had a hardness within the range of 60 to 62 HRC and were 

free to rotate.  The three-point bending (short-beam shear) tests were performed with a 

bottom span length of 17.42 mm, with a span-to-specimen thickness ratio of 4.0, all in 

accordance with ASTM D 2344.   

 

 
  

Figure 4.6: Three-point bending (short-beam shear) test fixture manufactured by Wyoming 
Test Fixtures, Inc. 

 

 

 4.5 Experimental procedure 

 4.5.1 Quasi-static three-point bending (short-beam shear) 

 The quasi-static three-point bending (short-beam shear) tests were performed 

in displacement control, at ambient laboratory conditions.  The crosshead movement 
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was at a rate of 1.25 mm/min (0.05 in/min).  The specimens were centrally aligned on 

the supports using a custom machined specimen alignment guide.  The test proceeded 

until one of the following events occurred: a load drop-off of 30%, complete two-

piece specimen failure, or travel of the loading head exceeding the nominal specimen 

thickness.  Per ASTM, a minimum of five specimens, but typically six specimens of 

each configuration, were tested. 

 

 The short beam shear strength is determined using the following equation, as 

given in ASTM D 2344: 

 

bh
PF m

SBS
75.0

=                                                       (4.3) 

 

where FSBS (MPa) is the short-beam shear strength, Pm (N) is the maximum load 

observed during test, b (mm) is the measured specimen width, and h (mm) is the 

measured specimen thickness. 

 

 4.5.2 Fatigue three-point bending (short-beam shear) test 

The fatigue three-point bending (short-beam shear) tests have been conducted 

in order to more wholly understand the in-service effects of the embedded elements on 

the mechanical properties of the host structural composite material.  Each specimen 

configuration had a complete sampling of twelve specimens tested.  The tests were 

performed in the same MTS universal testing machine as the quasi-static tests, under 
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load control and at ambient laboratory conditions.  The specimens were centrally 

aligned on the supports using a custom machined specimen alignment guide.   

 

The specimens were cyclically loaded between 222 N (50 lb) and 2224 N (500 

lb) using a sinusoidal input wave function at a frequency of 10 Hz.  The cyclic loads 

correspond to 6% and 60% of the short beam shear strength of the blank specimens, 

respectively.  Thus, the stress ratio was equal to 0.1 which is typical of aircraft 

component fatigue testing.  This frequency led to a temperature increase of less than 

5˚C, which is significantly lower than the maximum of 10˚C recommended by Sims 

and Gladman (1982) for not disrupting the material behavior.   

 

With the fatigue three-point bending (short-beam shear) test specimen 

constantly under load, specimen chatter or drifting was not problematic.  Furthermore, 

with the loading nose constantly in contact with the test specimen, any impact reaction 

during the fatigue testing was eliminated (Chen and Matthews, 1994).  The specimens 

were centrally aligned on the supports and such that the unidirectional fibers were 

oriented along the span of the fixture.  The fatigue tests were carried out until 

specimen failure, indicated by interlaminar cracks and the modulus of the specimen 

decreasing to the point that specimen triggered displacement interlocks at 2.54 mm. 

 

 4.6 Experimental results and discussion 

 4.6.1 Quasi-static three-point bending (short-beam shear) test 
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 The blank specimens, G-10 specimens, and embedded sensors specimens were 

created in the same composite panel in order to promote specimen uniformity.  That 

panel had an average fiber volume fraction of 51.23%.   

 

 The quasi-static three-point bending (short-beam shear) tests concluded that 

the average short-beam shear strength of the blank specimens was 72.96 MPa.  The 

results from the blank specimens are detailed in Table 4.1.  Photographic results 

indicating classic interlaminar shear failure are shown in Figure 4.7. 

 

Table 4.1: Quasi-static three-point bending (short-beam shear) test results for blank 
specimens from a composite panel with an average fiber volume fraction of 51.23%. 

 

Sample 
Short Beam 

Shear Strength 
(MPa) 

Average Short 
Beam Shear 

Strength (MPa) 
Standard 
Deviation 

Coefficient of 
Variation (%) 

SBSB1 72.70       
SBSB2 73.68       
SBSB3 72.90       
SBSB4 72.66       
SBSB5 72.75       
SBSB6 73.08       

    72.96 0.38 0.53 
 

 

Figure 4.7: Diagram of blank specimen with photograph of interlaminar shear failure in 
quasi-static three-point bending (short-beam shear) blank test specimen. 
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The quasi-static three-point bending (short-beam shear) tests concluded that 

the average short-beam shear strength of the G-10 specimens was 73.67 MPa.  The 

results from the G-10 specimens are detailed in Table 4.2.  Photographic results 

indicating classic interlaminar shear failure are shown in Figure 4.8.   

 

Table 4.2: Quasi-static three-point bending (short-beam shear) test results for G-10 specimens 
from a composite panel with an average fiber volume fraction of 51.23%. 

