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This paper presents the application of a Michelson interferometric fiber-optic sensor for
monitoring the damage of fiber-reinforced plastics. A Michelson interferometric fiber-optic
sensor was mounted on the surface of unidirectionally aligned carbon fiber-reinforced
epoxy composites. Response of the interference signal to either dynamic or static loading
was investigated. Specimen being impacted, the optical interference signal dropped
suddenly and then oscillated. The tensile test was performed with the measurement of
optical interference signal, strain as well as acoustic emission. Both fast Fourier transform
and digital filter processing of the optical interference signal were carried out to
characterize the damage signal from the fiber-optic sensor. The optical interference signal
whose frequency ranged from tens to hundreds Hz occurred when the specimen was
damaged. It was shown that real-time information comparable to acoustic emission (AE)
data could be obtained from Michelson interferometric fiber-optic sensor through a digital
filtering technique. The Michelson interferometric fiber-optic sensor proved to be effective
for monitoring the damage processes of the material studied. © 7999 Kluwer Academic
Publishers

1. Introduction propagating through an optical fiber drops substantially
Fiber-reinforced plastics (FRP) have been widely usedvhenever a fiber is broken. By monitoring the light
as structural materials for aerospace and automobiltransmitted through the fiber, the damage state of the
applications because of their superior specific strengthost material can be determined. While this technique
and rigidity. As the application of FRP broadens, thewas shown to be successful, the sensitivity of dam-
real-time monitoring of its structural integrity has beenage detection was insufficient owing to high strength
desired. It has been recently paid much attention to thef optical fibers. Kworet al. have detected the matrix
material system in which damage occurrence is monerack initiation of cross-ply composites with an embed-
itored with sensors and damage propagation is conded Michelson interferometric fiber-optic sensor dur-
trolled with actuators. Such material systems are calleéhg four-point bending tests [9]. They indicated that the
“smart materials” [1, 2]. Fiber-optic sensors have beerhigh-frequency interference signal resulted from matrix
promising sensors used in smart materials. This is besracking. Matrix cracking was sensed by processing the
cause fiber-optic sensors are lightweight, immune tmptical interference signal. In their study, however, the
electromagnetic interference, and can measure variowextent of damage monitoring was limited to only matrix
physical parameters using one probe. cracking.

Several studies of damage detection for FRP with op- Embedment of fiber-optic sensors in composite ma-
tical fibers have been reported [3—10]. Hofer and otheterials causes a decrease in strength of not only sen-
researchers have demonstrated that optical fiber sysors themselves but also host materials. The diameter
tems are capable of monitoring the damage in comef the optical fiber is over 100m although that of the
posite materials [3-7]. They indicated that damage irreinforcing fiber is usually about 1@m. Embedded
composite materials could be detected by the fractureptical fibers behave as defects in host materials. From
of embedded optical fibers. The intensity of the lightthe reliability point of view, a mounted-type sensor is
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preferable. The purpose of the present study is damFABLE | Optical and mechanical properties of the optical fiber
age monitoring of FRP with a mounted-type Michel- €mployed

son interferometric fiber-optic sensor under dynamicgefacive indexn 1.46
and static loading conditions. Unidirectionally aligned poisson’s ratioy 017
carbon fiber-reinforced epoxy composites were used aStrain-optic coefficients,

monitored materials. An impulse was provided with a P 0.11

hammer used for the Charpy impact test and the re- Piz 0.25

sponse of the optical interference signal to impulse was

investigated. During the tensile test, the optical inter- leasi h . Thus. d b
ference signal, strain as well as acoustic emission (AEq&y releasing the strain energy. Thus, damage can be

were measured. In order to characterize the dama etected from the waveform of the interference signal.
signal from the fiber-optic sensor, a comparison wa

made between the optical interference signal and dan}z' 'V'e‘i‘su”t”? S¥SteTth loved svstem includ
age state evaluated from strain and AE data. AN experimental setup ot the empioyed system Includ-
ing the Michelson interferometer is shown in Fig. 1.

