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(Abstract) 

An adaptation of an extrinsic Fabry-Perot interferometer (EFPI) strain sensor 

is described, which permits the state of cure of an epoxy matrix to be 

monitored, when the sensor is embedded in a polymeric matrix composite. 

By using a glass rod with a retroreflecting end for the target fiber in the EFPI 

sensor, the intensity of the light reflected depends on the refractive index of 

the host matrix, if a low coherence source is used. As the epoxy cross-links 

during cure, the refractive index of the epoxy will increase to a value 

exceeding that of the target fiber. The resulting increased loss in the fiber can 

be detected at the sensor output and correlated to the state of cure of the 

epoxy. After cure, the sensor may be operated as a conventional extrinsic 

Fabry-Perot interferometric strain sensor if a coherent source is used. Using 

the modified extrinsic Fabry-Perot sensor, we monitor the cure of Devcon® 

5-Minute® Epoxy, and show that it cures in approximately 60 minutes.
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Chapter 1 - Introduction 

1.1 Summary 

The motivation for this work is based on the need to monitor the cure and 

in-service health of composite materials. Traditional cure cycles are inflexible 

and waste time and heat. Cure monitoring sensors are needed to develop 

intelligent temperature controllers. Several dedicated sensors have been 

developed that sense (in real time) when cure is complete. This paper 

primarily describes the development of a versatile fiber optic sensor (a 

modified extrinsic Fabry-Perot interferometer sensor), that can be embedded 

in a polymer matrix composite part to monitor the state of the composite 

“from cradle to grave." During composite fabrication, this modified extrinsic 

Fabry-Perot sensor produces quantitative data which indicates the degree of 

polymerization. After cure, this sensor can measure internal strains of the 

composite part. 

Our experimental results indicate that the index of refraction of Devcon® 5 

Minute® Epoxy changes from 1.54 to 1.58 during cure. Using the modified 

extrinsic Fabry-Perot sensor, we monitor the cure of Devcon® 5 Minute® 

Epoxy, and show that it cures in approximately 60 minutes. After cure, we 

demonstrate that the sensor can measure internal composite strains. In order 
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to reduce unwanted reflections, we suggest in the future that multilayer 

dichroic coatings be applied to fiber ends. 

1.2 Background 

The use of composite materials as engineering materials for aircraft, 

automobiles, boats, buildings, containers and large structures has been 

accelerating due to the advantages that composites offer over other candidate 

materials. These advantages include high strength and stiffness to weight 

ratios, good fatigue resistance, low radar cross-section, good corrosion 

resistance, and the flexibility to tailor the mechanical properties geometrically. 

The use of composite materials as primary structural members in critical 

applications such as aircraft, automobiles, bridges, and building supports has 

been proposed, but the deployment of composite structural members has 

lagged due to high manufacturing costs combined with the need to 

demonstrate the reliability of such members. Damage from impacts, 

environmental effects, or processing defects may not be manifested on the 

surface of the composite, and therefore detection requires expensive and 

difficult nondestructive evaluation techniques. The development of sensors 

that may be integrated directly into composite materials so that information 

regarding the internal states of the component will speed the use of 

composites as structural members by reducing uncertainty of the state of the 

material. 

A breakdown of industrial use of composite materials in the late 1980's and 

early 1990's shows that the automobile, marine and construction industries 
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produced roughly 60% of composites. The remaining 40% was divided 

among several industries including the space, commercial aircraft and 

defense industries [1]. The main growth area for composites has been mass 

production industries. In particular, the automotive and marine industries 

have steadily increased their use of composites. Applications include 

recreational boat hulls, car body panels and bumpers. The advantages of 

using composites in mass production include parts consolidation, reduced 

tooling cost, improved corrosion resistance and the ability to modify styling at 

lower cost [2]. The main driving factor for using composites in mass 

production is cost reduction rather than strength. The cost-conscious 

consumer has forced mass production industries to fabricate composite parts 

in several minutes rather than several hours or days. 

The space, commercial aircraft and defense industries are leaders in 

developing and using advanced composites as structural members in critical 

applications. The term advanced composites generally refers to high 

performance composites that require several hours or days rather than 

several minutes to fabricate. Examples include carbon-epoxy composites, 

carbon-carbon composites, ceramic matrix composites and metal matrix 

composites. Applications include: aircraft brakes, vertical fins, horizontal 

tails, rudders, ailerons, satellite booms, prosthetics for joints, and the space 

shuttle bay doors [3, 4]. The main advantages of using advanced composites 

are high strength and stiffness to weight ratios, good fatigue resistance, low 

radar cross-section, good corrosion resistance, and the flexibility to tailor the 

mechanical properties geometrically. 
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The use of advanced composites in military vehicles is expected to steadily 

increase in order to reduce weight. However, the commercial aircraft 

industry offers the greatest growth potential for advanced composites. If the 

increased cost of producing composite parts versus metal parts could be offset 

by lower aircraft weight and increased fuel efficiency, the use of composites in 

commercial aircraft would increase dramatically. For example, carbon-carbon 

composite brakes outperform conventional steel brakes by a factor of 20 while 

saving up to 1500 Ib. in large aircraft [5]. Although the composite brakes cost 

more to make than steel brakes, the increased cost of manufacturing 

composite brakes is offset by the savings in fuel cost and maintenance. As 

advanced composite manufacturing costs decrease, the use of advanced 

composites will steadily increase. 

1.3 Epoxy Cure 

Manufacturing of epoxy matrix composites involves several steps, of which 

cure is the most important [6]. An improperly cured composite is likely to 

prematurely fail. Cure refers to the irreversible chemical reaction during 

which the epoxy branches, gels and crosslinks. The curing process transforms 

layers of reinforcing fibers and soft tacky resin into a hard structural member. 

Epoxy resins are low molecular weight organic liquids containing several 

epoxide groups, which are three membered rings containing one oxygen and 

two carbon atoms [7]: 
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Figure 1.1 Epoxide Group. 