     

Sample 
Short Beam 

Shear Strength 
(MPa) 

Average Short 
Beam Shear 

Strength (MPa) 
Standard 
Deviation 

Coefficient of 
Variation (%) 

SBSG1 73.71       
SBSG2 73.91       
SBSG3 73.75       
SBSG4 73.11       
SBSG5 73.63       
SBSG6 73.91       

    73.67 0.30 0.40 
 

 

Figure 4.8: Diagram of G-10 specimen with photograph of interlaminar shear failure in quasi-
static three-point bending (short-beam shear) G-10 test specimen. 

 
 

The quasi-static three-point bending (short-beam shear) tests concluded that 

the average short-beam shear strength of the embedded sensor specimens was 71.45 

MPa.  The results from the embedded sensor specimens are detailed in Table 4.3.  
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Photographic results indicating classic interlaminar shear failure are shown in Figure 

4.9.   

 

Table 4.3: Quasi-static three-point bending (short-beam shear) test results for embedded 
sensor specimens from a composite panel with an average fiber volume fraction of 51.23%. 
     

Sample 
Short Beam 

Shear Strength 
(MPa) 

Average Short 
Beam Shear 

Strength (MPa) 
Standard 
Deviation 

Coefficient of 
Variation (%) 

SBSS1 71.00       
SBSS2 71.78       
SBSS3 70.53       
SBSS4 71.70       
SBSS5 71.07       
SBSS6 72.61       

    71.45 0.74 1.03 
 

 

Figure 4.9: Diagram of embedded sensor specimen with photograph of interlaminar shear 
failure in quasi-static three-point bending (short-beam shear) embedded sensor test specimen. 

 
 

A second panel containing the punched sensor specimens was created.  This 

second panel also contained blank specimens and embedded sensor specimens in order 

to compare the results obtained from panel to panel and to note any distinct variations.  

The second panel had an average fiber volume fraction of 54.04%.  
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The quasi-static three-point bending (short-beam shear) tests concluded that 

the average short-beam shear strength of the blank specimens from the second panel 

was 73.50 MPa.  The results from the blank specimens from the second composite 

panel are detailed in Table 4.4.   

 

Table 4.4: Quasi-static three-point bending (short-beam shear) test results for blank 
specimens from the second composite panel with an average fiber volume fraction of 54.04%. 
      

Sample 
Short Beam 

Shear Strength 
(MPa) 

Average Short 
Beam Shear 

Strength (MPa) 
Standard 
Deviation 

Coefficient of 
Variation (%) 

SBSB2_1 73.61       
SBSB2_2 74.07       
SBSB2_3 73.51       
SBSB2_4 73.10       
SBSB2_5 73.22       
SBSB2_6 73.50       

    73.50 0.34 0.46 
 
 

The quasi-static three-point bending (short-beam shear) tests concluded that 

the average short-beam shear strength of the embedded sensor specimens from the 

second panel was 73.63 MPa.  The results from the embedded sensor specimens from 

the second composite panel are detailed in Table 4.5.   
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Table 4.5: Quasi-static three-point bending (short-beam shear) test results for  
embedded sensor specimens from the second composite panel with an average  

fiber volume fraction of 54.04%. 
     

Sample 
Short Beam 

Shear Strength 
(MPa) 

Average Short 
Beam Shear 

Strength (MPa) 
Standard 
Deviation 

Coefficient of 
Variation (%) 

SBSE1 74.01       
SBSE2 74.64       
SBSE3 73.13       
SBSE4 73.56       
SBSE5 71.45       
SBSE6 74.96       

    73.63 1.26 1.71 
 
 
 

The quasi-static three-point bending (short-beam shear) tests concluded that 

the average short-beam shear strength of the punched sensor specimens from the 

second panel was 73.69 MPa.  The results from the punched sensor specimens from 

the second composite panel are detailed in Table 4.6.  Photographic results indicating 

classic interlaminar shear failure are shown in Figure 4.10.   

 

Table 4.6: Quasi-static three-point bending (short-beam shear) test results for punched sensor 
specimens from the second composite panel with an average fiber volume fraction of 54.04%. 

 

Sample 
Short Beam 

Shear Strength 
(MPa) 

Average Short 
Beam Shear 

Strength (MPa) 
Standard 
Deviation 

Coefficient of 
Variation (%) 

SBSP1 73.67       
SBSP2 74.25       
SBSP3 72.63       
SBSP4 74.71       
SBSP5 74.20       
SBSP6 72.66       

    73.69 0.87 1.18 
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Figure 4.10: Diagram of punched sensor specimen with photograph of interlaminar shear 
failure in quasi-static three-point bending (short-beam shear) punched sensor test specimen 

made from the second composite panel. 
 

