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Abstract

This paper presents the results of experiments to measure the internal strains and temperatures that are generated in
graphite/epoxy composite specimens during processing using embedded fiber optic strain sensors and thermocou-
ples. Measurements of strain and temperature, combined with a computational model, offer the potential for non-
destructive, real-time determination of residual stress in composites, and may be useful for process monitoring and
control. Extrinsic Fabry-Perot interferometer, Bragg grating strain sensors, and thermocouples were embedded in
graphite/epoxy composite laminates prior to cure. The specimens were cured in a press, and the internal strains and
temperatures developed during processing were monitored and recorded. The results are compared with expected
values, and limitations of the experimental technique are discussed.
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1.0 Introduction

Fiber reinforced composite materials are used in many aerospace, civil, and industrial applications. To produce
these materials, strong, stiff reinforcing fibers such as graphite or glass are embedded in a lightweight, compliant
matrix such as epoxy to create a material which takes advantage of the beneficial mechanical and thermal proper-
ties of both constituents. Composite materials are often selected over traditional engineering materials because they
may possess higher stiffness-to-weight and strength-to-weight ratios. Additionally, the mechanical and thermal
properties of composites can be customized through the appropriate selection of constituent materials, geometry,
and processing conditions.The increased use of composites in structural engineering applications has led to concern
about the reliability of these materials. In particular, residual stress introduced during fabrication is cited as one of
the most significant problems in the processing of composite structures [1]. These stresses can cause warping, or
“spring-back,” of the composite structure and can significantly degrade the strength of the material, resulting in
cracking, reduced fracture toughness and fatigue strength, and delamination. The primary causes for residual stress
in composites are thermal stresses due to the different coefficients of thermal expansion of the constituents, and
curing stresses which result from chemical shrinkage of the matrix material during processing of polymer matrix
composites.

Predicting residual stress in composites is difficult because of the large number of factors which contribute to the
stress, including thermal, chemical, and viscoelastic effects, as well as moisture absorption. Experimental determi-
nation of residual stress in composites is also difficult. Often, the stresses of interest are located below the surface
of the material, requiring the use of destructive techniques or non-standard measurement methods. To date, there is
no universally accepted “best” method to measure residual stresses in composite materials. Methods developed for
the measurement of residual stresses in metals have been extended and applied to composite materials. Most of the
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methods used are destructive: material containing residual stress is removed from the specimen, and the resulting
deformation is related to the magnitude and direction of the stress released. These methods have the obvious disad-
vantage that the part must be destroyed in order to obtain the measurement. This prohibits monitoring the develop-
ment of residual stresses during processing, or the testing of a part in service. Non-destructive methods such as x-
ray diffraction [2], neutron diffraction [3], photoelasticity [4], Raman spectroscopy [5], and optical fluorescence (6]
have been extended to composite materials with varying degrees of success. Other methods, such as the embedded
strain gage method [7], were developed specifically for composite materials.

In this study, measurements of the internal strains and temperatures developed in a composite laminate during pro-
cessing were obtained using embedded fiber optic strain sensors and thermocouples. These experimental measure-
ments can potentially be used as input conditions to a numerical process model which computes residual stresses.
The fiber optic sensors could also be used to test methods of reducing residual stress during processing, and as
sensing elements for smart structures currently proposed in aerospace; civil, and industrial applications [8].

2.0 Fiber Optic Sensors

The use of fiber optics for communications is well established. It is within relatively recent history, however, that
the concept of using fiber optics for sensing has emerged. In 1978, Butter and Hocker [9] proposed a strain gage
based on the change in optical path length in an optical fiber. Since that time, several other types of fiber optic sen-
sors have been developed to measure strain, vibration, acceleration, pressure, and temperature {10]. One advantage
that these sensors have over traditional strain gages is their compatibility with fiber reinforced composite materials.
Their small size and cylindrical geometry make them well-suited for measurement of internal strain in these mate-
rials.

In this work, two types of fiber optic strain sensors were used: the extrinsic Fabry-Perot interferometer (FPI) and
Bragg grating sensor. These will be described briefly in the next sections. More detailed descriptions can be found
in the literature [8,10].

2.1 Extrinsic Fabry-Perot Interferometer

Figure 1 presents a schematic of an extrinsic Fabry-Perot interferometer. Light from a source (laser, laser diode,
white light source, etc.) is coupled into a lead-in fiber. The end of the lead-in fiber is attached to a small portion of

“ hollow fiber, and a reflector (or reflecting fiber), is attached the opposite end of the hollow fiber. An air-gap is left
between the end faces of the two fibers. A small portion of the light reaching the end of the lead-in fiber is reflected
at the fiber end-face (Ry). The rest of the light travels through the air gap, and is partially reflected at the reflector
(R). The light from the two reflections is transmitted back down the lead-in fiber to a detector. A fiber coupler can
be used to separate the source light from the returning signal. Because the light from R, will have travelled an addi-
tional distance through the air-gap (= 2s), the two reflections will be out of phase and will interfere. As the length of
the air gap changes due to axial strain of the hollow fiber, the relative phase between Ry and R, will change. Several
techniques exist to “demodulate” the return signal and compute strain.