The resin is formed by placing two or more epoxide groups on an unsaturated 

polymer. To harden the epoxy, a curing agent is mixed into the epoxy resin 

which polymerizes the resin and forms a solid crosslinked network. In an 

epoxy reaction, the epoxide group is opened and a donor hydrogen atom from 

typically an anime or hydroxyl group bonds with the oxygen atom from the 

epoxide group. The reaction does not produce a by-product, but does produce 

heat and is accompanied by a small amount of shrinkage [8]. The cure or 

crosslinking process can be characterized as shown in Fig. 1.2 

a. Starting Polymers b. Linear Growth/Branching 

Figure 1.2 Epoxy Cure Process. 
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c. Gelation d. Complete Cure 

Figure 1.2 Epoxy Cure Process. 

As the process begins, neighboring polymers are joined together to form 

branches. The branches continue to grow until the reaction reaches a gel 

point, at which an infinite molecular weight network begins to form. Before 

the reaching the gel point, the polymers are highly branched but not yet 

crosslinked. After gelation, crosslinking occurs and the epoxy quickly 

hardens. A sketch of the viscosity versus "P", the fraction of epoxide groups 

reacted, is shown in Fig. 1.3. 
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Pp Gel Point 1.0 
  

Figure 1.3 Viscosity vs. "P" the fraction of epoxide groups reacted. 
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Notice that the viscosity is nearly constant and then increases sharply for 

reactions beyond the gel point. This non-linear cure allows the epoxy to 

thoroughly penetrate and wet reinforcing fibers before hardening. 

A major objective in manufacturing composite parts is to minimize cure 

time. Curing time can be reduced by heating the composite more quickly and 

at higher temperatures, but the hazards include thermal runaway and 

thermal degradation [9]. Traditional manufacture cure cycles have evolved 

from trial and error experiments. Conventional controllers are used to 

control temperature and pressure at pre specified set points. However, 

conventional cure cycles are inflexible, unadaptible and do not necessarily 

minimize cure time. In addition, empirically determined cure cycles cannot 

account for batch to batch property variations. Thus, a sensor that can be 

directly integrated in the composite to monitor composite behavior in real 

time is necessary to develop flexible and intelligent controllers. 

Development of sensors for epoxy cure monitoring has been pursued by 

several researchers. For example, Fourier Transform Infrared (FTIR) 

spectroscopy has been demonstrated for cure state measurements. In this 

approach, an FTIR spectrometer is used to analyze the output of a fluoride or 

chalcogenide infrared fiber which is embedded in an epoxy matrix [10,11]. 

Harrold and Sanjana have demonstrated the use of ultrasonic measurements 

to detect the change in modulus of the epoxy at the gel point, from which the 

cure state may be inferred [12]. Another innovative technique is the so-called 

fluorescence optrode cure sensor developed by Levy, in which the intensity of 
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fluorescence from an epoxy specimen depends on the viscosity, and therefore 

the cure state, of the material [13]. 

A number of demonstrated cure sensors exploit the principle that the 

dielectric constant or refractive index of an epoxy increases with crosslinking 

[14]. Microdielectrometry was used by Senturia to determine cure state by 

measuring the dielectric properties of the epoxy using an electronic radio 

frequency dielectrometer over a frequency spectrum from 5mHz to 10kHz, 

and correlating the results to the degree of crosslinking [15]. Finally, a 

variation on the theme of cure monitoring through refractometry was 

realized by Afromowitz, who fashioned a short length of multimode optical 

waveguide from the same epoxy that was monitored [16]. 

The multifunctional sensor demonstrated in this paper is an evolutionary 

adaptation of the extrinsic Fabry-Perot interferometric (EFPI) fiber optic sensor 

developed by Murphy, et. al. at the Fiber and Electro-Optics Research Center of 

Virginia Tech [17]. The use of the EFPI sensor for the measurement of surface 

strains and internal strains in composite materials has been validated in 

several tests. The innovation described here is the redesign of the EFPI sensor 

to render it capable of measuring the cure state during fabrication of a 

polymeric matrix composite, while still permitting the sensor to function as a 

strain sensor after fabrication. By changing the type of glass fiber used for 

certain parts of the sensor, and employing a low-coherence light source, it is 

possible to use the sensor to measure the refractive index of an epoxy matrix 

during cure. It has been well recognized that the refractive index of an epoxy 

depends upon the cure state [18], and in fact optical sensors applying this 
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principle have been designed as dedicated (non-strain) sensors to monitor 

cure state [19]. 

This paper is broken into five chapters. The following chapter describes the 

specifics of the EFPI strain sensor, and its applications in epoxy matrix 

composites. Chapter 3 examines epoxy composite cure, and the sensors used 

to monitor composite cure. Chapter 4 describes in detail the redesign of the 

EFPI sensor to render it capable of measuring the cure state during fabrication, 

and reviews experimental results from the sensor. Chapter 5 summarizes 

the paper and provides suggestions for future work. 
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Chapter 2 - Extrinsic Fabry-Perot Interferometer for 

Strain Sensing in Epoxy Composites 

2.1 Principles of Operation 

An interferometer is an optical instrument that operates on in the principle 

of interference between two coherent light waves. An interferometer splits a 

light wave into two or more waves, delays the waves by unequal distances, 

redirects and combines the waves, and detects the intensity of the recombined 

waves. Fig. 2.1 below illustrates a Mach-Zehnder interferometer. 

  

Figure 2.1 Mach-Zehnder interferometer. 

In Fig. 2.1, an incoming plane wave is split into two plane waves using a 

beam splitter. The second wave travels a distance d further than the first 

wave, and the two waves are then recombined using a second beam splitter. 

The intensity at the photodetector is the superposition of the two waves. 

Interferometers commonly use one wave as a reference, and a second wave 

for detecting changes in optical path length. 
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Assuming that the two waves are traveling in the z direction towards the 

photodetector, their complex amplitudes can be written as U, = u Ze tkor | 

U,= 1 2eikol4) where I, and I, are the intensities of the two waves, and ky is 

the free space propagation constant. The intensity at the photodetector is 

given by 

2 2 2 * * 

1=|Uf =|U,+UJ =|U,| Hus +U,U, + U,V, 2.1 

T=], +1, + 21;71)"cos (kpd ) 2.2 
1=Ine + Ios ene, 2.3 

The intensity I depends upon the delay and the wavelength. If d isa 

multiple of A, constructive interference occurs and I=Ip,t+I. Ifd is an odd 

multiple of 4/2, destructive interference occurs and I=1I),-I). Interferometers 

commonly use one wave as a reference and a second wave for detecting 

changes in optical path lengths due to environmental changes (for example 

strain, temperature, pressure, etc.). 