 
Another composite panel containing PVDF protective coating midplane 

specimens (Ag-ink) had an average fiber volume fraction of 53.19%.  The quasi-static 

three-point bending (short-beam shear) tests concluded that the average short-beam 

shear strength of the PVDF protective coating midplane specimens (Ag-ink) was 

67.67 MPa, when considering only specimens containing the segment with the active 

sensing area.   These results are detailed in Table 4.7.  The quasi-static three-point 

bending (short-beam shear) tests concluded that the average short-beam shear strength 

of the PVDF protective coating midplane specimens (Ag-ink) was 66.44 MPa, when 

considering only specimens containing the segment with the offset traces.   These 

results are detailed in Table 4.8.  Photographic results indicating classic interlaminar 

shear failure are shown in Figure 4.11.   
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Table 4.7: Quasi-static three-point bending (short-beam shear) test results for PVDF 
protective coating midplane specimens (Ag-ink) containing the active sensor segment from the 

composite panel with an average fiber volume fraction of 53.19%. 
     

Sample 
Short Beam 

Shear Strength 
(MPa) 

Average Short 
Beam Shear 

Strength (MPa) 
Standard 
Deviation 

Coefficient of 
Variation (%) 

SBSVE1 64.38       
SBSVE2 69.00       
SBSVE3 69.63       

    67.67 2.87 4.24 
 
 
 

 

Figure 4.11: Diagram of PVDF protective coating midplane specimen (Ag-ink) with 
photograph of interlaminar shear failure in quasi-static three-point bending (short-beam shear) 

PVDF protective coating midplane specimen (Ag-ink). 
 
 
 

Table 4.8: Quasi-static three-point bending (short-beam shear) test results for PVDF 
protective coating midplane specimens (Ag-ink) containing the traces segment from the 

composite panel with an average fiber volume fraction of 53.19%. 
 

Sample 
Short Beam 

Shear Strength 
(MPa) 

Average Short 
Beam Shear 

Strength (MPa) 
Standard 
Deviation 

Coefficient of 
Variation (%) 

SBSV1 69.44       
SBSV2 67.60       
SBSV3 65.59       
SBSV4 68.28       
SBSV5 67.69       
SBSV6 60.03       

    66.44 3.38 5.09 
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Another panel containing PVDF sandwich specimens (Ag-ink and Ni-Cu) and 

PVDF midplane specimens (Ag-ink and Ni-Cu) had an average fiber volume fraction 

of 53.11%.   The quasi-static three-point bending (short-beam shear) tests concluded 

that the average short-beam shear strength of the PVDF Ag-ink sandwich specimens 

was 67.29 MPa.  The results from the PVDF Ag-ink sandwich specimens are detailed 

in Table 4.9.  Photographic results indicating classic interlaminar shear failure are 

shown in Figure 4.12.   

 

Table 4.9: Quasi-static three-point bending (short-beam shear) test results for PVDF Ag-ink 
sandwich specimens from the composite panel with an average fiber volume fraction of 

53.11%. 
 

Sample 
Short Beam 

Shear Strength 
(MPa) 

Average Short 
Beam Shear 

Strength (MPa) 
Standard 
Deviation 

Coefficient of 
Variation (%) 

SBSAgS1 67.41       
SBSAgS2 69.34       
SBSAgS3 67.61       
SBSAgS4 64.73       
SBSAgS5 68.52       
SBSAgS6 66.12       

    67.29 1.66 2.47 
 

 

 

Figure 4.12: Diagram of PVDF Ag-ink sandwich specimen with photograph of interlaminar 
shear failure in quasi-static three-point bending (short-beam shear) PVDF Ag-ink sandwich 

specimen. 
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The quasi-static three-point bending (short-beam shear) tests concluded that 

the average short-beam shear strength of the PVDF Ni-Cu sandwich specimens was 

68.30 MPa.  The results from the PVDF Ni-Cu sandwich specimens are detailed in 

Table 4.10.  Photographic results indicating classic interlaminar shear failure are 

shown in Figure 4.13.   

 

Table 4.10: Quasi-static three-point bending (short-beam shear) test results for PVDF Ni-Cu 
sandwich specimens from the composite panel with an average fiber volume fraction of 

53.11%. 
 

Sample 
Short Beam 

Shear Strength 
(MPa) 

Average Short 
Beam Shear 

Strength (MPa) 
Standard 
Deviation 

Coefficient of 
Variation (%) 

SBSNCS1 68.40       
SBSNCS2 66.68       
SBSNCS3 70.36       
SBSNCS4 68.26       
SBSNCS5 68.25       
SBSNCS6 67.84       

    68.30 1.19 1.75 
 

 

 

Figure 4.13: Diagram of PVDF Ni-Cu sandwich specimen with photograph of interlaminar 
shear failure in quasi-static three-point bending (short-beam shear) PVDF Ni-Cu sandwich 

specimen. 
 

