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Abstract

Advanced polymer matrix composite (PMC) materials have
been more frequently employed for aerospace applications
due to their light weight and high strength. Fiber-reinforced
PMC materials are also being considered as potential candi-
dates for elevated temperature applications such as supersonic
vehicle airframes and propulsion system components. A new
generation of high glass-transition temperature polymers has
enabled this development to materialize. Clearly, there is a
requirement to better understand the mechanical behaviour
of this class of composite materials. In this study, polyim-
ide-coated fiber optic sensors are employed to continuously
monitor strain in a woven carbon fiber bismaleimide (BMI)
matrix laminate subjected to tensile static and fatigue loading
at elevated temperatures. A unique experimental test protocol
is utilized to investigate the capability of the optical sensors
to monitor strain and track stiffness degradation of the com-
posite material. An advanced interrogation system and an
optical spectrum analyzer are utilized to track the variation
in the optical fiber wavelength and the wavelength spectrum
for correlation with strain gage measurements. Isothermal
tensile static and fatigue tests at room temperature, 105°C,
160°C and 205°C suggest that these optical sensors are capa-
ble of continuously monitoring strain and tracking the stiff-
ness loss of a highly compliant PMC specimen during cyclic
loading. The results illustrate that employing optical sensors
for elevated temperature applications has significant advan-
tages when compared to conventional strain gages.

Keywords: elevated temperatures, fatigue testing, fiber
bragg grating (FBG), polymer matrix composites (PMC),
strain monitoring.

1. Introduction

In recent years, advanced PMC materials have been more
frequently employed for aerospace applications due to their
high strength-to-weight and stiffness-to-weight ratios. This
is exemplified by considering modern commercial transport
aircraft such as the Airbus A380 and the Boeing 787. PMC

materials are also gaining substantial consideration for ele-
vated temperature applications, such as supersonic vehicle
airframes and jet engine components. These materials may
be adequate replacements for their metallic counterparts for
manufacturing aircraft components exposed to long-term
temperatures in the 150-350°C range. A new generation of
high glass-transition temperature (7',) polymers has enabled
this development to be achieved. Commercially available
polymers such as PMR-15 [1] and bismaleimide (BMI) [2]
polyimide resins have been used or are being considered
as matrix constituents in fiber-reinforced composite mate-
rials to manufacture jet engine components or supersonic
vehicle airframe components. Clearly, there is a require-
ment to better understand the mechanical behavior of this
class of PMCs to ensure their widespread use for these
applications.

As a result, a number of experimental programs based
on elevated temperature mechanical testing of this class of
PMCs have been developed and conducted in recent years.
The complexity in devising an appropriate experimental
protocol and employing an adequate testing apparatus is
increased due to the elevated testing temperatures, which
poses great difficulties for researchers. Both tensile static
tests [3—5] and fatigue tests [6-9] have been conducted at
elevated temperatures for various PMC materials. These
studies employ various heating sources and either cooled
hydraulic grips or mechanical gripping fixtures for load
application. In addition, these studies utilize either strain
gages or extensometers to monitor the strain (or stiffness)
during mechanical testing. Note that during cyclic load-
ing, strain gage and extensometer capabilities may be sig-
nificantly limited. Strain gages have a much lower strain
limit during cyclic loading when compared to their static
strain limit [10], while extensometers become unreliable at
higher strains and loading frequencies, due to slipping of the
probe edges with the specimen surface [11]. A remedy is to
interrupt the fatigue test at specific intervals and conduct a
static test with extensometers in place [12], as is specified in
testing standard ASTM D 3479 [13]. This is seen as a limi-
tation since it does not allow for continuous strain measure-
ment during cycling, which may be required for properly
tracking stiffness degradation throughout the entire life of
the specimen [14-16]. This is also a serious limitation for
determining fatigue lives of materials that exhibit load-time
dependency since the time during which the test is paused
and/or loaded monotonically can affect the materials fatigue
response.