Over the past 15 years, researchers have fabricated interferometers using 

optical fiber rather than bulk optics. Optical fiber and optical fiber couplers 

now often replace mirrors and beam splitters. The physical effects in optical 

fibers considered detrimental to fiber optic communications are now used as 

sensing devices. Single-mode optical fiber interferometers are used to 

measure a variety of physical parameters such as strain, temperature, 

pressure, vibrations, etc. [20]. The advantages of using optical fiber rather 

than bulk optics to make interferometric sensors include: small size, light 

weight, portability, remoteness, sensitivity and cost. 
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One attractive single-mode fiber sensor used for measuring strain is a low- 

finesse extrinsic Fabry-Perot interferometer (EFPI). Similar to the Mach- 

Zender interferometer described earlier, the EFPI is a phase sensor that uses 

an optical path length difference to measure strain. The geometry of the EFPI 

low finesse sensor is shown in Fig. 2.2. A single-mode fiber, used as an 

    

  

    

  

   

Sensor Head 

  

  

  

     
Data 

Acquisition b<qq— 
System       

Multimode 
___ (Reflector) fiber 

x   

Shattered 

Fiber End 

Single-Mode * 
(Input) Fiber 

Figure 2.2 Geometry of EFPI strain sensor. 

input/output fiber, and a multimode fiber, used purely as a reflector, form an 

air gap that acts as a low-finesse Fabry-Perot cavity. The hollow core fiber, a 

glass capillary tube, serves to align the two fibers collinearly. The Fresnel 

reflection from the glass/air interface at the front of the air gap (reference 

reflection) and the reflection from the air/glass interface at the far end of the 

air gap (sensing reflection) interfere in the input/output fiber. Although 

multiple reflections occur within the air gap, the effect of reflections 

subsequent to the ones mentioned above will be shown to be negligible. The 

light that passes unreflected through the air gap enters the multimode 
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reflector fiber, which guides it to the end of the fiber. The end of the fiber is 

typically shattered to scatter or refract light from the fiber in order to 

eliminate unwanted reflections that do not contribute to the interference 

signal. As the sensor is strained, the silica tube and hence the air gap changes 

in length, which causes a change in the phase difference between the 

reference and sensing reflections. The intensity of the light monitored at the 

output of a coupler responds sinusoidally to a linear strain field. 

To determine the EFPI's output intensity, first consider the Fabry-Perot 

interferometer shown in Fig. 2.3 below. 

glass air glass 

E, d 

E, 

E, 

E;, 

K,.<_— 

  

Figure 2.3 Fabry-Perot interferometer. 

Assuming normal incidence, the ratio of the reflected light intensity I, to the 

incident intensity I, for the Fabry-Perot interferometer with equal surface 

reflectivities can be expressed as [21], (See Appendix A1 for details) 

r_ 2R(1 - cos(8)) A 

I 1 - 2Reos(@) + R? 
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where @ is the round trip phase shift, and R is the reflectivity at each interface. 

The phase shift 0 is given by 

9 = 2dnk, = ana 2.5 

where 

n = index of refraction for air, (n=1) 

d = air gap width separation, 

X. = wavelength of the laser. 

The small air gap causes an optical path length difference in the 

interferometer. If the wavelength and the reflectivity at the interfaces are 

constant, the reflected intensity is simply a function of the gap displacement 

d. 

If the index of refraction of the glass is assumed to be 1.46 (as it is for the EFPI 

sensor), then the reflectivity, R =.035. If we neglect terms containing R’ and 

expand equation 2.4 using 1/(1-x) = 1+x, we find (see appendix A.2 for details) 

|
 

= 2R(1-cos (8)) 2.6 

—
 

1 

= Inc + [pcos (8). 2.7 

Notice that Eqn. 2.7 is the interference of only two waves, and resembles the 

output from the Mach-Zender interferometer. A sketch of the multiple beam 

and two beam intensity transfer functions vs. phase is shown in Fig. 2.4. A 

maximum error of 6.5% occurs when 6 = 2nme where m is an integer. 
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Figure 2.4 Fabry-Perot transfer functions. 

The small error between the two-beam and multiple-beam transfer functions 

is considered negligible, and the two beam approximation is generally used 

[22]. If the output of the EFPI is assumed to be the interference between two 

plane waves (two beam interference), the intensity at the detector is given by 

    

  

  

2 2 Lace =|U,+Uf° =|A [+ 2A, A,cos(@,-0,) + [AJ 2.8 

2 

L., = Aj 1+ Zita Amd) 4 _tta 2.9 det = Al | +7 Fa tan|siml(NA)] °°) * |a+ 2d tan|sin1(NA)] 

where 

U, =A elt 2) 2.10 

Up = Ay elit +k@2d) ita eile + k(e-2d)) | 211 

| a + 2d tan|sin-1(NA)| 

    

and a is the fiber core radius, t is the transmission coefficient of the air-glass 

interface (=.98), t’ is the transmission coefficient of the glass-air interface 

(=.98), d is the end separation and NA is the numerical aperture of the single 

mode fiber [17]. The amplitude coefficient A, is calculated assuming a 
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uniform electric field amplitude in a solid cone defined by the numerical 

aperture. 

From equation 2.9, we find that the EFPI sensor has a sinusoidal response to a 

linear strain field, and a decaying envelope imposed on the sinusoidal 

response due to losses from the separation of the singlemode and multimode 

fibers. Fig. 2.5 shows the output versus time for actual EFPI for an increasing 

gap displacement. (The voltage on Y axis is directly proportional to the light 

intensity at the detector.) The envelope (illustrated in Fig. 2.5) limits the 

EFPI's dynamic range typically from 200-300um. 

2.2 Strain Response 

To measure strain using the EFPI sensor, the relationship between the 

relative phase difference 6 and the axial strain €,,(z) must be determined, 

where z is the arc length parameter denoting the position along the sensing 

cavity. Assuming a constant refractive index in the air gap, the total phase 

shift over the air gap of width d is [23] 

d 

o-| {ao Z. 2.12 
5 dz 

To find d@/dz, we use the method developed by Sirkis [24] which slices the 

sensing region into infinitesimal segments of length Az as shown in Fig. 2.6. 
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Capillary tube 
Segment 

   Adhesive interface 

Figure 2.6 Differential capillary tube segment. 