 



87 

 

The quasi-static three-point bending (short-beam shear) tests concluded that 

the average short-beam shear strength of the PVDF Ag-ink midplane specimens was 

64.58 MPa.  The results from the PVDF Ag-ink midplane specimens are detailed in 

Table 4.11.  Photographic results indicating classic interlaminar shear failure are 

shown in Figure 4.14.   

 

Table 4.11: Quasi-static three-point bending (short-beam shear) test results for PVDF  
Ag-ink midplane specimens from the composite panel with an average fiber volume 

fraction of 53.11%. 
 

Sample 
Short Beam 

Shear Strength 
(MPa) 

Average Short 
Beam Shear 

Strength (MPa) 
Standard 
Deviation 

Coefficient of 
Variation (%) 

SBSAgM1 65.06       
SBSAgM2 63.07       
SBSAgM3 65.88       
SBSAgM4 65.77       
SBSAgM5 64.78       
SBSAgM6 62.92       

    64.58 1.30 2.01 
 

 

 

Figure 4.14: Diagram of PVDF Ag-ink midplane specimen with photograph of interlaminar 
shear failure in quasi-static three-point bending (short-beam shear) PVDF Ag-ink midplane 

specimen. 
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The quasi-static three-point bending (short-beam shear) tests concluded that 

the average short-beam shear strength of the PVDF Ni-Cu midplane specimens was 

64.64 MPa.  The results from the PVDF Ni-Cu midplane specimens are detailed in 

Table 4.12.  Photographic results indicating classic interlaminar shear failure are 

shown in Figure 4.15.   

 

Table 4.12: Quasi-static three-point bending (short-beam shear) test results for PVDF Ni-Cu 
midplane specimens from the composite panel with an average fiber volume fraction of 

53.11%. 
 

Sample 
Short Beam 

Shear Strength 
(MPa) 

Average Short 
Beam Shear 

Strength (MPa) 
Standard 
Deviation 

Coefficient of 
Variation (%) 

SBSNCM1 65.29       
SBSNCM2 66.67       
SBSNCM3 63.29       
SBSNCM4 64.07       
SBSNCM5 63.87       

    64.64 1.35 2.09 
 

 

 

Figure 4.15: Diagram of PVDF Ni-Cu midplane specimen with photograph of interlaminar 
shear failure in quasi-static three-point bending (short-beam shear) PVDF Ni-Cu midplane 

specimen. 
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A final panel containing the PVDF representative area midplane specimens         

(Ag-ink and Ni-Cu) was fabricated and had an average fiber volume fraction of 

49.05%.   The quasi-static three-point bending (short-beam shear) tests concluded that 

the average short-beam shear strength of the PVDF Ag-ink representative area 

midplane specimens was 66.39 MPa.  The results from the PVDF Ag-ink 

representative area midplane specimens are detailed in Table 4.13.  Photographic 

results indicating classic interlaminar shear failure are shown in Figure 4.16.   

 

Table 4.13: Quasi-static three-point bending (short-beam shear) test results for PVDF Ag-
ink representative area midplane specimens from the composite panel with an average 

fiber volume fraction of 49.05%. 
 

Sample 
Short Beam 

Shear Strength 
(MPa) 

Average Short 
Beam Shear 

Strength (MPa) 
Standard 
Deviation 

Coefficient of 
Variation (%) 

SBSRAg1 66.81       
SBSRAg2 66.27       
SBSRAg3 66.75       
SBSRAg4 63.71       
SBSRAg5 66.64       
SBSRAg6 68.19       

    66.39 1.47 2.21 
 

 

 

Figure 4.16: Diagram of PVDF Ag-ink representative area midplane specimen with 
photograph of interlaminar shear failure in quasi-static three-point bending (short-beam shear) 

PVDF Ag-ink representative area midplane specimen. 
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The quasi-static three-point bending (short-beam shear) tests concluded that 

the average short-beam shear strength of the PVDF Ni-Cu representative area 

midplane specimens was 69.51 MPa.  The results from the PVDF Ni-Cu sandwich 

specimens are detailed in Table 4.14.  Photographic results indicating classic 

interlaminar shear failure are shown in Figure 4.17.   

 

Table 4.14: Quasi-static three-point bending (short-beam shear) test results for PVDF Ni-Cu 
representative area midplane specimens from the composite panel with an average fiber 

volume fraction of 49.05%. 
 