Fiber Bragg grating (FBG) sensors have been employed
in many studies for both strain and damage monitoring of
PMCs, and are considered ideal candidates for high-strain
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magnitude fatigue loading of PMCs at elevated tempera-
tures. FBG sensors may provide a solution to overcome
the limitations of more conventional dynamic strain moni-
toring techniques such as strain gages and extensometers.
Embedding and surface mounting FBG sensors have been
shown to have minimal impact on the bulk properties of
PMC materials due to their small diameter [17]. Another
advantage of employing FBG sensors for elevated tempera-
ture fatigue testing is that the effects of strain and tempera-
ture on the sensor can in fact be isolated [18, 19]. Many
studies [20-26] have successfully demonstrated the ability
of embedded FBG sensors to measure internal strains and
temperature, and to detect damage such as matrix cracking
and ply delamination in PMC laminates. All studies clearly
state that there are limitations with embedding optical fibers,
specifically the complexity of manufacturing a composite
with embedded optical sensors. In order to alleviate some of
the complications of embedding FBG sensors, the sensors
can be mounted on the surface of a specimen or component.
DeBaere et al. [17] revealed that both embedded and sur-
face mounted FBGs perform well for strain monitoring in a
thermoplastic matrix laminate subjected to cyclic loading.
There are few studies that employ FBG sensors for strain
or stiffness monitoring during fatigue loading of composite
materials, mainly due to the difficulty in the interrogation
of the cyclic waveform data. Also to the knowledge of the
authors, FBG sensors have not been utilized for elevated
temperature fatigue testing of any PMC materials.

In this study, high temperature polyimide-coated FBG
sensors are assessed for their ability to continuously mea-
sure strain in a woven PMC laminate subjected to ten-
sile static and fatigue loading at various temperatures up
to 205°C. The subsequent section includes a brief review
of the theory and concepts of FBG sensors applicable to
this study, which is followed by an overview of the experi-
mental set-up and the experimental test program. The
experimental test results are then presented and discussed,
and a final conclusion section outlines the significant find-

2. Fiber Bragg grating theory

The basic principle for a uniform optical FBG sensor located
in a single mode coated optical fiber is illustrated schemati-
cally in Figure 1. The gratings used in this study have a
constant pitch (A) and length (L), and an index of refraction
denoted by n. Figure 2 shows a schematic of the wavelength
spectrum of a broadband light source into a uniform FBG sen-
sor, with the Bragg wavelength denoted by A ,. Further details
about FBG sensor operation and manufacturing can be found
in the literature [20, 27].

The Bragg wavelength for the reflected spectrum of the
grating is defined by:

A,=2nA (1

Any change in either n or A will cause the Bragg wave-
length to shift, which will facilitate determination of the
strain and temperature environment to which the optical fiber
is subjected in this study. The shift in the Bragg wavelength
due to both strain and temperature is obtained by [27]:

Ady= 2nA[{1-[%2][P12 -v(P, +P12)]}£

+{a+dn/dT}AT)
n

The applied strain and temperature change are, respectively,
denoted by ¢ and AT, P,, and P, are Pockel’s coefficients of
the stress-optic tensor and v and « are the Poisson’s ratio and
coefficient of thermal expansion of the fiber material, respec-
tively. Using the material parameters for the silica glass fibers

(@)

used in this study, the factor {1-("2/2)[32-1’(31 +P]2)]}

has a definite value of 0.7981. Thus, the strain response at a
constant temperature is found to be:
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Figure 1 The principle of a conventional uniform FBG sensor.
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Figure 2 Schematic of light wavelength spectrum through a FBG sensor.
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Figure 3 Test specimen geometry (all dimensions in mm).

In this study, the temperature is constant during mechanical
loading, thus Eq. (3) is used for the strain calculations based
on the measured shift in the Bragg wavelength.

