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Abstract Frequency dependent electric field measure-

ments using in situ micro sensors, FDEMS, is a particularly

useful technique for monitoring the changing state of a

polymer in a composite (or in an adhesive joint or as a

coating) during fabrication and aging during use in the

field. Measurements can be made in the laboratory to

monitor the polymerization process and to monitor dur-

ability and aging in an environmental chamber or other

degradative environment. Equally important, the FDEMS

in situ micro sensor monitoring technique can be used to

monitor cure in production ovens and autoclaves on the

plant floor as well as outside, for example, coatings on the

surface of a ship in dry dock. Durability and aging can be

monitored while the object is in use. Examples are a marine

coating on a ship, the protective coating on the liner of an

acid containing tank, a rocket propellant, an adhesive in a

bond joint, or the polymer in a composite structure.

Introduction

Frequency dependent electric field measurements using in

situ micro sensors, FDEMS, is a particularly useful tech-

nique for monitoring the changing state of a polymer in a

composite (or in an adhesive joint or as a coating) during

fabrication and aging during use in the field [1–5].

Measurements can be made in the laboratory to monitor the

polymerization process and to monitor durability and aging

in an environmental chamber or other degradative envi-

ronment. Equally important, the FDEMS in situ micro-

sensor monitoring technique can be used to monitor cure in

production ovens and autoclaves on the plant floor as well

as outside, for example, coatings on the surface of a ship in

dry dock. Durability and aging can be monitored while the

object is in use. Examples are a marine coating on a ship,

the protective coating on the liner of an acid containing

tank, a rocket propellant, an adhesive in a bond joint, or the

polymer in a composite structure.

The FDEMS micro sensing technique ought to be more

widely used, particularly in monitoring cure and aging.

One reason the planar micro sensor should be used more

extensively is that it is ideally suited to monitoring changes

in state at a particular position or ply layer in a complex

composite structure. This condition is difficult to duplicate

in most rheological and calorimetric measurements.

Furthermore, unlike some optical and calorimetric tech-

niques, the sensitivity does not decrease when one tries to

detect changes during the late stages of cure. Remote,

planar, micro electric field sensors provide simple, in situ,

accurate measurements of changes in state throughout the

fabrication process and with a high degree of sensitivity.

A probable reason why FDEMS is not used more widely is

that there is a limited understanding by practitioners in

industry of the physical principles upon which the instru-

mental technique is based. Often there is a desire to cut short

the importance of understanding the science behind the fre-

quency dependence of electric measurements and to simply

interpret changes in the state of the instrument’s signal. This

simplified approach leads to misinterpretation and error.

The key to successfully using electric field sensor

measurements to monitor changes in the state of a resin
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system during cure and aging in the use environment, is to

understand the frequency dependence of the complex per-

mittivity e*, a force–displacement parameter similar to the

complex modulus G* or compliance J* in rheological

measurements.

One might ask why do one need in situ microsensors in

addition to accurate composite models for fabrication.

Modeling and individual thinking that lead to a procedure-

driven cure cycle are beset with operating difficulties. Most

notably, as has been described by George Springer (6),

modeling requires extensive material data characterization

of resin properties, as well as fabric and tooling properties

that are time consuming to measure and, most importantly,

that will vary from day to day, batch, and lay up to lay up.

This report will describe the use of FDEMS micro

sensors to monitor the changes in processing properties and

buildup in use properties of an epoxy resin as a function of

ply depth in the autoclave mold during cure of a 1 inch

thick graphite composite and of use this data to verify a

process model. It will also discuss monitoring the fabri-

cation process during resin infiltration and cure of an

advanced fiber architecture composite and to verify model

predictions of that fabrication process. Use of the sensor to

monitor cure using UV or e-beam radiation will be

described. Use of the sensor output to intelligently control

the fabrication process of a composite in conjunction with

model predications will also be described.

Then the application of FDEMS sensor to monitor

ingress of degradative components into a coating, an

adhesive bond line, and a composite structure during use

for the purpose of life monitoring and evaluating the time

for replacement will be briefly discussed.

Instrumentation

Frequency dependent complex dielectric measurements are

made by using an impedance analyzer controlled by a

microcomputer (1,2). In the work discussed here, mea-

surements at frequencies from 5 Hz to 5·106 Hz are taken

continuously throughout the entire cure process at regular

intervals and converted to the complex permittivity,

e * = e¢ )ie¢¢. The measurements are made with a geometry

independent planar interdigitated microsensor. This system

is used with either a Hewlett Packard or a Schlumberger

impedance bridge. The system permits multiplexed mea-

surement of several sensors. The sensor itself is planar, 1

by 1/2 in. in area and 3-mm thick. This single sensor-

bridge microcomputer assembly is able to make continuous

uninterrupted measurements of both e¢ and e¢¢ over 10

decades in magnitude at all frequencies. The sensor is inert

and has been used at temperatures exceeding 400 �C and

pressures over 1000 psi.