Monitored materials were 12-ply unidirectional car-
2. Experimental bon fiber-reinforced epoxy composites (T700/#2500,
2.1. Principles of damage monitoring Toray). A He-Ne laser whose wavelength is 633 nm was
Consider the case where coherent light of angular freysed as the light source. The laser beam was launched
quency,w, is launched into two single-mode optical into a 2 x 2 coupler which splits the light into both
fibers. One fiber is strained, and the other is maintaine¢he sensing and the reference fibers. The sensing fiber
in a strain-free state. The strained and strain-free fiberas mounted on the specimen along the reinforcing
are called the sensing and the reference fibers, respeiber axis with cyanoacrylate adhesive. The reference
tively. Output from the sensing fibefs, and that from  fiber was maintained in a strain-free state. Conductive
the reference fibe#\ are expressed by Equations 1 andpaste was painted on the end of both the sensing and

2, respectively. the reference fibers in order to enhance the reflection
_ . efficiency. The reflected beams of light were combined
As = | Ad expli(wt + ¢3)} @) through the 2< 2 coupler. The interference signal was
Ar = | A expli(wt + ¢r)) (2)  converted to voltage with a photodiode.

whereg| A|,t andg denote the amplitude, time and phase,ing)%]cea: igﬁf;?;;:;;sﬂtn(g itgzg?)rr?t’igé?ﬂggﬂst? g;g:g
respectively. The intensity of the signal combined the =¥

U L d ] . _“within the core because of the total reflection at the
light in a sensing fiber with that in a reference fiber, ladding interf h . fth
|Ac+ A2 is given by Equation 3 core-cladding interface. In the sensing part of the sens-
S o ing fiber, the coating was stripped so that the core in
1As+ A% = (As+ A)(As+ A) which the light traveled could be strained as much as
the tested specimen. The sensor length, was con-

= 2 2 —_— - - ".

= [Asl” + | Al” + 2| As|| Ac| cOSps — ¢r) trolled with a Teflon sheet as shown in Fig. 2. For the
(3)  Michelson interferometric fiber-optic sensor, the gauge
length,L, of the sensor is twice the sensor lengit,.

whereAgs+ A denotes the conjugate complexAf+ g S
Ar. The SIast t:erm in Equation 3 represents the interfer-_ThIS is because the light is propagated back and forth

ence component. The change in optical path length il the fiber by reflection on the fiber end.
associated with the phase shift in the interference sig-
nal. When the sensing fiber with a gauge lendthis

Sensing fiber

strained along the fiber axis by, the induced phase X 2x2coupler _As . Test specimen
shift, A®, in the interference signal can be expressed———— - =S 5
by Equation 4 [11] AstAr le Mirror end
v Reference fiber
27nlL n2 y - Strain ed with the resi strain gauge
8¢ = T 1= [P — v(Pu+ Pl o] (Mo J—— T,

Sampling rate = 30,000 samples/s (for the impact test)
( 4) = 1,500 samples/s (for the tensile test)

wheren, v andP.j denote the refractive index, Poisson’s Figure 1 An experimental setup for measuring the interference signal.
ratio and strain-optic coefficients, respectively, of the

optical fiber, and. is the wavelength of the light source. Coating stripped optical fiber
Test specimen Gauge cement

The optical and mechanical properties of the optical \ S
fiber employed in the present study are listed in Table | (A‘_‘—— J /
[12]. . e [ S

As can be seen from Equation 4, it cannot distin-
guish whether the phase shift in the interference signa Teflon sheet
is induced by tension or compression. The interference Optieal fiber with coating Sensor length = AL
signal changes discontinuously when the sensor detecws
the V|prat|on. Da'-mage n FRP, such as matrix C_raCk_mg:igure 2 A schematic illustrating control of the sensor length with a
and fiber breaking, is considered to induce vibrationTefion sheet.
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An impulse was provided to the test specimen withenergy of 0.06 and 7.3 J, respectively. The optical in-
a hammer used for the Charpy impact test. An impacterference signal kept an approximately constant value
energy of either 0.06 or 7.3 J was given. The sensobefore impact load was applied. The signal decreased
fiber was mounted on the specimen of the opposite sidsuddenly justwhenimpactload was applied. For the test
where the hammer hit. The dimensions of the specimeat an impact energy of 0.06 J, the signal that seemed the
were 80x 10 x 1 mn? and the sensor gauge length,  sum of two signals with different frequency occurred
was 20.0 mm. Impact load was estimated through afterimpactload was applied. After the impact load de-
strain gauge mounted on the hammer. The interferencereased to zero, the high-frequency signal with roughly
signal and load were recorded at a sampling rate ofonstant amplitude occurred. No damage was observed
30,000 samples/s during the impact test. in the impacted specimen. For the test at an impact en-