3. Materials and methods
3.1. Materials

The material used for the experiments was a two-dimensional
woven T650-35 3K carbon fiber-reinforced 5250-4 BMI
resin. The fibers and matrix are both commercially available
constituents. The laminate panel consisted of six plies of the
woven carbon/BMI, with the weave direction of all plies at
45° bias from the loading axis. The panel was supplied by
a third party and, as such, any manufacturing information is
unavailable for disclosure. The final panel had dimensions
of 470190 mm. The test specimens for static and fatigue
tests were cut to nominal dimensions of 47025 mm using
an abrasive waterjet cutting technique. Tapered aluminum
end tabs 50 mm in length were then bonded to each speci-
men as shown in Figure 3. The angle of taper for each end tab
was 25°. The specimen geometry is in compliance with that
specified in testing standard ASTM D 3479 [13]. A specimen
length of 470 mm was used in order to allow the end tabs to
sufficiently protrude outside of the heating furnace for grip-
ping (see Figure 5).

Strain gages and FBG sensors were subsequently bonded to
each test specimen. Vishay EA series resistance strain gages
were used for the room temperature (RT) tests, while Vishay
WK series resistance strain gages were employed for the ele-
vated temperature tests. The FBG sensors were all written in
single mode glass optical fibers, with grating lengths ranging
from 5 mm to 8 mm. In addition, the optical fibers used for
the elevated temperature tests were coated with a polyimide
coating, yielding a total diameter of 160 pm. For the RT tests,
Loctite 496 RT curable adhesive was used to bond both the
strain gage and the FBG sensors, while for the elevated tem-
perature tests M-Bond 610 adhesive was used. The strain gage
and FBG sensor for each specimen were bonded at the center
of the test specimen on opposing sides as shown in Figure 3.
This was done to allow for a direct comparison between the
strain gage and FBG. In each case, the local specimen surface
was prepared for bonding (i.e., degreaser, abrasion, condi-
tioner and neutralizer). For the FBG sensor, the grating was
positioned on the specimen and pre-strained by using high
temperature Kapton tape on either end of the grating. The
pre-strain on the fiber caused a slight shift in the Bragg wave-
length, which resulted in a strain of ~100 microstrains. This

>

was done to prevent buckling of the fiber during unloading of
the tensile test specimens. Next, the fiber was bonded over the
entire length of the grating using the corresponding adhesive.
For the elevated temperature test specimens where M-Bond
610 adhesive was used, additional pressure was applied to the
fiber for curing. The adhesive was cured in air at 165°C for
1.5 h. A photograph of the externally bonded FBG sensor is
shown in Figure 4.

3.2. Experimental setup

All static and fatigue tests were performed using an MTS 322
loading frame with an MTS FlexTest GT/Teststar IIm control-
ler and data acquisition unit. A linear servo-hydraulic actuator
provided the load input, where a 250 kN load cell and a lin-
ear variable displacement transducer (LVDT) provided load
and displacement feedback for the controller, respectively.
Hydraulic wedge grips, which remained out of the furnace
heat zone during the elevated temperature tests, were used to
grip the specimens. Multi-channel data for the load cell, LVDT
and strain gage were acquired with MTS software through
a PC connected to the data acquisition unit. The strain gage
terminals were connected to a P3 strain indicator unit, which
provided an analog signal (i.e., voltage) as input for the MTS
FlexTest GT/Teststar IIm. This ensured that the acquired load
cell, LVDT and strain gage data were properly time-stamped
and synchronized. It should be noted that extensometers were
not used in this study due to encountered difficulties of con-
tact between the extensometer blades and the test specimens
during fatigue loading.

An ATS 3210 electric clam-shell type furnace with an inte-
grated temperature controller was used as a heat source for the
test specimen gage section for all elevated temperature tests.
The furnace included three heating zones, each consisting of
a K-type thermocouple for temperature feedback to the con-
troller. The length of the furnace was 240 mm, with a 50 mm
diameter test section. The temperature controller PID param-
eters and power output values were adjusted as to provide
a gradual rise in the furnace temperature of 0.2°C/s during

Bonded optical fiber

Figure 4 Photograph of surface bonded FBG sensor.
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Figure 5 Photograph of gripped test specimen in opened furnace.

temperature ramp-up to the final test temperature. Once the
test temperature was reached, the specimen was allowed to
stand for 20 min to ensure uniform temperature in the gage
section. The settings on the temperature controller ensured a
uniform test temperature in the furnace and a constant test
temperature throughout the duration of all tests within £2°C,
which is in accordance with ASTM D 3479 test standard [13].
An additional K-type thermocouple was bonded to the sur-
face of the specimen using high temperature Kapton tape to
monitor the surface temperature during fatigue testing. A pho-
tograph of a gripped test specimen in the opened furnace is
included in Figure 5.