Theory

Frequency dependent measurements of the dielectric

impedance of a material as characterized by its equivalent

capacitance, C, and conductance, G, are used to calculate

the complex permittivity, e *=e¢ )ie¢¢, where i is the

imaginary number, x =2p f, f is the measurement fre-

quency, and C0 is the equivalent air replacement capaci-

tance of the sensor.

e0ðxÞ ¼ CðxÞmaterial

C0

e00ðxÞ ¼ GðxÞmaterial

C0

ð1Þ

This calculation is possible when using the sensor whose

geometry is invariant over all measurement conditions.

Both the real and the imaginary parts of e* can have dipolar

(d) and ionic (i)-charge polarization components.

e0 ¼ e0d þ e0i
e00 ¼ e00d þ e00i

ð2Þ

Plots of the product of frequency (x) multiplied by the

imaginary component of the complex permittivity e¢¢(x)

make it relatively easy to visually determine the e¢¢(x) per-

mittivity when the low requency magnitude of e¢¢ is domi-

nated by the mobility of ions in the resin and when at higher

frequencies the rotational mobility of bound charge domi-

nates e¢¢. Generally, the magnitude of the low frequency

overlapping values of xe¢¢(x) can be used to measure the

change with time of the ionic mobility through the parameter

r where

rðohm�1cm�1Þ ¼ e0xe00i ðxÞ
e0 ¼ 8:854� 10�14 C2 J�1 cm�1

ð3Þ

The changing value of the ionic mobility is a molecular

probe that can be used to quantitatively monitor the vis-

cosity of the resin during cure. The dipolar component of

the loss at higher frequencies can then be determined by

subtracting the ionic component.

e00ðxÞðdipolarÞ ¼ e00ðxÞ � r
xe0

ð4Þ

The peaks in e¢¢(dipolar) (which are usually close to the

peaks in (e¢¢) can be used to determine the time or point in

the cure process when the mean dipolar relaxation time, s,

has attained a specific value s=1/x, where x=2p f is the

frequency of measurement. The dipolar mobility as mea-

sured by the mean relaxation time s can be used as a

molecular probe of the buildup in Tg. The time occurrence

of a given dipolar relaxation time as measured by a peak in a
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particular high frequency value of e¢¢(x) can be quantita-

tively related to the attainment of a specific value of the

resin’s Tg. Finally, the tail of the dipolar relaxation peak as

monitored by the changing value of (de¢¢/dt)/e¢¢ can be used

for in situ monitoring during processing the buildup in de-

gree of cure and related end-use properties such as modulus,

hardness, etc., during the final stages of cure or post cure.

Isothermal cure

The variation in the magnitude of e¢¢ with frequency and

with time for the diglycidylether Bisphenol-A amine epoxy

held at 121 �C is shown in Fig. 1. The magnitude of e¢¢
changes four orders of magnitude during the course of the

polymerization reaction. A plot of x e¢¢ is a particularly

informative representation of the polarization process

because as discussed from Eqs. (1) to (4), overlap of x
e¢¢(x) frequency for differing frequencies indicates when

and at what time translational diffusion of charge, which

can be used to monitor viscosity and reaction advancement,

is the dominant physical process affecting the loss. Simi-

larly, the peaks in x e¢¢(x) for individual frequencies

indicate the dipolar rotational diffusion relaxation time, a

quantity which can be used to monitor Tg.

The frequency dependence of loss e¢¢ is used to find r by

determining from a computer analysis, or a log–log plot of

e¢¢ versus frequency, the frequency region where x e¢¢(x) is

a constant. In this frequency region the value of r is

determined from Eq. (3).

Figure 2 is a plot of log(r) versus log (viscosity [g]

constructed from dielectric data and measurements on a

dynamic rheometer. The figure shows that at a viscosity

less than 1 Pa s, (10 P), r is proportioned to 1/g because

the slope of log(r) versus log (g) is approximately )1. The

gel point of the polymerization reaction occurs at 90 min

based on the crossover of G¢ and G¢¢ measured at 40 rad/s.

This result is very close to the time at which g achieves

100 Pa s, which is also often associated with gel. The re-

gion of gel marks the onset of a much more rapid change in

viscosity than with r. This change is undoubtedly because

as gel occurs the viscoelastic properties of the resin involve

the cooperative motion of many chains while the transla-

tional diffusion of the ions continues to involve motions

over much smaller molecular dimensions.

