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Abstract : Acoustic emission signal generated by the fracture of carbon fiber/epoxy composite lamina-
tes has been detected by an internally embedded multimode optical fiber sensor. The observed acou-
stic emission signal is then frequency-analyzed via FFT. It was found that the four characteristic re-
gions representing those of the four-step fracture mechanism of long fiber-reinforced composites
could be successfully identified by measuring frequency signatures. Therefore, a multimode optical
fiber can be utilized as a sensor for an in-situ monitoring of the characteristics of fiber-reinforced

composites under fracture process.

INTRODUCTION
Physical properties of carbon fiber/epoxy com-

posites have been extensively studied because of
its usefulness as a major structural material. Of
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many physical properties, the fracture behavior of
fiber-reinforced composites may be one of the im-
portant properties that needs to be thoroughly un-
derstood. The reason for this is that the fracture
of composite is directly related to the safety of the
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human-being who uses the structures made of
such composites.

Many nondestructive methods have been propo-
sed in studying the fracture behavior as well as
failure behavior of composite materials.! One of
the very recent nondestructive methods is the one
which employs a multimode optical fiber as a sen-
sor for an analysis of composite’s characteristics.?
An optical fiber was developed originally for a long
distance transmission of signals because of such
advantages as low loss in transmitting signal and
a low disturbance of signal by external factors. Re-
cently, optical fibers have been utilized as a sensor
to measure such physical quantities as electromag-
netic wave, ultrasonic wave, pressure, or tempera-
ture.>~" Optical fiber sensors are more advanta-
geous in measuring the properties of composites
than conventional ultrasonic sensors in the sense
that (1) they can be directly embedded inside the
fiber-reinforced composite so that the continuous
in-situ monitoring of composite’s characteristics is
possible and (2) a full length of optical fibers can
act as a sensor so that it can be used for the speci-
men of a large area. In these senses, an optical fi-
ber is one of the most promising candidates for
monitoring characteristics of large scale fiber-rein-
forced composites.

In this study, therefore, as an effort to explore
the applicability of optical fiber sensors, the acous-
tic signal generated by the failure of carbon/epoxy
composite was detected by a multimode optical fi-
ber sensor which is embedded inside the compo-
site. Also, detected signals were analyzed in conju-
ction with the fracture mechanisms of carbon fi-
ber/epoxy composites.

EXPERIMENTALS

Prepregs used throughout the experiment were
fabricated by passing the long carbon fibers th-
rough a solvent-epoxy bath and subsequent drying
the solvent. Acetone was used as a solvent to re-
duce the viscosity of epoxy and thus to improve
the surface coatability of epoxy. NMA(Nadic Me-
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thyl Anhydride) and BDMA(Benzyl Dimethyl
Amine) were used as a hardner and an initiator
for curing the laminates, respectively. Carbon fi-
bers were PAN series T-800 of Toray Inc., Japan,
the properties of which can be seen in Table 1.
The epoxy was a bisphenol-type YD-128 details of
which are shown in Table 2.

A single multimode optical fiber was placed in
the middle of 6 prepregs in parallel to the direc-
tion of the carbon fiber alignment. Such prepared
laminate was compression molded at 150C for 3
hours under the pressure of 6 tons following a 30
minute preheating at 100TC and cooled under the
same pressure. Thus prepared composite was 6.5
cm long and 1.0 cm wide. The diameters of core
and cladding of the optical fiber used in the pre-

Table 1. Properties of Carbon Fiber

Fila. Tensile Tensile Elonga- Densit
s Strength Modulus tion (ge/nmﬂ})l
(kgf/mm?) (kgf/mm?) (%) &0

T-800* 12,000 570 30,000 19 1.80
* Product of Toray Ind., Japan.

T
ype ment

Table 2. Properties of Epoxy

epoxy Viscosity  Molecular Specific
equivalence  (cp),25C  Weight Gravity

YD-128* 185-190 11,500-13,500 370-390 1.17
* Product of Kukdo Chemical Co., Korea.

Type

Optical Fiber Embedded in
Carbon Fiber/Epoxy Composite
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Fig. 1. Schematic representation of measurement se-
tup.
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sent study were 50 ym and 125 um, respectively.

An instrumentation used in the present study is
shown in Fig. 1. First, an optical fiber embedded
carbon fiber/epoxy composite was fixed in a grip
designed not to disturb the path of travelling light
through the optical fiber. Then, the light of 633 nm
wavelength from a He—Ne Laser was continuou-
sly passed through the embedded optical fiber and
the output signal was continuously detected while
the force was applied gradually along the direction
perpendicular to that of the carbon fiber align-
ment. The output signal was detected by a pin-
diode light detector after a spatial filter. Then de-
tected electrical signals were recorded and analy-
sed by a personal computer with the data aquisi-
tion system.