Sample 
Short Beam 

Shear Strength 
(MPa) 

Average Short 
Beam Shear 

Strength (MPa) 
Standard 
Deviation 

Coefficient of 
Variation (%) 

SBSRNC1 69.03       
SBSRNC2 69.71       
SBSRNC3 68.15       
SBSRNC4 70.58       
SBSRNC5 69.53       
SBSRNC6 70.07       

    69.51 0.85 1.22 
 

 

 

Figure 4.17: Diagram of PVDF Ni-Cu representative area midplane specimen with 
photograph of interlaminar shear failure in quasi-static three-point bending (short-beam shear) 

PVDF Ni-Cu representative area midplane specimen. 
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 The results of the quasi-static three-point bending (short-beam shear) tests on 

the various specimen configurations are summarized in a plot shown in Figure 4.18, be 

sure to note the scale for short-beam shear strength. 
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Figure 4.18: Summary of quasi-static three-point bending  
(short-beam shear) test results for the various  

specimen configurations. 
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 The test results have been found to be highly repeatable for a given specimen 

geometry, material system, and stacking sequence.  Comparing the results of the blank 

specimens from the two different panels, it is evident that there is a great deal of 

uniformity from panel to panel as the difference in the average short beam shear 

strength is very close and nearly within the standard deviation.  The slightly higher 

values in the blank specimens from the second panel can be attributed to the fact that 

the composite panel had a slightly higher fiber volume fraction by approximately 

2.8%.  Although the end user’s fabrication process is the same for the two panels, the 

slight difference in fiber volume fractions is likely due to the slight variations in the 

rolls due to the manufacturing process.  As noted on the manufacturer’s certification, 

the percentage of resin by weight can vary up to 3% from roll to roll. 

  

 The results from the embedded sensor specimens from the two different panels 

were also in close agreement.  The slight variations in short beam shear strength could 

also be attributed to the differences in the average fiber volume fraction of the 

composite panels.   

 

 The introduction of the entire layer of G-10 at the midplane did not affect the 

short beam shear strength of the host composite material.  The average short beam 

shear strength of the G-10 specimen was within the standard deviation of the blank 

specimens. 
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 When the simulated microsensors were integrated in the punched sensor 

specimen configuration in which the middle two plies of prepreg were precision 

punched, the simulated microsensors did not have an effect on the short beam shear 

strength. 

 

 The integration of the PVDF sensors in all configurations did slightly lower the 

average short beam shear strength of the test specimens, although the values were still 

within 10% of the short beam shear strength of the blank specimens.  As previously 

stated, there were bonding issues between the screen printed acrylic protective coating 

on the original PVDF sensors and the epoxy of the host prepreg.  This poor bonding 

could contribute to the lower average short beam shear strength that was observed.  

However, even in the sandwich configuration, both the Ag-ink and Ni-Cu 

metallizations resulted in lower average short beam shear strengths.  The average short 

beam shear strengths were lowest for the PVDF midplane specimens, both Ag-ink and 

Ni-Cu.  The varying coefficients of thermal expansion of the partially cured prepreg 

and the fully cured PVDF piezo film sensor can induce stresses along the bond site, 

which could results in interlaminar failure at a lower stress.  Finally, the PVDF 

representative area specimens, both Ag-ink and Ni-Cu metallizations, displayed higher 

average short beam shear strengths than the PVDF midplane specimens, but were still 

noticeably lower than the blank specimens.  The composite panel from which the 

PVDF representative area specimens were extracted had an average fiber volume 

fraction that was lower than both of the panels from which blank specimens were 

extracted. 
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 The results of the quasi-static three-point bending (short-beam) tests concluded 

that the embedded layer of G-10/FR4 Garolite, the two 0805 chip resistors simulating 

microsensors embedded between layers of prepreg, and the two 0805 chip resistors 

simulating microsensors embedded within precision punched cut-outs in the prepreg 

had a negligible effect on the short beam shear strength.  In general, it can be stated 

that all test configurations had nearly the same short beam shear strength.  Therefore, 

further testing, namely three-point bending (short beam) fatigue tests were conducted 

in order in order to more conclusively understand the effect of the embedded elements 

on the mechanical properties of the host structural composite material. 

 

 4.6.2 Fatigue three-point bending (short-beam shear) test 

As is common in fatigue testing, in all cases the scatter in fatigue lives was 

greater than one order of magnitude consistent with other bending fatigue testing as noted 

by O’Brien et al. (2002).  
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The results of the fatigue three-point bending (short-beam shear) tests concluded 

that the blank specimens had an average fatigue life of 1.71 x 106 cycles with a 

coefficient of variation of 49.20%.  Interlaminar failure typical of the blank specimens is 

depicted in the photographic result of Figure 4.19 with the complete results given in 

Figure 4.20. 

 

 
 

Figure 4.19: Typical interlaminar failure of blank specimen subjected to fatigue three-point 
bending (short-beam shear) loading. 

 

 
 

Figure 4.20: Fatigue three-point bending (short-beam shear) results for blank specimens. 
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The results of the fatigue three-point bending (short-beam shear) tests concluded 

that the G-10 specimens had an average fatigue life of 0.76 x 106 cycles with a coefficient 

of variation of 40.67%.  Interlaminar failure typical of the G-10 specimens is depicted in 

the photographic result of Figure 4.21 with the complete results given in Figure 4.22. 