A Micron Optics si425 optical sensing interrogator with
integrated light source was employed to continuously capture
the dynamic reflected FBG wavelength peaks during both
static and fatigue loading. The interrogator has a maximum
sampling frequency of 250 Hz, and can simultaneously cap-
ture 4 channels of data from 4 optical fibers with up to 100
FBG sensors per fiber. The range of Bragg wavelengths for
all FBG sensors used in this study are in the C-band region
(1520-1570 nm), which is the sensing range of the optical
sensing interrogator. The interrogator has the single option of
saving time-stamped peak wavelength data for the FBG sen-
sors. In this study, there was no attempt to synchronize the
interrogator data with the MTS data acquisition unit. Post-
processing algorithms were employed to synchronize the
time-scale data of the peak wavelength values and the load,
displacement and strain values. It was also necessary for this
study to capture the entire reflected spectrum for static tests
conducted at predefined intervals during fatigue testing. To

A Load cell / LVDT
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Teststar IIm

P3 strain indicator

Specimen
loading
direction

Strain gage

Optical fiber

Figure 6 Schematic of experimental setup (A) Interrogator, (B) OSA.

achieve this, an Ando Aq6331 optical spectrum analyzer
(OSA) with a JDS Uniphase Broadband Light Source and
an optical coupler were utilized. The OSA has the ability to
save the captured spectrum optical power/wavelength data.
Note that due to the low scanning frequency of the OSA, the
reflected spectrum can only be scanned during load/displace-
ment dwells for static tests. Schematics of the experimental
setup with both the si425 interrogator and the OSA are shown
in Figure 6.

3.3. Experimental test program

A number of static tensile tests were initially conducted at
RT and elevated temperatures to monitor the time-dependent
behavior of the material and the corresponding response of
the FBG sensors. These tests provided a suitable correlation
for FBG sensor and strain gage measurements. In total, two
types of static tests were conducted under displacement con-
trol. The first test consisted of a ramp-up to a displacement
of 2.5 mm with the subsequent ramp-down to near-zero dis-
placement, both at a rate of 0.6 mm/min. The second test
consisted of a series of ramp-up and dwells for three dis-
placement values (1.0 mm, 2.0 mm, 2.5 mm), at a rate of
0.2 mm/s. In this study specimens were tested at RT, 105°C
and 205°C.

The subsequent set of tests were isothermal uniaxial ten-
sion-tension fatigue tests conducted at RT, 105°C, 160°C
and 205°C under load control with a constant amplitude
sinusoidal waveform. The stress ratio (i.e., minimum stress/
maximum stress) was set to 0.1, and the loading frequency
was 5 Hz for all tests. All fatigue tests were interrupted at
predefined intervals to perform static tests in order to moni-
tor the specimen stiffness using both the interrogator and
the OSA. These static tests were conducted in displacement
control up to the maximum cyclic stress in accordance with
ASTM D 3479 [13]. Although in this study fatigue tests were
interrupted at predefined intervals to perform static tests, the
long-term goal is to continuously monitor strain using FBG
sensors and track the stiffness degradation of a test speci-
men without interrupting the fatigue test. This methodol-
ogy will facilitate tracking the stiffness degradation of a test
specimen via strain measurements during a load controlled
fatigue test.