The tensile test was performed at a cross-head speexnlgy of 7.3 J, impact load caused the interference signal
of 16.7 um/s in ambient atmosphere. Load, strain andto oscillate. The amplitude of the oscillation seems to
optical interference signal were recorded at a samplingncrease after the impact load decreased to zero. The
rate of 1,500 samples/s. Strain was measured with theensing fiber broke at about 6 ms after the impact load
resistance strain gauge. The sensor fiber with a gaugeas applied and then the signal dropped suddenly to
length of 20.6 mmwas mountedona 1800 x 1 mn?  dark current level. The specimen broke into two pieces
specimen with a gauge length of 100 mm. Substitutingoy the impact.
the sensor gauge length and the properties of the optical
fiber into Equation 4, we can obtain the strain sensitivity

of the fiber-optic sensor as 3.2. Strain and AE behavior during the
tensile test
|A®| =024 x 10Ple,| (rad) (5)  strain-time curve and AE amplitude during the tensile

) test is shown in Fig. 5. AE signals with an amplitude

One channel AE measurement was simultaneously pegyer 100 dB are marked at 100 dB owing to the limita-
formed to evaluate the damage process during the tefijpn of the AE analyzer. Fig. 6 shows the stress-strain
sile test. An AE sensor (NANO30, PAC) was attachedcyrye along with AE count rate during the tensile test.
onthe specimen on the opposite side of the sensing fibefhjs tensile test can be divided into the following three
The AE signals passed through a preamplifier (1220Agtages in terms of damage state.
PAC) with a gain of 40 dB were recorded in an AE an-
alyzer (MISTRAS 2001, PAC). The threshold value of
AE measurement was set to be 40 dB. Stage I: Beginning of the Test—Testing Time

at 382 s (Strain: 0-1.18%)

For this stage a small number of AE count rates were
3. Results and discussion recorded and most AE signals had an amplitude under
3.1. Sensor response to impact 70 dB. The stress-strain curve showed almost linear
Figs 3 and 4 show the optical interference signal andelationship. Thus, the damage occurred in this stage
load-time curves during the impact test at an impacimust be small scale, such as matrix cracking.
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Figure 3 Load and sensor response to hammer impulse at an impact energy of 0.06 J.
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Figure 5 Strain-time curve and AE amplitude during the tensile test.

Stage II: Testing Time at 382-447 s (Strain: Stage llI: Testing Time at 447 s—the End of
1.18-1.40%) the Test (Strain: 1.40-1.64%)

Many AE signals with an intermediate amplitude from Sudden strain increment occurred repeatedly and
70 to 80 dB were detected. The stress-strain curvstress-strain curve showed nonlinear behavior. Some
showed almost linear relation except at point A arrowedAE signals had an amplitude over 80 dB and high AE
in Figs 5and 6. Strain increased suddenly and AE signatount rates were recorded. In this stage, reinforcing
with an amplitude of 100 dB was detected at point A.fibers would break successively and then the specimen
Except point A and just after this, there was no signifi-failed.

cant difference in AE count rate between stage | and Il

In this stage, larger damage compared with the previou8.3. Sensor response during the tensile test
stage would occur and some reinforcing fibers wouldThe optical interference signal recorded during the ten-
break at point A. sile testis shown in Fig. 7a along with strain-time curve.
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Figure 6 Stress-strain curve and AE count rate during the tensile test.
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Figure 7 Optical interference signal and strain-time curve (a) during the tensile test, (b) at the beginning of the tensile test, (c) in Stage Ill, and (d)
the comparison between the optical interference signal and AE count rate in StaGemitintied.

According to the theoretical relationship between thethe oscillating signal was recorded. Another is the stage
phase shift in optical interference signal,®, and |l described in the previous section, where large-scale
strain, e, (see Equation 4), the periodical interferencedamage occurred.

signal should occur when strain increases in proportion Fig. 7b shows the optical interference signal and
to time. Except the beginning of the test, however, thestrain-time curve in the beginning of the tensile test.
optical interference signal demonstrated disordered beFhe interference signal oscillated periodically at a fre-
havior without periodicity. The fiber-optic sensor failed quency of 0.3 Hz before strain increased. This period-
simultaneously with the specimen fracture and then thécity would be attributed to the influence of external
interference signal dropped suddenly to dark currentisturbance such as thermal drift. The interference sig-
level. In the present paper, we note the following twonal changed discontinuously at point B where strain
cases in order to investigate the interference signal bestarted to increase. Strain increased linearly with time
havior in detail. One is the beginning of the test whereat a strain speed of 40 10~/s. Substituting this strain
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Figure 7 (Continued.