 
 

 
 

Figure 4.21: Typical interlaminar failure of G-10 specimen subjected to fatigue three-point 
bending (short-beam shear) loading. 

 

 
Figure 4.22: Fatigue three-point bending (short-beam shear) results for G-10 specimens. 
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The results of the fatigue three-point bending (short-beam shear) tests concluded 

that the embedded sensor specimens had an average fatigue life of 0.53 x 106 cycles with 

a coefficient of variation of 51.30%.  Interlaminar failure typical of the embedded sensor 

specimens is depicted in the photographic result of Figure 4.23 with the complete results 

given in Figure 4.24. 

 
 

Figure 4.23: Typical interlaminar failure of embedded sensor specimen subjected to fatigue 
three-point bending (short-beam shear) loading. 

 

 

Figure 4.24: Fatigue three-point bending (short-beam shear) results for embedded sensor 
specimens. 
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The results of the fatigue three-point bending (short-beam shear) tests concluded 

that the punched sensor specimens had an average fatigue life of 1.44 x 106 cycles with a 

coefficient of variation of 56.89%.  Interlaminar failure typical of the punched sensor 

specimens is depicted in the photographic result of Figure 4.25 with the complete results 

given in Figure 4.26. 

 
 

Figure 4.25: Typical interlaminar failure of punched sensor specimen subjected to fatigue 
three-point bending (short-beam shear) loading. 

 

Figure 4.26: Fatigue three-point bending (short-beam shear) results for punched sensor 
specimens. 
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The results of the fatigue three-point bending (short-beam shear) tests concluded 

that the PVDF Ag-ink protective coating midplane specimens had an average fatigue life 

of 0.05 x 106 cycles with a coefficient of variation of 59.09%.  Interlaminar failure typical 

of the PVDF Ag-ink protective coating midplane specimens is depicted in the 

photographic result of Figure 4.27 with the complete results given in Figure 4.28. 

 
 

Figure 4.27: Typical interlaminar failure of PVDF Ag-ink protective coating midplane 
specimen subjected to fatigue three-point bending (short-beam shear) loading. 

 

 
Figure 4.28: Fatigue three-point bending (short-beam shear) results for PVDF Ag-ink protective 

coating midplane specimens. 
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The results of the fatigue three-point bending (short-beam shear) tests concluded 

that the PVDF Ag-ink sandwich specimens had an average fatigue life of 1.06 x 106 

cycles with a coefficient of variation of 48.41%.  Interlaminar failure typical of the PVDF 

Ag-ink sandwich specimens is depicted in the photographic result of Figure 4.29 with the 

complete results given in Figure 4.30. 

 
 

Figure 4.29: Typical interlaminar failure of PVDF Ag-ink sandwich specimen subjected to 
fatigue three-point bending (short-beam shear) loading. 

 

 
Figure 4.30: Fatigue three-point bending (short-beam shear) results for PVDF Ag-ink sandwich 

specimens. 
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The results of the fatigue three-point bending (short-beam shear) tests concluded 

that the PVDF Ni-Cu sandwich specimens had an average fatigue life of 1.18 x 106 

cycles with a coefficient of variation of 40.48%.  Interlaminar failure typical of the PVDF 

Ni-Cu sandwich specimens is depicted in the photographic result of Figure 4.31 with the 

complete results given in Figure 4.32. 

 
 
 

Figure 4.31: Typical interlaminar failure of PVDF Ni-Cu sandwich specimen subjected to 
fatigue three-point bending (short-beam shear) loading. 

 

 
Figure 4.32: Fatigue three-point bending (short-beam shear) results for PVDF Ni-Cu sandwich 

specimens. 
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The results of the fatigue three-point bending (short-beam shear) tests concluded 

that the PVDF Ag-ink midplane specimens had an average fatigue life of 0.21 x 106 

cycles with a coefficient of variation of 42.07%.  Interlaminar failure typical of the PVDF 

Ag-ink midplane specimens is depicted in the photographic result of Figure 4.33 with the 

complete results given in Figure 4.34. 

 
 

Figure 4.33: Typical interlaminar failure of PVDF Ag-ink midplane specimen subjected to 
fatigue three-point bending (short-beam shear) loading. 

 

 
 
Figure 4.34: Fatigue three-point bending (short-beam shear) results for PVDF Ag-ink midplane 

specimens. 
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The results of the fatigue three-point bending (short-beam shear) tests concluded 

that the PVDF Ni-Cu midplane specimens had an average fatigue life of 0.56 x 106 cycles 

with a coefficient of variation of 53.99%.  Interlaminar failure typical of the PVDF Ni-

Cu midplane specimens is depicted in the photographic result of Figure 4.35 with the 

complete results given in Figure 4.36. 

 
 

Figure 4.35: Typical interlaminar failure of PVDF Ni-Cu midplane specimen subjected to 
fatigue three-point bending (short-beam shear) loading. 