Since the strain in the sensing region is (1 + €,,(z))Az, the phase change is 

given by 

A@ = “Pa + &,,(z)\Az. 2.13 

Dividing both sides of Eqn. 2.13 by Az and taking the limit as Az approaches 

zero, the total phase change is 

  Q= me | (1 +e,,(z)}dz. 2.14 
0 

2.3. Embedded Strain Sensing 

For an EFPI sensor embedded in an epoxy matrix composite, the expression 

for strain is the same as Eqn. 2.14 [25]. However, if the matrix expands or 

contracts due to temperature changes, the sensor will output additional 

fringes caused by thermal expansion. If the matrix temperature is recorded 

and the thermal expansion coefficient for epoxy matrix is known in the axial 

direction, then the strain can be determined. 
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The EFPI offers two features as an embedded sensor. First, the EFPI senses 

strain only along its axis. By embedding three EFPI sensors orthogonal to 

each other for a Cartesian coordinate system, strain in each direction can be 

determined independently. Second, if the matrix temperature is recorded, 

then the output signals due to strain and temperature can be separated. 

Unlike using network of intrinsic Fabry-Perot interferometric (IFPI) strain 

sensors to sense strain in three directions, if one EFPI sensor fails then strain 

data only in one direction is lost. If one IFPI sensor in a network fails, then 

strain information in all three directions is lost [25]. 
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Chapter 3 - Epoxy Matrix Composite Cure 

3.1 Introduction 

The fabrication of epoxy matrix composites involves the combination of 

matrix and reinforcing fiber such that the matrix penetrates, surrounds and 

wets the fibers, and then cures. The cure time depends upon several factors 

including: the type of epoxy, the type of curing agent, the surrounding 

temperature, and the surrounding pressure. Often, the surrounding 

temperature is increased during the cure process to provide heat which 

speeds the chemical reaction. The applied pressure consolidates the 

reinforcing fibers and matrix, compresses air bubbles, and squeezes excess 

resin out of the composite. 

A major objective of composite fabrication is to minimize cure time without 

damaging the composite. If a composite is over-cured (heated too quickly and 

to too high a temperature), its matrix becomes brittle and weak. For some 

epoxies, heat is necessary for complete cure. Traditionally, composite 

manufactures have developed a separate "cure cycle" from trial and error 

experiments for each epoxy type. Fig. 3.1 shows an empirically developed 

cure cycle for Shell Epon 828 epoxy. Notice that the temperature in Fig. 3.1 is 

increased in small steps over a long period of time. Unfortunately, 
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Figure 3.1 Shell Epon® 828 cure cycle [26]. 

conventional cure cycles do not necessarily minimize cure time. For 

example, the composite sample corresponding to Fig. 3.1 actually cures in 

approximately 200 minutes [26]. The lost time and energy is unnecessary. To 

optimize cure time, sensors are being developed that sense (in real time) 

when the cure is complete. These cure monitoring sensors can be used with 

conventional controllers to form an intelligent control system. 

This chapter is broken into three parts. The first part briefly discusses cure 

modeling. The second part describes in semi-detail six different cure monitor 

sensors (including the modified EFPI cure monitor/strain sensor.) The third 

part is a brief summary. 
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3.2 Cure Modeling 

Several models have been developed which describe the curing process of 

epoxy matrix composites. Some models are theoretical and highly detailed, 

while others are based on empirical data. Cure models are useful for 

determining approximate cure times. The most famous cure model was 

developed by Loos and Springer, and was published in March of 1983 [27]. 

The Loos-Springer model is highly detailed, and models dozens of composite 

cure parameters. However, we will only discuss the Loos-Springer thermo- 

chemical model part of the Loos-Springer model. One other popular model is 

a non-linear differential equation curve fit based on experimental data. This 

empirical model requires two experimentally determined rate constants to 

determine the degree of cure versus time. 

3.2.1 Loos-Springer Thermo-Chemical Model 

The rate at which a composite cures depends upon the rate at which heat is 

transmitted from the surrounding environment to the composite. The 

temperature inside the composite can be calculated using the law of 

conservation of energy together with cure kinetics. If we neglect heat transfer 

from convection, the heat equation can be written as 

a(pCT) _ d{, oT 
K— + al *3, + pH, 3.1 

  

where p and C are the density and specific heat of the composite, K is the 

thermal conductivity in the direction perpendicular to the plane of the 
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composite, and T is the temperature. H is the rate of heat generated by 

chemical reactions and is defined as 

H = GOH 3.2 

where Hp is the total heat of the chemical reaction during cure, do. is the rate 

of cure, and a is the degree of cure. a is defined as 

_ Ho Q= BR’ 3.3 

H(t) is defined as the heat generated from the start of the reaction to some 

time t. The value of alpha ranges from 0 to 1. The value of @ is 0 for uncured 

epoxy and 1 for completely cured epoxy. If the cure rate dependence f (T,«), 

on the surrounding temperature and the degree of cure is known, then @ can 

be calculated by 

t 

—| {da a [ (2 t 3.4 

f (T,a) and the heat of reaction Hp are experimentally determined. Loos and 

Springer have described procedures for finding f (T,a) and Hp [28]. 

3.2.2 Empirical Cure Model 

The empirical model is based on the following relationship [29]: 

da 

dt 

  

k, + ka" - a)" 3.5 
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where do. is the cure rate, @ is the degree of cure, k, and k, are rate constants, 

m and n are constants describing the order of the reaction. m and n are 

determined using the following approximations: 

m = 7.032e"4T (T is the surrounding temperature in degrees Kelvin) 3.6 

n=2-m 3.7 

The rate constants k, and k, depend upon the type of epoxy used and the 

temperature. Dutta and Ryan have described experimental procedures to 

determine k, and k, [30]. To demonstrate the empirical model, values of k, 

and k, (taken from Dutta and Ryan [30]) for Allied Resin Corp., DER-332 

epoxy were used to calculate m,n and @ for temperatures ranging from 90- 

170°C. 
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Figure 3.2 The degree of cure a vs. time for five temperatures. 
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Figure 3.2 above shows the degree of cure a plotted versus time at five 

different temperatures. Notice that the cure time is reduced by increasing the 

surrounding temperature. Also, the rate of cure is very rapid for small values 

of a , but slows considerably as a approaches unity. The curves in Fig. 3.2 

were calculated numerically using a third order Runga-Kutta formula and 

equations 3.5-3.7. 