B Load cell /LVDT
o et MTS
¢ stramn ndicator .o im
) I
Speglmen Strain gage
direction

Broadband
light source

Optical fiber
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4. Results and discussion
4.1. Static tests

The first set of static tests was conducted at RT on the same
test specimen as described in the previous section. Figure 7
is a plot of the axial strain versus time as measured by both
the FBG sensor and the strain gage for the static test with
three dwells. The correlation between the FBG sensor and the
strain gage is excellent as shown. The results of the second RT
static test with a constant loading/unloading rate are shown in
Figure 8. Once again the correlation between the FBG sen-
sor and the strain gage is excellent. The plots in Figures 7
and 8 demonstrate the consistent response of the FBG sensor
at two considerably different loading rates. This is a critical
requirement for PMC materials that exhibit time-dependent
stress-strain behavior since changes in the loading rate result
in significantly different material response, which is indeed
detected by the FBG sensor. This also illustrates that there is
minimal strain transmission loss from the specimen through
the adhesive to the FBG sensor, which can frequently occur
with surface bonded FBG sensors [26]. Also, the consistency
in the wavelength-calculated strain during the displacement
dwells is clearly illustrated in the plot. This ensures that the

adhesive sufficiently bonds the FBG sensor to the specimen
surface.

The second set of static tests was conducted at 105°C on a
second test specimen. Figure 9 is a plot of axial strain versus
time (similar to Figure 7). Once again, an excellent correlation
between the FBG sensor and the strain gage data exists. Note
that there is a slight discrepancy between the two strain sen-
sors at the lowest and highest dwells, which may be a result
of the slight temperature fluctuations (+2°C) in the specimen
gage section. These fluctuations can cause a slight increase
or decrease in the measured wavelength value due to the
sensitivity of the FBG sensor to the change in temperature.
Although this slight discrepancy does exist, the differences in
the magnitude of the calculated strain values do not deviate
by more than 5% when compared to the strain gage values.

4.2. Fatigue tests

The tension-tension fatigue tests were all conducted until
specimen failure occurred. Due to the high strain levels of
each test, the elevated temperature specimens tested at 105°C,
160°C and 205°C failed prior to 100,000 load cycles. The RT
specimen endured for approximately 280,000 load cycles. For
all conducted fatigue tests the FBG sensor remained bonded

Micro-strain (m/m)

—— FBG sensor = Strain gage
0 20 40 60 80 100 120 140 160
Time (s)
Figure 7 RT static tensile test with dwells.
7000
6000
E 5000
E
= 4000 +
E
£ 3000
5
= 2000 A
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0 T T T T
0 100 200 300 400 500
Time (s)

Figure 8 RT static tensile test.
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Figure 9 Elevated temperature static tensile test with dwells.

and undamaged for the duration of the test, while the strain
gages failed well before specimen failure. This illustrates that
at elevated temperatures and high cyclic strain levels FBG
sensors are indeed reliable, while high temperature strain
gages are not suitable.

In order to illustrate the FBG sensor accuracy for dynamic
strain measurement, the strain was calculated from the mea-
sured change in central wavelength using Eq. (3). These val-
ues were then correlated to the measured strains from the
resistance strain gage for all fatigue tests. Recall that the strain

80 100

Time (s)

gages were bonded on the specimen surface directly opposite
from the FBG sensor (see Figure 3). A plot of axial strain ver-
sus load cycles for the RT fatigue test is shown in Figure 10.
The correlation between the strain gage and the FBG sensor is
excellent, with <1% deviation in the strain data. Similar cor-
relations were drawn for all elevated temperature fatigue tests.
A similar plot for the 205°C fatigue test is shown in Figure
11. Once again, there is an excellent correlation between the
strain gage and the FBG sensor. Note that similar correlations
could not be made later in the fatigue tests at higher loading
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Figure 10 Strain versus load cycles: RT fatigue test.
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Figure 11 Strain versus load cycles: 205°C fatigue test.
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Figure 12 Wavelength spectra for 205°C fatigue test.

cycles, due to premature failure of the strain gage. Also, note
that for the elevated temperature tests it was found that the
surface temperature of the specimens increased slightly during
cycling due to self-generated heating. The slight deviations in
Figure 11 can be attributed to this effect.