The time of occurrence of a characteristic dipolar relax-

ation time can be determined by noting the time at which

e¢¢dipolar achieves a maximum for each of the frequencies

measured where s =1/2p f at the time at which e¢¢dipolar

achieved a maximum for frequency, f. Values of s can be

measured over a range of frequencies and temperatures. The

time of occurrence of a given peak in e¢¢ and the corre-

sponding s is directly related to the time of achievement of a

specific degree of reaction and the value of Tg at that point in

time. This relationship between the peak in e¢¢ at each fre-

quency and degree of cure and Tg is made in the laboratory in

conjunction usually with differential scanning calorimetry

measurements versus time at the same temperature.

Figure 3 is a plot showing the correlation of r measured

with the electric field sensors versus degree of cure a as

determined by differential scanning calorimetry measure-

ments at identical times during a 120 �C cure. Figure 4

demonstrates how the change in de00
dt can detect the final

Fig. 1 The dielectric loss multiplied by frequency versus time over a

range of frequencies during cure of an epoxide at 120 �C

Fig. 2 The correlation of changes in the specific conductivity with

the viscosity during cure of an epoxide

Fig. 3 The correlation of changes in the specific conductivity with

the reaction advancement during cure of an epoxide
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buildup in full cure as a approaches 1.0 with considerably

more precision than a DSC measurement.

In summary, these in situ sensing measurements of e¢¢,
r de00

dt and peaks in e¢¢(x) can be used to monitor changes in

essential cure processing properties, viscosity, degree of

cure and buildup in Tg, during fabrication at any point in

the production mold.

Monitoring the cure process in the mold

Thick laminates

Figure 5 is a plot of the sensors output during a typical

epoxy cure cycle in the mold [7, 8]. Here, the temperature

both lags behind and overshoots the expected hold

temperature due to the mass and heat transfer characteris-

tics of a particular oven, autoclave and mold. Yet, using the

correlation relations developed in Figs. 2–4 for a particular

resin, the sensor output in Fig. 5 can be used to monitor the

actual state, changing viscosity, degree of cure and Tg at a

particular position in the composite laminate.

Figures 6 and 7 display the positions of sensors in a one

inch thick 192 ply epoxy-photo graphite laminate.

Figure 8 shows the sensor monitored viscosity. Here it is

evident how the viscosity in the center lags behind the

Fig. 4 The correlation of changes in the rate of change of the

dielectric loss with changes in the reaction advancement near the end

of cure of an epoxide

Fig. 5 Positions of the sensors in a thick 192 ply epoxy laminate

Fig. 6 A photograph of the thick 192 ply epoxy laminate with the

embedded sensors after cure

Fig. 7 The dielectric loss multiplied by frequency versus time over a

range of frequencies during cure of a 192 ply thick epoxy laminate at

the 64th ply in an autoclave

Fig. 8 The sensor measured viscosity at each sensor ply location

during cure in the autoclave
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viscosity at the surface until the ramp approaching the final

hold temperature. At about 130 minutes the viscosity at the

center ply catches up with the outside ply and a minimum

similar viscosity is achieved at the same time uniformly

throughout all 192 plys. This is a key final time for pressure

consolidation of the 192 ply laminate. The fact that all plys

achieve the same viscosity at the same time is undoubtedly

one reason why this time-temperature cure cycle developed

by trial and error is successful in creating a well formed final

product.

Figure 9 shows how this sensor output can be used to

verify model predictions such as from the Loos-Springer

process model, during fabrication on the plant floor [6–8].

Resin infusion of 3-dimensionally advanced fiber

architecture preforms

This is the second application where we have used electric

field sensors to verify model predictions and monitor the

processing properties as a function of position. Figure 10 is

a diagram of a blade stiffened panel which is a prototype

for a wing. Here resin is placed below the panel. Then

temperature is used to reduce the viscosity of the epoxy and

a vacuum to draw the resin up into the panel. Sensors 2

through 9 were placed on top of the panel to monitor the

time at which the viscosity reached that position and the

resulting changes in viscosity. The table below reports the

wetout times at each sensor. Note sensor 1 was located at

the bottom of the panel and its wetout time is the time

when the resin began to flow. Sensors 3, 6 and 9 were at the

top of the back stiffener and wetout last.

Figure 11 reports the viscosity of the resin underneath

the panel at sensor 1 and the viscosity of position 3 after

resin reaches this position.