The extrinsic FPI has the advantage that it is relatively insensitive to strains transverse to the axis of the fiber and to
temperature changes. These sensors are suitable for “point” measurements since they can be manufactured with a -
small gage length (< 1 cm). Disadvantages of this type of sensor are that they can be difficult to manufacture and
calibrate, and the hollow-core fiber is usually larger than the lead-in fiber which can create difficulties for embed-
ded applications. The FPI sensors and demodulation system used in these experiments were purchased from FISO
Technologies in Quebec, Canada.
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FIGURE 1. Extrinsic Fabry-Perot interferometer for the measurement of strain.

2.2 Bragg Grating Sensor

An intracore Bragg grating is a periodic modulation of the index of refraction of the core of a fiber formed by expo-
sure to intense ultraviolet radiation [13]. Figure 2 presents a schematic of a Bragg grating sensor. When light from
a broadband source is transmitted to the Bragg grating, the grating will reflect light with a peak wavelength at the
Bragg wavelength, which is a function of the index of refraction of the core and the period of the index modulation.
If the grating is subject to strain or a change in temperature, the Bragg wavelength will shift. This shift is fairly lin-
ear with temperature and axial strain. From the magnitude and direction of this wavelength shift, the value of the
strain or temperature change can be determined. Several types of demodulation systems can be used to determine
the wavelength shift including optical spectrum analyzers and tunable filters. One disadvantage of this sensor is that
it is not possible to separate the effects of applied strain and temperature changes with a single grating. Bragg grat-
ings are also sensitive to shear strains and strains transverse to the fiber axis because of the strain-optic, or photo-
elastic effect. Bragg gratings for this experiment were purchased from BraggTech International in Providence, RI,
and a demodulation system was purchased from Research International in Woodinville, WA.
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FIGURE 2. Bragg grating fiber optic sensor.




3.0 Experimental Procedure

In this experiment, two extrinsic FPI strain sensors, one Bragg grating sensor, and one thermocouple were embed-
ded in a [05/905], graphite/epoxy laminate as shown in Figure 3. The material used was HyE 6049U, a carbon fiber/
epoxy composite manufactured by Fiberite. Note that in all cases, the fiber optic sensors were aligned with the car-
bon reinforcing fibers and are placed between two plies of identical orientation. Experimental and analytical studies
have shown that this is the optimal orientation to minimize the effect that the embedded optical fiber has on the sur-
rounding host material [11]. Also, the sensing regions of the optical fibers were placed near the center of the lami-
nate in order to avoid edge effects. The laminate was assembled by hand and cured in a hydraulic press according to
the manufacturer’s recommended cure cycle, shown in Figure 4. Twenty five hundred Ibs of force was applied to
the laminate during the cure, which is also in accordance with the manufacturer’s recommendations.
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FIGURE 3. Schematic of test specimen

Several assumptions were made in these experiments. First, it was assumed that the temperature is constant
throughout the composite specimen and that all of the sensors experience the same temperature, regardless of loca-
tion in the laminate. It is believed that the specimen used was thin enough (approximately 0.125™) so that heat
transfer was rapid and temperature gradients were minimized. We have also assumed that the effects of strain and
temperature in the Bragg Grating sensor can be separated using the temperature information provided by the ther-
mocouple in the following manner:

£ €

actual = ECmeasured ~ Ethermal 6

The thermal output (also called thermal apparent strain) is primarily due to the change index of refraction of the
fiber core with temperature, and is given by:

C-(T-T7,) )

€thermal =




Wher T is the temperature of the Bragg grating, T, is room-temperature (taken arbitrarily as the *“strain-free” tem-
perature of the grating), and C is a constant relating the apparent strain measured by the Bragg grating to its change
in temperature. For our system, C was experimentally determined to be 5.3 pin/in/°F, and the relation was linear up
to the cure temperature of the composite. The output of the Bragg grating sensor was nulled at room temperature
with no applied strain. From egs. 1 and 2, the actual Bragg grating strain can be computed from the measured strain
value and the measured temperature. One concern with this approach is that the Bragg sensors were calibrated at
room temperature. A strain calibration factor, which relates the shift in Bragg wavelength to the applied axial strain,
was determined by applying known axial strains to the fiber at room temperature and measuring the shift in Bragg
wavelength. Inherent in this approach is the assumption that this strain calibration factor is independent of temper-
ature. Additionally, the effects of transverse and shear strains on the Bragg grating are neglected in these experi-
ments, although it is recognized that these may have a significant effect on sensor response [17]. The magnitude of
such effects can be evaluated by comparing the Bragg response to an extrinsic FPI, which is not sensitive to trans-
verse strains. Finally, it was assumed that the sensor and the surrounding material are perfectly bonded, and that all
of the axial strain in the laminate is transferred to the sensor. Previous work by the authors and others indicates that
fiber optic sensors remain well bonded in an epoxy host at low strain levels, at least up to 2000 in/in [12,14].
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FIGURE 4. Manufacturer’s recommended cure cycle for HyE 6049U composite.