speed into Equation 5, we can calculate the frequency okith point D where the high-frequency interference sig-
the interference signal modulated by this steady straimal with small amplitude occurred. Small-scale dam-
increment to be 1.5 Hz. The measured interference sigage detected as small-amplitude AE would disturb the
nal after point B, however, periodically oscillated at a periodical oscillation of interference signal. It can be
frequency of 3 Hz for about 4 s. Then, at point C theinferred from the same notion that quite small-scale
high-frequency signal with small amplitude occurreddamage which could not be detected in the present AE
and followed by oscillating signal at a frequency of measurement would cause the interference signal dis-
1.8 Hz. From point D the high-frequency signal with order at point C.
small amplitude occurred again. The optical interfer- The interference signal and strain-time curve in
ence signal showed different behavior from theoreticalStage 1ll where extensive damage occurred is shown
prediction. in Fig. 7c. The high-frequency interference signal with
The first AE signal was detected at a testing time ofhigh amplitude continued for several hundred millisec-
20.1 s and its amplitude was 42 dB. This time agreednds at points E and F. At these points a notable
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Figure 7 (Continued.

sudden strain increment occurred. Note points G andhowed relatively high intensity components at a fre-

H where the interference signal changed discontinuguency ranging from 14 to 18 Hz.

ously although significant damage was indiscernible Fig. 8b shows the frequency domain diagram of the
from strain-time curve. Fig. 7(d) shows the AE countinterference signal during the testing time from 439

rate in Stage Il along with the interference signal. Highto 440 s where some AE signals with an amplitude

AE count rates were recorded at points G and H, smver 70 dB were detected. The feature of the power
that the significant damage must have occurred at thespectrum is similar to that of Fig. 8a: the intensity tends
points. Besides these points, the discontinuous change decrease with increasing frequency up to 100 Hz and
in the interference signal with high amplitude occurredthen ranging within a certain order. Most intensity of

whenever high AE count rate was recorded. frequency components over 100 Hz ranged within an
order of 10°°, which is a little higher compared with
3.4. Spectrum analysis of the interference the previous case.
signal Fig. 8c shows the frequency domain diagram of the

The frequency of the interference signal is considerednterference signal during the testing time from 489.5to
animportant parameter for damage detection with inter490.5 s. This time span covers 0.5 s before and after the
ferometric fiber-optic sensors. In the present study, théarge sudden strain increment designated “E” in Fig. 7c.
spectrum analysis of the interference signal recorded’he features of this spectrum differ from the previous
during the tensile test was carried out by the Fast Fourietwo cases. While the intensity tends to decrease with
Transforms (FFT). According to the sampling theorem,increasing frequency up to 60 Hz, the frequency com-
the highest frequency that can be analyzed is limited t@onents from 70 to 100 Hz gain in intensity. Further-
half of sampling rate. The intensity of frequency com-more, most frequency components over 100 Hz had a
ponents up to 750 Hz was estimated since the samplinkigher normalized intensity ranging from1%to 104

rate during the tensile test was 1500 samples/s. Thim the spectrum analysis performed at a different time
intensity of individual frequency component was nor- span where extensive damage occurred, the frequency
malized by the highest-intensity component. components over 100 Hz had a similar intensity.

An example of frequency domain representation It can be inferred from the spectrum analysis that the
within the time where no damage would occur is showndamage signal from interferometric fiber-optic sensors
in Fig. 8a. For the testing time from 12 to 13 s, no AE would have a frequency ranging from tens to hundreds
signals were detected and the interference signal od4z. The frequency is quite low compared with that of
cillated periodically (see Fig. 7b). The frequency with AE signals, which ranges from tens kHz to 1 MHz.
the highest intensity was 2 Hz, which correspondedrhus, interferometric fiberoptic sensors are unlikely to
to the frequency of the periodical oscillation occurreddetect AE directly. The strain speed at Point E was
then &21.8 Hz). Most normalized intensity of the fre- 2,500x 10-%/s. Substituting this strain speed intg
quency components over 100 Hz ranged front®10 of Equation 5, we can estimate the frequency of the
to 10~. There are considerable intensity peaks at 14nterference signal modulated by the sudden strain in-
and 17 Hz. Spectrum analysis performed for a differ-crement to be 95 Hz. The spectrum diagram shown
ent time span where no AE signals were detected alsm Fig. 8c exhibits relatively high intensity at 95 Hz.
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Figure 8 Frequency domain representation of the interference signal recorded during the testing time from (a) 12 to 13 s, where no AE signals were
detected, (b) 439 to 440 s, where some AE signals with an amplitude over 70 dB were detected, and (c) 489.5 to 490.5 s, in which a large sudden