3.3. Cure Monitor Sensors 

This section describes six basic cure monitoring sensors: infrared absorption 

sensor, acoustic waveguide sensor, fluorescence sensor, dielectric sensor, 

refractive index sensor, and a modified EFPI cure monitor/strain sensor. 

3.3.1 Infrared Absorption Sensor 

The infrared absorption sensor was first demonstrated by Druy and Elandjian 

in 1988 [10]. This sensor uses a Fourier Transform Infrared (FTIR) 

spectrometer to calculate absorption in infrared transmitting fibers. The 

infrared fibers have a silicon polymer coating and can be made from either 

Arsenic Germanium Selenide chalcogenide or heavy metal fluoride glass. 

The sensing area consists of a 3-6 cm long segment of uncoated fiber. The 

coating is removed by soaking the fiber in a chlorinated solvent. 

To monitor the epoxy cure, two identical fibers are placed between an infrared 

source and a FTIR scanning spectrometer. One fiber acts as a reference and 

the other fiber as a sensor. Both fibers are maintained at approximately the 
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same temperature. The reference fiber is kept away from the curing 

composite, while the sensing fiber is embedded within the curing composite. 

The FTIR scanning spectrometer measures the transmitted spectra from each 

fiber, and plots the ratio of the sensing fiber spectra divided by the reference 

fiber spectra. The ratio is monitored during epoxy cure. As the epoxy cures, 

the transmission ratio increases. The transmission ratio increase is directly 

related to the -NH bending in the simplified curing reaction shown below 

[10]: 

R,NH + OCH,CHR —R,NCH,CH(OH)R 

Figures 3.3 and 3.4 show the transmission ratio vs. the wavenumber for 

uncured and cured epoxy respectively. Notice that the transmission ratio at 

approximately 3370 cm-! increased as the epoxy cured. (The sharp dip at = 

3370 cm! disappeared.) The amount of increase is related to the degree of 

cure. 

3.3.2 Acoustic Waveguide Sensor 

In this approach, an acoustic waveguide is embedded in curing epoxy. The 

waveguide acts as a sensor by detecting changes in the curing epoxy's acoustic 

impedance. As the epoxy cures, its acoustic impedance increases. The epoxy's 

acoustic impedance is directly related to its viscosity, and the viscosity is 

related to the degree of cure [12]. Thus, the cure state can be inferred by 

measuring changes in acoustic impedance. 
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Figure 3.4 Transmission ratio for cured epoxy [10]. 
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Fig. 3.5 shows a typical experimental setup. An acoustic waveguide 1-1.5 mm 

in diameter, consisting of a glass fiber or a metal wire, is embedded in a curing 

composite. The composite is often placed in an oven or hot press, and is 

cured at elevated temperatures. An ultrasonic transmitter is bonded to one 

end of the waveguide, and an ultrasonic receiver is bonded to the other end. 

The acoustic wave frequency is typically 70-80 kHz. A function generator is 

used to drive the transmitter. Signals from the receiver are sent to an 

oscilloscope. Since the epoxy’s acoustic impedance is equal to the product of 

its density (p) and its acoustic wave speed (c), changes in the acoustic 

impedance cause changes in the attenuation of the transmitted waves 

through the waveguide. As the epoxy cures, its viscosity increases. Since 

viscosity and acoustic impedance are related, the cure can be determined by 

monitoring attenuation changes. Changes in attenuation can be measured 

using an oscilloscope. 

Figs. 3.6 and 3.7 show the transmitted acoustic signal, and temperature, versus 

time for Hercules® 3501-6 epoxy. Fig. 3.6 displays signals from a Nichrome 

waveguide while Fig. 3.7 displays signals from a polyester/glass waveguide. 

Notice in both figures that a sharp dip occurs at approximately 170 minutes. 

This sharp dip occurs when the epoxy has reached its gel point [12]. Since the 

epoxy is completely cured in a short period of time after reaching its gel point, 

the acoustic sensor can be used to determine approximately when the epoxy is 

fully cured. After the composite is fully cured, the acoustic sensor also offers 

the ability to detect acoustic emissions from stress fractures. 
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Figure 3.5 Experimental setup for acoustic sensor [12]. 
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3.3.3 Fluorescence Sensor 

Several different fluorescence sensors have been reported [13,31,32]. For each 

of these sensors, the intensity of fluorescence depends upon the viscosity, and 

therefore the cure state, of the composite. 

One traditional sensing approach is to monitor the fluorescence intensity 

radiated from an embedded die [31]. The die is embedded in a curing 

composite near the surface, and is typically excited with a laser. The excitation 

wavelength depends upon which type die is used. One particularly attractive 

die, 1,3 bis(1-pyrene)propane, offers an internal self reference. Fig. 3.8 shows 

the 1,3 bis(1-pyrene)propane relative fluorescence intensity versus 

wavelength for several values of solvent viscosity. Curve A is associated 

with the highest surrounding viscosity while curve E is associated with the 

lowest viscosity. The 1,3 bis(1-pyrene)propane die consists of two pyrene 

rings. In Fig. 3.8, the higher frequency reference envelope at approximately 

375 nm is from the fluorescence from individual pyrene rings. The larger 

sensing envelope at approximately 490 nm occurs when the two pyrene rings 

are sandwiched together. As the epoxy cures and its viscosity increases, the 

two rings are sandwiched together and another excitation state appears. 

However, notice that the intensity of the reference envelope at 375 nm 

remains constant. In Fig. 3.9, the ratio of the peak intensity of the sensing 

envelope to the peak intensity of the reference envelope is plotted versus 

time for curing Shell Epon® 828 epoxy. Notice that the shape of the curve in 

Fig. 3.9 closely resembles the shape of the empirical cure model curves of Fig. 

3.2. 
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One other significant fluorescence sensor is the optrode cure sensor. This 

sensor was first proposed at McDonnell Douglas Research Laboratories by R. 

L. Levy in 1984 [13]. Levy discovered that certain epoxies (including Ciba- 

Geigy MY 720 and Hercules 3501-6) fluoresce small amounts of light during 

cure without adding die. Levy was best able to detect and monitor the light by 

embedding an optical fiber in curing epoxy. The fiber carried the excitation 

and fluoresced light. As the epoxy cured, the fluoresced light intensity 

increased. Fig. 3.10 shows the light intensity and temperature plotted versus 

time for curing Hercules 3501-6 epoxy. 