 

 
 

Figure 4.36: Fatigue three-point bending (short-beam shear) results for PVDF Ni-Cu midplane 
specimens. 
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The results of the fatigue three-point bending (short-beam shear) tests concluded 

that the PVDF Ag-ink representative area midplane specimens had an average fatigue life 

of 2.50 x 106 cycles with a coefficient of variation of 31.92%.  Interlaminar failure typical 

of the PVDF Ag-ink representative area midplane specimens is depicted in the 

photographic result of Figure 4.37 with the complete results given in Figure 4.38. 

 

 
 

Figure 4.37: Typical interlaminar failure of PVDF Ag-ink representative area midplane 
specimen subjected to fatigue three-point bending (short-beam shear) loading. 

 
 

Figure 4.38: Fatigue three-point bending (short-beam shear) results for PVDF Ag-ink 
representative area midplane specimens. 
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The results of the fatigue three-point bending (short-beam shear) tests concluded 

that the PVDF Ni-Cu representative area midplane specimens had an average fatigue life 

of 1.98 x 106 cycles with a coefficient of variation of 61.44%.  Interlaminar failure typical 

of the PVDF Ag-ink representative area midplane specimens is depicted in the 

photographic result of Figure 4.39 with the complete results given in Figure 4.40. 

 
 
 
 
 
 
 
 

Figure 4.39: Typical interlaminar failure of PVDF Ni-Cu representative area midplane 
specimen subjected to fatigue three-point bending (short-beam shear) loading. 

 

 

Figure 4.40: Fatigue three-point bending (short-beam shear) results for PVDF Ni-Cu 
representative area midplane specimens. 
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 Table 4.15 provides a summary of the average fatigue lives of each specimen 

configuration along with the normalized fatigue life (as compared to that of the blank 

specimen configuration).   

 
Table 4.15: Summary of fatigue three-point bending (short-beam shear) test results including 

average fatigue life and normalized fatigue life. 
 
Specimen 
Configuration 

Specimen 
Diagram 

Average 
Fatigue Life 

Normalized 
Average Fatigue 

Life 

Blank specimen 
 

1.71E+06 1.00 

G-10 specimen 
 

0.76E+06 0.45 

Embedded sensor 
specimen 

 
0.53E+06 0.31 

Punched sensor 
specimen 

 
1.44E+06 0.85 

PVDF protective coating 
midplane specimen 

 
4.84E+04 0.03 

PVDF Ag-ink sandwich 
specimen 

 
1.06E+06 0.62 

PVDF Ni-Cu sandwich 
specimen 

 
1.18E+06 0.69 

PVDF Ag-ink midplane 
specimen 

 
0.21E+06 0.12 

PVDF Ni-Cu midplane 
specimen 

 
0.56E+06 0.33 

PVDF Ag-ink 
representative area 
midplane specimen 

 
2.50E+06 1.46 

PVDF Ni-Cu 
representative area 
midplane specimen 

 
1.98E+06 1.16 
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 Based upon the fatigue three-point bending (short-beam shear) test results, it is 

evident that the type of embedment and the method in which the sensor is integrated into 

the host composite material have profound effects on the fatigue life.  The tests 

concluded that the introduction of the simulated microsensor in the embedded sensor 

configuration significantly decreased the average fatigue life.  In fact, the resulting 

average fatigue life of embedded sensor specimens was less than half of the average 

fatigue life of the blank specimens.  Through the use of precision punched prepreg in the 

punched sensor specimens, an average fatigue life of nearly 85% the life of the blank 

specimen was achieved.  These results are further supported by the numerical studies 

performed by Mr. Yi Huang in which he determined the equivalent shear stress 

concentration factor.  Based upon his work, it is evident that there is a correlation 

between the shear stress concentration factor and the fatigue life as shown in Table 4.16.  

The fatigue life is very sensitive to the local stress concentration introduced by the 

embedment. 

 
Table 4.16: Effect of the shear stress concentration factor on the fatigue life. 

 
 Equivalent Shear Stress 

Concentration factor 
Normalized Fatigue life 

(experimental) 
Blank Specimens 1.00 1.00 
Punched Specimen 1.96 0.85 
Embedded Specimens 3.20 0.31 

 

 
Delamination along the bond site between the layer of G-10/FR4 Garolite and 

the prepreg could be due to the varying coefficients of thermal expansion of the 
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partially cured prepreg and the fully cured G-10/FR4 Garolite which can induce 

stresses along the bond site.   

 

In the embedded sensor specimens, delamination at the midplane is evident as 

one of the two sensors embedded at the midplane becomes visible.  The failure most 

likely initiated in the resin pocket adjacent to the embedded sensors, as this is the 

weakest region.  The failure of the punched sensor specimen is likely to have been set 

in motion beginning with the resin pockets around the simulated microsensor.  