strain increment occurredCpntinueg.

Besides this sudden strain increment, some damadanited to below 20 Hz when no damage occurred (see
events must have occurred simultaneously and thedeig. 8a). Hence, the cut-off frequency of the highpass
would cause both displacement and vibration with dif-digital filter was set to be 20 Hz. The filtered inter-
ferent strain speeds. Thus, the damage signal whoderence signal is shown in Fig. 9 along with AE count
frequency ranges from tens to hundreds Hz would beate. The first remarkable peak appeared at Point 1. This
induced by both displacement and vibration associatetme corresponds to point B in Fig. 7b, where strain be-

with damage occurrence. gan to increase. Many significant peaks appeared in
the filtered signal near the end of the test. These peaks
3.5. Real-time damage monitoring show a good agreement with damage events where high

Damage signal from the fiber-optic sensor was ex-AE count rate was recorded. Thus, the interferometric
tracted by highpass digital filtering. The frequencyfiber-optic sensor can monitor the damage in real time
whose component had relatively high intensity wasby means of the digital filter.
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Figure 9 Highpass filtered interference signal and AE count rate during the tensile test.

The significant peaks in the filtered interference sig-4. Conclusions
nal, however, correspond to only extensive damag®amage monitoring of CFRP with a mounted-
events. AE signals with an amplitude of 100 dB weretype Michelson interferometric fiber-optic sensor was
detected at these points, so that extensive fiber breakirigvestigated. Compared to embedded-type sensors, sen-
must have occurred. As mentioned in the Section 3.3sors of this type have the advantage of being exchange-
the interferometric fiber-optic sensor seems to estiable, and avoiding to reduce the strength of host mate-
mate the damage scale from the relative intensity ofials. The following conclusions can be drawn:
high-frequency components in the interference signal.
Further study is needed to determine the relationship (1) The optical interference signal dropped suddenly
between damage scale and relative intensity of highand followed by high-frequency oscillation when the
frequency components in the interference signal. impact load was applied.
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(2) The Michelson interferometric fiber-optic sensor 2. A. Bicos, in “Fiber Optic Smart Structures,” edited by E. Udd
was able to detect the damage by means of the wave- (John Wiley & Sons, New York, 1995) p. 629.
form of the interference signal. The high-frequency in- 3 B+ HOFER, Composited8 (1987) 309, o

. . . . 4. S. WAITE,R. TATAM andA. JACKSON, ibid. 19 (1988)

terference signal with high amplitude occurred when = .
the monitored material was damaged. The intensity ofs n. cLossor s. DUBOIS, W. TSAW, M. LEBLANC,
frequency components over 100 Hz increased with the J. LYMER, R. MEASURESandR. TENNYSON, ibid. 21
scale of damage. (1990) 71.

(3) The damage signal from the interferometric fiber- - S: WAITE, ibid. 21(1990) 148.

/ , e 7 7, Idem, ibid. 21(1990) 225

optic sensor W{_:IS eXtraCted_ by_hlghpass digital filtering. 8. T. FUKUDA,K. OSAKA ands. KITADE, J. Soc. Mater. Sci.
The damage signal with high intensity showed a good  japam2 (1993) 269.
agreement with damage events detected by AE methods. 1. kwoN, c. KIM andC. HONG, Compo. Sci. & Tech57
It was shown that the possibility of real-time damage  (1997) 1639. _
monitoring with fiber-optic sensor through a digital fil- - iioonLE andG. FERNANDO, J. Mater. Sci. Lett16 (1997)
tering technique. _ _ _ 11.C. BUTTER and G. HOCKER, Applied Optics17 (1978)
(4) The mounted-type Michelson interferometric  ,gg7.
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