3.3.4 Dielectric Sensor 

In this sensing technique, a dielectric sensor is used to measure the 

capacitance and conductance of curing epoxy. A signal processor reads the 

capacitance and conductance values returned from the sensor, and then 

calculates the epoxy's ionic conductivity. As the epoxy cures, the ionic 

dt 

dg| versus 
dt 

conductivity changes with respect to time. The rate of change {aa is indirectly 

  

related to the degree of cure. Fig. 3.11 below shows a sketch of 

time. When {ds} returns to zero, the epoxy is cured. 
dt 

do 
ds ( 

o_-” 

Time 

  

    
  

Figure 3.11 The rate of change in ionic conductivity versus time. 
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Figure 3.40 Light intensity and temperature versus time 
for curing Hercules 3501-6 epoxy [13]. 
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To calculate the ionic conductivity, we start with the Debye equations [33] 

e€ =e’ - je” 3.8 

e’ =€ + _&- &y 3.9 

1+ (oyt)? 

pe" =O 4 e,- €yhor) 3.10 

Of = 1 + (wT) 

where 

€, = &, when @=ce 

€. = €, when o=0 

and w is the angular frequency (@ = 2xf}, t is the dielectric relaxation time, €, is 

the permittivity of free space, and o is the ionic conductivity. One popular 

method for determining o is the Kranbuehl method. “In the Kranbuehl 

method, the frequencies are found for which sensor electrode polarization 

and dipole effects are negligible and ionic effects dominate [33]." If we 

multiply both sides of equation 3.10 by @, we have 

(e, - efo”y 
e”@ = 2 + —_1__*. 3.11 

f 1 +(at)’ 

If the second term in equation 3.11 is much smaller than 2 then 
oO 

e’wO= - = constant. 3.12 
Oo 
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o can be calculated from measured values of e” using equation 3.12. To make 

(e, - eo” 
sure that ———_—. << &, measurements of e” are made at several different 

1+ (at) f 

frequencies @,,@,,0, such that 

a” €”), = €”@, = €"@), =-+- = constant. 3.13 

In practice, a function generator is used to scan the frequency until the signal 

processor can determine when equation 3.13 is satisfied for at least two 

different frequencies. The frequency scanning range is approximately from .1 

Hz to 10000 Hz. 

3.3.5 Refractive Index Sensor 

The refractive index sensor exploits the principle that the refractive index of 

an epoxy increases with cross linking, and thus cure [14]. As an epoxy cures, 

its refractive index increases by approximately 1-2% [18,19]. Afromowitz was 

the first person to utilize this refractive index increase [16]. Afromowitz's 

refractive sensor is fabricated from a small length of the same epoxy that is to 

be monitored. The polymer fiber is made by pulling strands of curing epoxy. 

The strands are then fully cured. The polymer fiber is typically 1 cm in length 

and 500 ym in diameter. Conventional multimode glass fibers are bonded to 

the ends of the fully cured polymer fiber to form a composite fiber. A laser 

and photodetector are used to transmit and receive light through the 

composite fiber. The composite fiber is then embedded in curing epoxy. Fig. 

3.12 shows a schematic of the refractive sensor. Initially, light is 
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Figure 3.13 Relative transmitted light power versus time [16]. 
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guided through the polymer fiber because the surrounding uncured epoxy 

has a lower refractive index than the polymer fiber. As the surrounding 

epoxy cures, its refractive index increases and the number of guided modes in 

the polymer fiber decreases. If we assume that all modes are equally excited, 

then the decrease in transmitted light is proportional to the number of 

stripped modes. If we make the weakly guiding approximation, then the 

number of guided modes M is approximately [16] 

2 

M =™ 3.14 

where the normalized frequency V, is approximately given by 

1/2 
Ve 2a |n3 | , 3.15 

x 

where nj is the index of refraction of the polymer fiber, n2 is the index of 

refraction for the surrounding epoxy, a is the radius of the polymer fiber, and 

X. is the wavelength of the transmitted light. Since the number of guided 
1/2 

n?- | , the transmitted power decreases as the 

  

modes is proportional to 

epoxy cures. When the epoxy is completely cured, the transmitted power 

remains at a constant level. Fig. 3.13 shows the light power transmitted 

versus time for a sensor made from Devcon® 5-Minute® Epoxy. The 

refractive index sensor offers two unique features. First, the sensor is self 

referencing and requires no absolute measurements. Second, the sensor 

requires no previous knowledge about an epoxy to monitor its cure. 
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3.3.6 Modified EFPI Cure Monitor/Strain Sensor 

In this adaptation, the multimode reflector fiber used in the conventional 

EFPI sensor is replaced with an unclad homogeneous glass fiber, as shown in 

the inset of Fig. 3.14 [34]. 
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Figure 3.14 Modified EFPI sensor. 

The type of glass used for the reflector will vary with the particular type of 

epoxy used, and is chosen such that the glass refractive index is higher than 

that of the uncured epoxy, but less than or equal to that of the fully cured 

epoxy. The EFPI sensor is then made in the same way that a conventional 

sensor (such as the one shown in Fig. 2.2) is made, except that the free (distal) 

end of the reflector fiber is not shattered, but is instead cleaved and coated 

with silver to produce a smooth reflective surface perpendicular to the fiber 

axis. The sensor is then embedded in a curing composite. 

For operation as a cure monitor, the input end of the sensor is connected to a 

low coherence, high radiance source, such as a super luminescent diode 
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(SLD), as shown in the top diagram of Figure 3.14. A 2x2 fiber optic coupler 

connects the input fiber to both the source and photodetector. Since the 

spectral width of the SLD is very broad, the light entering the sensor will 

suffer reflections from the first two air/glass interfaces, but these two 

successive reflections will not interfere, since the optical path length 

difference between the reflections exceeds the coherence length of the source. 

The unreflected light continues into the homogeneous reflector fiber. Due to 

the index difference between the uncured epoxy resin and the glass fiber, the 

unreflected light is guided to the far end of the fiber and reflected by the silver 

coating. A small fraction light is then recoupled back into input fiber. 

When the epoxy is cured, the refractive index of the epoxy resin will rise to a 

value equal to that of the reflector fiber, and many guided modes are stripped. 