4.0 Results

Figure 5 presents the thermocouple measurements during the cure cycle. Comparing this to Figure 4, it appears that
the manufacturer’s recommended cure cycle was achieved. Figure 6 presents the measured strain during the cure
cycle using the Bragg grating sensor (€ eaqureq), Which includes the effects of both axial strain and temperature. In
order to separate these effects, egs. 1 and 2 were used with the temperature data provided from the thermocouple.
The resulting strain history is shown in Figure 7.

Three regions of interest can be identified from the data in Figure 7. First, during the ramp-up to the cure tempera-
ture, very little strain is observed. Some compressive strain is seen, and this may be caused by initial curing of the
composite. However, this strain is reversed during the latter part of the ramp-up, possibly because of thermal expan-
sion of the partially cured matrix. The strains observed during ramp-up were small and approached the resolution
of the demodulation system used, which was approximately 15 pin/in.




In the second region, during the cure, compressive strains are built up, presumably due to the chemical shrinkage
caused by cross-linking of the thermoset polymer matrix. These strains appear to build up slowly as the composite
cures. Previous work by others [15] indicated that the chemical shrinkage during cure stops prior to complete cur-
ing of the composite. From the results presented in Figure 7, it is possible that chemical shrinkage is still occurring
at the end of the manufacturer’s recommended cure time, and that full cure has not been obtained. These results
suggest the potential that an embedded fiber optic strain sensor can be used to determine the degree of cure in a
composite during processing.
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FIGURE 5. Temperature measured during cure with thermocouple.
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FIGURE 6. Output of Bragg grating sensor during cure. Note that the Bragg grating output includes the
effects of both strain and temperature. The data have been smoothed.
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FIGURE 7. Output of Bragg grating sensor during cure corrected for thermal apparent strain.
Correction factor used was 5.3 microstrain/°F.

In the final cool-down phase, the strains due to thermal contraction of the laminate were observed. It is common to
assume that during this phase, the composite has completely cured and solidified, and the strains induced during
cool-down are purely due to thermal contraction. A plot of strain vs. temperature during the cool-down phase
(Figure 8) indicates that the response of the laminate is fairly linear over this range, which is in agreement with pre-
viously reported results using resistive strain gages [16]. Deviations from linearity may be a result of viscoelastic
effects or a variation of the coefficient of thermal expansion with temperature.
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Figure 9 presents the strains measured with the two extrinsic FPI sensors. Several interesting features can be
observed from this data. Sensor FPI 1, which was embedded adjacent to the Bragg grating sensor and in the same
orientation, indicated a large spike of tensile strain during the cool-down phase of the cure. The Bragg grating sen-
_sor, which theoretically should be experiencing the same strain as FPI 1, did not indicate this spike. The cause of
the spike is not known at this time, but it may be a result of improper bonding of the sensor to the host material.
Because the laminate is symmetric ([05/905]), we would expect FPI 1 and FPI 2 to indicate the same strain even
though they are embedded in different plies and in orthogonal directions. Both sensors did indicate similar strain
histories (except for the spike in FPI 1), and the differences could be explained by factors such as inadequate bond-
ing to the epoxy matrix, slight misalignment of the sensors, local interactions with adjacent graphite reinforcing
fibers, or thermal gradients through the thickness of the laminate. Neither of the FPI sensors indicated significant
chemical compressive strains during the cure, while the Bragg grating indicated almost 100 microstrain of com-
pressive strain during this period (Compare Figure 7 to Figure 9). It is possible that this difference may be caused
by the sensitivity of the Bragg grating to transverse strains. As the surrounding matrix shrinks around the Bragg
grating during cure, it will apply transverse strains to the sensor which can affect the output. In smart materials
applications, this effect may have to be considered when the sensor is embedded in a region of unknown strain.

40 T T ]
= 300 ¢ o FPI1 ‘ ]
'§ DD [ee——— o FPI2{ i - I
2 A
e - |
S 100 |
CRN |
= 0L
.g
v 2100 |
=
oo [

-200

-300 et ! e et

0 50 100 150 200
Time (min)

FIGURE 9. Process induced strains measured with the extrinsic Fabry-Perot interferometers.

5.0 Conclusions

Embedded fiber optic sensors were used to measure the process-induced strains during the cure of a graphite fiber/
epoxy composite laminate. These sensors demonstrated the ability to non-destructively measure chemical and ther-
mal shrinkage strains internal to the composite part during the cure. Future research efforts will he aimed at using

the data collected by embedded fiber optic strain sensors and thermocouples to compute the residual stresses devel-

oped during cure.
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