In addition to monitoring the strain, the ability of the FBG
sensors to track the specimen permanent deformation was
investigated. As indicated, the fatigue tests were interrupted
at specific intervals in order to conduct static tests to utilize
the capability of the OSA to capture the entire wavelength
spectrum. Tracking the change in the spectrum at cyclic inter-
vals facilitates the monitoring of the specimen permanent
deformation. Figure 12 is a plot of the successive wavelength
spectra for the 205°C test. The plot includes captured spectra
after cyclic loading of the specimen for 100, 500, 1000, 5000
and 10,000 cycles. The decrease in the intensity of the peak
wavelength and the corresponding increase in the wavelength
magnitude are apparent as the loading cycle number increases.

This is evidence of increasing strain during the fatigue test
since the wavelength increases under the same stress level.
Permanent deformation may be due to a combination of local
damage and time-dependent creep response of the matrix at
the elevated temperature. Similar trends were observed for the
105°C and 160°C fatigue tests, and to a lesser extent for the
RT fatigue test. This material behavior is not the focus of this
study and as such, is not quantified in this paper; however, the
ability of the FBG sensors to track this type of behavior has
been proven.

The changes in the corresponding specimen stiffness and
permanent deformation can also be illustrated through the
successive load-wavelength curves for each individual fatigue
test (these are analogous to stress-strain curves). Figure 13
shows a series of plots of applied load versus the FBG sensor
wavelength for the 205°C fatigued specimen at the indicated
cyclic intervals. The permanent deformation of the specimen is
clearly increasing as the number of cycles increases, while the
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1567 1569 1571 1573
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Figure 13  Successive stress versus strain curves for 205°C fatigue test.
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change in stiffness can also be seen by observing the succes-
sive curves. Once again, to emphasize, the stiffness change of
the specimen is not quantified in this paper, whereas the ability
of the FBG sensors to track this behavior has been shown.

5. Conclusion

To facilitate continuous strain monitoring for a PMC laminate
during elevated temperature tensile static and fatigue test-
ing, polyimide coated FBG sensors were employed. A unique
experimental protocol consisting of an advanced interroga-
tion system and an OSA unit were necessary for tracking the
measured wavelength data of the optical fibers. Static test
results demonstrate that FBG sensors can accurately monitor
the strain and are capable of monitoring the time-dependent
behavior of the PMC material. Fatigue test results at both
room temperature and elevated temperatures confirm that
externally bonded FBG sensors accurately measure dynamic
axial strain when compared to a conventional resistance strain
gage. Minimal strain transmission loss was exhibited by the
FBG sensor, with only minor deviations at elevated tempera-
tures due to the slight temperature fluctuations of the furnace
or self-generated heating of the specimen during cyclic load-
ing. This deviation can be mitigated by adding a second FBG
sensor on the optical fiber which is not bonded to the speci-
men surface [21]. This second sensor would effectively act
as a “thermocouple”, providing the shift in wavelength due
solely to temperature change and thus providing the correc-
tion for the strain induced wavelength shift of the first FBG
sensor. In addition, the FBG sensors were capable of operat-
ing sufficiently for the duration of each high-strain cyclic test
(i.e., until specimen failure), which is seen as an advantage
over conventional resistance strain gages and extensometers.
As indicated, the strain gages did not withstand the high-
strain dynamic loading at elevated temperatures, failing long
before the fatigue tests terminated. The capability of the FBG
sensors to monitor permanent deformation and stiffness deg-
radation during cyclic loading was also shown.

Additional work may be required to ensure the usefulness
of FBG sensors for elevated temperature cyclic testing of
other highly compliant PMC materials; however, their abil-
ity to continuously measure strain and track stiffness degra-
dation is promising at this stage and is a novel contribution.
Additional testing will be conducted on various types of
polymer matrix composites at various elevated temperatures
to further validate the current results. Also, various high
temperature adhesives will be tested for bonding the FBG
sensors to ensure repeatability of the presented results.
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