By monitoring the reflections from the homogeneous reflector fiber, the 

refractive index of the curing epoxy, and therefore degree of cure can be 

monitored. Fig. 3.15 shows a sketch of the output signal versus time for 

curing epoxy. 
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Figure 3.15 Output signal vs. time for modified EFPI cure monitor. 
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From Fig. 3.15, the epoxy is fully cured when the output signal settles to a 

constant value. Since the degree of cure is closely related to changes in the 

index of refraction, the index of refraction settles to a constant value when the 

epoxy is cured. Since the output signal is related changes in the index of 

refraction, the output settles to a constant value when the epoxy is fully 

cured. 

Following cure and fabrication of the composite part, the electronics and data 

acquisition for the cure monitor can be then disconnected. The sensor is then 

connected to a laser diode to function as a conventional EFPI sensor. Since 

the refractive index of the matrix will equal or slightly exceed that of the 

reflector fiber, much of the light that passes through the reflector fiber will be 

stripped and absorbed by the epoxy. The sensor therefore operates as a 

conventional interferometric sensor, and may be used to quantitatively 

measure static or dynamic strain, or stress waves originating from acoustic 

sources, such as acoustic emission, ballistic impacts, or ultrasonic NDE 

sources. The possible uses of the modified EFPI sensor are shown below in 

Fig. 3.16. 
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Figure 3.16 Possible uses of the modified EFPI cure monitor/strain sensor. 
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3.4 Summary 

Cure models are useful for determining approximate cure times. However, 

cure models require several experimentally determined parameters to predict 

the degree of cure versus time. Two popular cure models are the Loos- 

Springer model and the empirical cure model. The Loos-Springer model is 

theoretical and highly detailed while the empirical model based entirely on 

experimental data. 

Cure monitoring sensors are useful for sensing (in real time) when cure is 

complete. Some sensors are better at monitoring cure than others. In 

addition, some sensors can be embedded directly in a curing composite. 

Epoxy cure can be monitored by inspecting several different epoxy properties. 

These properties include: absorption, viscosity, fluorescence, ionic 

conductivity, and refractive index. Some sensors can measure strain, acoustic 

emissions, etc. after the epoxy is cured. Post cure, the acoustic sensor can 

detect acoustic emissions, and the modified EFPI sensor can be used to detect 

several parameters including: strain measurement, impact detection and 

localization, and acoustic emissions. 
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Chapter 4- Experimental Procedures and Results 

4.1 Experiments 

In experiments to validate the use of a modified EFPI sensor for monitoring 

cure state, Devcon® 5-Minute Epoxy® was used for the tests due to 

convenience and speed of cure. First, a fiber optic reflectometer was made 

according to the method of Afromowitz to determine the refractive index of 

5-Minute® Epoxy as a function of cure state [19]. Figure 4.1 shows a schematic 

of the reflectometer. 

Tubing: 240 um ID 
  

  

100 pm OD 230 um OD 

125 um OD 

Modulation Frequency: 
1000 Hz 

ri 125pmOD A 230 um OD 
  

  

  

          
  

LED 830 nm » Refractive 
100 pm OD index liquid 

Detector —>— Lock-in Amplifier 

Preamplifier 

Figure 4.1 Schematic of fiber optic reflectometer. 
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The reflectometer contained a two fiber-to-one fiber butt joint. The butt joint 

eliminated back scattering associated with using a fiber coupler. Light from 

the LED source traveled to the distal end of the reflector fiber and was 

reflected. The reflected intensity at the detector depended upon the 

difference in refractive index between the reflector fiber and the surrounding 

material. 

The reflectometer was calibrated using Cargille® certified refractive index 

liquids. Fig. 4.2 shows the resulting reflectometer output as a function of 

refractive index. Next the reflectometer fiber was immersed in a batch of 

freshly mixed 5-Minute® Epoxy. The reflectometer output is shown in Fig. 

4.3. By comparing the data in Fig. 4.3 with the calibration curve in Fig. 4.2, we 

deduced that the refractive index of uncured 5-Minute® Epoxy is 

approximately 1.54, while that of fully cured 5-Minute® Epoxy is 1.58. 
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Figure 4.2 Reflectometer output as function of refractive index. 
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Figure 4.3 Output of reflectometer for curing 5-Minute® Epoxy. 

To fabricate a prototype multifunctional sensor, we desired a glass fiber with a 

refractive index greater than 1.54 and less than or equal to 1.58. Consulting a 

table of glass properties, we identified Corning 0120 glass. The refractive 

index of Corning 0120 glass is 1.56. A rod of Corning 0120 glass was procured, 

and the FEORC fiber draw tower at Virginia Tech was used to manufacture 

homogeneous glass fiber with a diameter of 125 um. To test this glass, a short 

length (~ 1 cm) of fiber was cut from this fiber and was mechanically spliced to 

a multimode optical fiber, using a glass capillary tube as an alignment sleeve. 

We figured that the resulting assembly should work effectively as a cure 

monitor, but not as an interferometric strain sensor, since it lacked a Fabry- 

Perot cavity. 

The end of this cure monitor was immersed in freshly mixed 5-Minute® 

Epoxy, while the input fiber was connected to a coupler leading to a high 

radiance 850 nm LED, and a photodetector connected to a lock-in amplifier. 
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The sensor output is shown in Fig. 4.4. The data show that the sensor output 

indeed does decline with progressing cure state, and confirms the correct 

choice of a glass with the proper refractive index for the reflector fiber. 
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Figure 4.4 Cure monitor sensor output (without air gap) for curing 

5-Minute® Epoxy. 

Next, we assembled an EFPI sensor using a singlemode fiber as the input fiber, 

and a one centimeter long piece of the Corning 0120 glass as the reflector fiber. 

A glass capillary tube was used to align the fibers, with a 50 um gap separating 

the fiber ends, and a strong epoxy was used to bond the fibers to the capillary 

tube ends. When the sensor input was connected to a coherent source, 

interferometric fringes were detected as the sensor was strained. However, 

when the sensor was connected to an 830 nm super luminescent diode (SLD), 

and the reflector fiber was immersed in curing 5-Minute® Epoxy, only a very 

small change in the output signal was observed. We suspected that due to the 

divergence of the light emerging from the end of the singlemode fiber (Fig. 