Although the primary motivation behind using precision punched prepreg was to 

eliminate the voids and resin pockets formed when the microsensor is simply placed 

between layers of prepreg, it is impossible to completely do so.  

 

 The introduction of the sensor into the composite creates a matrix rich region 

in the local area surrounding the sensor.  With the matrix constituent being the weaker 

of the two phases, the region surrounding the sensor becomes a probable site of 

damage initiation.  It is well known that when an optical fiber is embedded into a fiber 

reinforced composite, an eye shaped resin pocket usually forms due to the distortion of 

the neighboring fibers.  Photographs (Figure 4.41) and micrographs (Figure 4.42) 

show that the same is true for rectangular shaped embedments when simply embedded 

between layers of prepreg.   
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Figure 4.41: Resin pockets in three-point bending (short-beam shear) embedded sensor test 
specimen. 

 

 

 
 

Figure 4.42: Resin pockets surrounding rectangular simulated microsensor. 
 
 
 

 The large eye shape resin pockets form due to the distortion of the neighboring 

fibers.  This was the primary motivation behind creating precision punched cut-outs in 

the prepreg to accommodate the embedded sensor.  Through the use of precision 

punched cut-outs, the fibers no longer are distorted as they maneuver themselves 

around the embedded sensor, instead, the fibers continue up until they reach the sensor 

microsensor 
resin pocket 

distorted fibers

microsensor 

resin pockets 
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interface, thus eliminating the problematic fiber distortion and eye shape resin pocket.  

This is concisely exemplified in the micrographs shown below in Figures 4.43 a - e. 

 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

 
 

(d) 
 

 
 

(e)  
 

Figure 4.43: (a) Micrograph (125X) of blank specimen. (b) Micrograph (125X) of embedded 
sensor specimen. (c) Micrograph (125X) of embedded sensor specimen with resin pockets 

highlighted in red, voids highlighted in black, and sensors highlighted in gold. (d) Micrograph 
(125X) of punched sensor specimen. (e) Micrograph (125X) of punched sensor specimen with 
resin pockets highlighted in red, voids highlighted in black, and sensors highlighted in gold. 
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 The initial introduction of the PVDF sensor in the form of the PVDF Ag-ink 

protective coating midplane specimens clearly demonstrated that there was a bonding 

issue between the screen printed acrylic protective coating and the epoxy of the host 

composite material.  Once the protective coating was eliminated, the fatigue lives of 

the various PVDF configurations improved.   

 

 The PVDF sandwich configuration was briefly investigated, and though the 

configuration fared quite well, the study was still primarily interested in embedding at 

the midplane.  The initial results from the PVDF (Ag-ink and NI-Cu) midplane 

specimens were lackluster.  However, integrating an entire layer of PVDF at the 

midplane represents a worst case scenario.  Once the PVDF was integrated using a 

more representative area of the material (12.7 mm by 6.35 mm), the fatigue lives 

increased dramatically.   

 

 Although the PVDF Ag-ink representative area midplane specimen achieved a 

higher average fatigue life as compared to the PVDF Ni-Cu representative area 

midplane specimen, the Ag-ink metallization had a tendency to migrate and short out 

circuits after being subjected to the composite processing procedure.  Thus, the Ni-Cu 

metallization has been selected for use in the composite material in order to create an 

integrated embedded sensing network. 
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 4.7 Summary 

 The results from the quasi-static three-point bending (short-beam shear) tests 

have been found to be highly repeatable for a given specimen geometry, material 

system, and stacking sequence.  The tests produced very characteristic results.  

Furthermore, in the quasi-static loading regime, the tests indicated that the 

introduction of the simulated microsensors, G-10, and various PVDF sensors had a 

negligible effect on the average short beam shear strength, regardless of the 

configuration.   

 

 Fatigue three-point bending (short-beam shear) tests, which more accurately 

simulate real world or in-service loading conditions have been conducted.  The results 

of the tests indicate that the type of embedment and the method in which the sensor is 

integrated into the host composite material have profound effects on the fatigue life.   

 

 The primary goal of this research is to ultimately extend the functionality of 

the composite material beyond that of simply load bearing by enabling in situ sensing 

without compromising the structural integrity of the host composite material.  The 

PVDF Ni-Cu sensor has been selected for integration into the host glass/epoxy 

composite material based upon its test results. 

 

 It is important to note that the particular geometry of the short-beam shear test 

specimen is designed to lend itself to interlaminar shear failure upon three-point 
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bending loading.  Thus, upon full-scale implementation even under three-point 

bending loading, this failure mode may not be the dominant failure mode.  

  

 Furthermore, for the three-point bending (short-beam shear) test specimens, all 

of the sensors that were embedded in the host composite material cover a rather large 

area relative to the overall size of the test specimen.  Therefore, the results presented 

here again may not be indicative of those expected upon full-scale implementation.   
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