Further details of model predictions and their verification

during resin infusion of 3-dimensionally stitched complex

fiber preforms have been previously reported. [9–10].

Automated intelligent closed loop control

Using models to predict how the cure processing properties

should ideally change at each stage of fabrication, sensors

can be used to monitor the fabrication process, verify when

the appropriate stage has been successfully completed such

as complete resin infusion of the graphite perform and then

to adjust the temperature and pressure for the next stage,

not based on time but rather the actual state of the resin-

fiber system. [11–14]

Figure 12 is a schematic of such an intelligent closed

loop system. Figure 13 displays the temperature and vis-

cosity during an intelligent automated cure of the one inch

thick epoxy graphite panel described earlier. Here fabri-

cation rules were developed based on model predictions

and user expertise in which the air temperature increased

Fig. 9 The comparison of the sensor measured viscosity at the 64th

ply versus the predictions of the Springer-Loos model

Fig. 10 A drawing of the positions of the sensors in the advanced

fiber architecture blade stiffened panel. The panel is impregnated with

epoxy using vacuum assisted resin infusion from the bottom of the

panel

Fig. 11 The sensor measured viscosity of the epoxide at the bottom

of the panel, sensor 1, and at position 3 after wetout

Sensor Location 1 2 3 4 5 6 7 8 9

Wetout Time (min) 63 104 168 114 97 168 110 100 163
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and then would be held at 180 �C until the viscosity at the

center ply achieved the viscosity at the outer ply. Then the

heat was turned off and the exotherm at the center ply

increased the reaction advancement and viscosity fairly

uniformly throughout the 192 plys. Twenty minutes later,

after moving through the viscosity minimum under pres-

sure, the heat was turned on to bring the panel back to

180 �C. The heat was turned off after full cure was

achieved as indicated by the sensors.

Based on ultrasonic C-scans a one-inch thick panel free

of voids was produced in 180 min versus 240 min using

the conventional cure cycle.

Rapid cure by UV and electron beam radiation

Over the past decade considerable attention has been

directed to radiation induced cure as it can be very rapid,

more precisely controlled and can reduce many problems

associated with thermal cure. Applications include rapid

cure of coatings, films and points for uses such as paint on

antennas, rapid cure of repair patches on a composite and

improved control and speed in filament winding [15–18].

Electric field sensors can be placed at any location in a

part and are ideal for monitoring cure of a coating when

placed on the substrates surface as they monitor changes in

state at the bottom of the coating with one side of the resin

exposed to air and the other facing the substrates surface.

Figure 14 displays sensor output during irradiation of a

one second UV pulse and the subsequent rate of cure after

the irradiation at the 8th second. Approximately 9 mea-

surements were made per second. Figure 15a, b display the

sensor’s ability to demonstrate that one epoxy formulation

reaches full cure in 60 s while the second while appearing

to reach full cure in about a minute, actually takes 8 min to

achieve full cure.

Life monitoring

Aging, degradation and reduction in performance proper-

ties during use in the field is another application. Here

Fig. 14 The dielectric loss

multiplied by frequency during

rapid cure of a coating after a

one-second exposure of UV

radiation

Fig. 12 A schematic of the

automated closed loop

intelligent sensor controlled

system

Fig. 13 The viscosity at various ply positions of a thick laminate

when cured using the closed loop intelligent rule based sensor

controlled system
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sensors can be embedded in witness coupons exposed

along side the actual composite structure to the same

fluctuations in the environment during use. Sensors can

also be embedded and left in the structure itself during

fabrication [19–21]. Figure 16 displays a commercially

available sensor system used to monitor aging of the

polymer liner in a flexible pipe used to transport oil-gas

from the ocean floor to a floating platform.

Degradation generally involves chemical processes

which produce changes at the molecular level and which

in one sense are the reverse of what happens during

cure. Thus, electric field sensors embedded in the

material can also detect aging and changes in perfor-

mance properties in situ during use. As in fabrication,

the sensor output needs to be calibrated with changes in

mechanical properties or material properties such as

degradation due to UV radiation, high temperature,

atomic oxygen, or penetration of fuel oil, acid or water.

During aging these changes occur much more slowly

and are generally much smaller than during fabrication.

Thus, monitoring aging requires more precision and

sensitivity than in monitoring the state of a part during

fabrication.

Fig. 15 The dielectric loss

multiplied by frequency of two

different coating formulations to

determine which achieves full

cure most rapidly after a one-

second UV dose

Fig. 16 A commercially available electric field sensor system for

monitoring aging of performance properties subsea of the polymer

lining in pipes used to transport crude oil to floating platforms
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