4.5), only a small percentage of light was captured by the reflector fiber and 

reflected by the far end of the fiber, so that the reflection from the singlemode 

fiber end swamped the desired signal. 
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Figure 4.5 Collimation of singlemode fiber to increase sensor signal. 

In order to minimize the losses in the air gap cavity, a miniature gradient 

index (GRIN) lens, was constructed and spliced to the end of the singlemode 

fiber. Following the method of Murphy, et al [35], a quarter pitch GRIN lens 

was formed by cutting a parabolically graded multimode fiber to an 

appropriate length to collimate the output of the singlemode fiber. An arc 

fusion splicer was then used to splice the GRIN lens to the singlemode fiber 

(Fig. 4.5). An EFPI sensor was then fabricated using this fiber/GRIN lens 

assembly and the Corning 0120 fiber. For this test, a reflective silver coating 

was applied by vacuum evaporation to the far end of the 0120 glass fiber, in 

order to increase the reflection of light transmitted by the fiber. 

We then immersed the sensor in freshly mixed 5-Minute® Epoxy. As Fig. 4.6 

shows, the output signal rose by 8% in the first five minutes, and then 

decreased to a value 5% lower than the initial output after sixty minutes. We 

repeated the experiment three times and obtained similar results. The initial 

rise in the output signal was reproducible in four trials, but is not understood 
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Figure 4.6 Output of modified EFPI sensor for curing 5-Minute® Epoxy. 

at this time. The 5% decrease in sensor output is consistent with an increased 

attenuation of the reflector fiber light due to the increased refractive index in 

the surrounding epoxy. The sinusoidal fluctuations in the sensor output 

result from instabilities in the LED output, as shown in the output of the 

sensor in air (Fig. 4.7). After the epoxy had fully cured, a coherent source was 

connected to the input of the singlemode fiber. Application of stress by hand 

to the cured epoxy produced fringes with a good signal-to-noise ratio at the 

sensor output, as shown in Fig. 4.8 (See page 49). 
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Figure 4.7 Output of sensor in air 

4.2 Verification of Results and Speculation 

From Fig. 4.6, the 5-Minute® Epoxy appears to have cured in approximately 

60-70 minutes. At approximately 60-70 minutes, the signal settles to a 

constant value. To verify this cure time, we located a specification sheet for 

Devon® 5-Minute® Epoxy. The sheet states that the epoxy "functionally 

cures" in approximately one hour. If we assume that Devon® is correct, then 

we conclude that our cure monitor sensor is effective and accurate. 

One unanswered question is why does the relative transmitted light power 

for the refractive sensor (Fig. 3.13, page 36) rapidly decrease to five units at 

approximately five minutes, while our sensor demonstrates that the cure 
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time is approximately one hour? The answer to this question is unknown at 
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Figure 4.8 Output of sensor embedded in 5-Minute® Epoxy when connected 

to coherent source and strained by hand. 

Another question is: what is responsible for the sudden rise in output signal 

for our cure monitor sensor (See Fig. 4.6)? One answer might be a sudden rise 

in temperature that occurs at the beginning of the chemical reaction. A rise 

in temperature would cause the epoxy to expand, the density to temporarily 

decrease, and the index of refraction to decrease. A close look at Fig. 3.6, 3.7 

page 29, Fig. 3.9 page 31, Fig. 3.10 page 33, indicate other cure monitoring 

sensors exhibit similar glitches near the beginning of cure. Reference 31, 

indicated that the dip in Fig. 3.9 is due to a sudden rise in temperature that 

occurs at the beginning of the chemical reaction. In addition, Fig. 3.10 has a 
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similar dip, but this sensor uses no dies! If the fluorescence dip in Fig. 3.10 is 

also due to a sudden rise in temperature, then possibly other characteristics 

such as viscosity, ionic conductivity, absorption and refractive index may also 

become effected by the sudden rise in temperature. 

The last unanswered question is how do things such as bubbles, voids, dirt in 

the resin, or from laying next to a strength member fiber affect the cure 

monitoring performance of the modified EFPI cure monitor/strain sensor? 

We speculate that all the above circumstances adversely affect the cure 

monitoring performance of the sensor, but we can only directly answer the 

bubbles part of the question. In our experiments, we mixed the 5-Minute® 

epoxy by hand and mixed a large number of bubbles into the epoxy. In our 

experiments the cure monitor/strain sensor worked satisfactorily with a large 

number of bubbles present. 
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Chapter 5- Future Work and Conclusions 

5.1 Future Work 

Future studies should investigate the use of multilayer dichroic coatings on 

the input end of the reflector fiber. These coatings would reduce undesired 

reflections when the sensor is used as a cure monitor. The dichroic coatings 

should be designed to have a transmittance characteristic similar to the one 

shown in Fig. 5.1 below. 
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Figure 5.1 Dichroic coating transmittance and reflectance versus wavelength. 

If the sensor is used to monitor cure, the operating wavelength would be 830 

nm. If the sensor is used to measure strain, the wavelength would be 1300 
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nm. If the sensor is fabricated using 830 nm singlemode fiber, the sensor 

would remain singlemode at 1300 nm. 

5.2. Conclusions 

We have described techniques for cure monitoring and strain sensing in 

epoxy matrix composites. Our motivation for this work is based on the need 

to monitor the cure and in-service health of composite materials. We have 

described six cure monitoring sensor techniques including: infrared 

absorption sensor, acoustic waveguide sensor, fluorescence sensor, dielectric 

sensor, refractive index sensor, and a modified EFPI cure monitor/strain 

sensor. All of which are capable of monitoring composite cure. However, we 

have primarily focused on the modified EFPI cure monitor/strain sensor. 

We have demonstrated that this modified Fabry-Perot sensor is a versatile 

sensor that can monitor the state of a composite part "from cradle to grave." 

Our experimental results demonstrate that the EFPI sensor can measure both 

composite cure and strain. When monitoring cure, the sensor output 

decreases by 5% during the cure process. In addition, the sensor can be used as 

an interferometer to measure internal composite strains where the phase 

difference between consecutive fringe peaks is one half the wavelength of the 

source. 
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Appendix A.1__ Fabry-Perot Interferometer 

1=glass, 2=air 

Figure A.1 Fabry-Perot interferometer. 
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Appendix A.2 Fabry-Perot Interferometer Approximations 
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If we neglect terms containing R’ and use 1/(1-x) = 1+x, we have 
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