Throughout the present study, the force applied
to break the composite was not recorded because
the main purpose of this study was to detect the
acoustic emission signal coming from the failure of
composite and correlate the detected signal with
the fracture mechanisms of the fiber-reinforced
composite.

RESULTS AND DISCUSSION

Typical Output Signal

While the force is applied to the carbon fiber/
epoxy composite, many small fluctuations in output
signal from the pin-diode detector were observed.
the typical one of which is shown in Fig. 2. In this
figure, X-axis represents the time in seconds and
Y-axis represents the attenuation in output signal.

The acoustic emission generated during the fra-
cture of the composites propagates through the
composite layers, and it causes a local fluctuation
of the alignment of optical fiber sensor. This per-
turbation acts as a simulator to change the condi-
tions for the total reflectance of the travelling light
inside the optical fiber. The net result is that the
intensity variation at the end of the optical fiber
is directly related to the change of pressure
affecting the optical fiber.?®

At a glance at Fig. 2, one can see that the output
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Fig. 2. A typical acoustic emission signal obtained by

an optical fiber sensor when fracturing carbon fiber/

epoxy composite.

signal can be divided into four r :ious each of
which shows a different frequency characteristic.
These were assigned as Region 1, II, I, and IV in
order of increasing time. The signal in Region I
can be characterized as a stationary state always
with a small amplitude. Right after this, there was
always a sudden and intensive fluctuation in an
output signal(Region II) followed by a gradual
transition period(Region I). Finally, another sta-
tionary state but with a wave characteristic(Region
IV) was again observed at the end of the gradual
transition period.

Analysis of Detected Signal

One of the ways to analyze the time-domain data
is to obtain the frequency characteristics, so that
in this analysis the time-domain result was con-
verted into the frequency-domain one using a so-
called Fast Fourier Transformation(FFT) tech-
nique. Such analysis can provide the information
on the frequency characteristic for each region.

The frequency characteristics for four regions of
detected acoustic emission signal are shown in Fig.
3. In this figure, 3-(a), (b), (¢), and (d) represent
the frequency characteristics for Region I, I, I
and IV, respectively. As shown in Fig. 3, each re-
gion has characteristic peaks at various frequen-
cies those of which were summarized in Table 3.
These characteristic frequencies were determined

17



Kwang S. Suh, Chang Ryong Lee, Ki Hwan Park, and Jin Woo Park

“27{) (a)
2
E
5
=]
.:_E
2
0 1000 2000
Frequency(Hz)
01w 1
@ i
E R
2 S
B o
2 n I8 H 4
0 500 1000 1500 2000 2500
Frequency(Hz)
—2] ()
2
2 ?
4 ‘
£
W
0 500 1000 1500 2000 2500
Frequency(Hz)
—121 ‘
~ | @D
=]
5 |
= |
i
oc
) \
" : /\,A/\'j VA

0 500 1000 1500 2000
Frequency (Hz)

Fig. 3. Frequency characteristics for Region I, II, II,
and IV in Fig. 2 : (a) Region I, (b) Region II, (c) Re-
gion III, and (d) Region IV.
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Table 3. Peak Frequencies for Region I, II, I, and

v
Region Frequency(Hz)
I 80*, 1900
1 80, 1900*
I 400*
v 60*, 400

* Characteristic frequencies for corresponding re-
gions.

after a careful comparison of many other observed
peaks for each region. In particular, as shown in
Fig. 3-(a), Region I has many peaks in a frequency
range of up to 2500 Hz, but the peak at about 80
Hz is distinguishable and spurious peaks are dist-
ributed over the range from 1400 Hz to 2500 Hz.
In Region II shown in Fig. 3-(b) two main peaks
at about 80 and 1900 Hz were observed. On the
other hand, Region IIl shown in Fig. 3-(c) has one
main peak at about 400 Hz and Region IV shown
in Fig. 3-(d) two peaks at about 60 and 400 Hz.

The interpretation of characteristic frequencies
representing each region is not simple because
most regions have two peaks in a frequency do-
main, as shown in Table 3. However, a careful co-
mparison of the magnitude of peaks indicates that
the peak heights are different depending on the
region where they appear. In Region 1, a peak ap-
pears at 80 Hz and distributed peaks can be found
over the frequency range from 1400 Hz to 2500 Hz
resembling random signal behavior. Whereas, in
Region II, the peak at 1900 Hz is quite dominant,
compared to the one at 80 Hz. Therefore, 80 Hz is
the characteristic frequency for Region I and 1900
Hz that for Region II. On the other hand, it is ob-
vious that the characteristic frequency for Region
I is 400 Hz because it has only one distinct peak.
Then it can be said that 60 Hz is the characteristic
frequency for Region IV. These are summarized in
Table 3.

The fact that multiple peaks, or two peaks in
many cases, were observed for a region indicates
that the characteristic frequencies are overlapped
because of the following two possibilities . One po-
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ssibility is in the technique to differentiate the re-
gions. Here, as mentioned earlier, four regions
were differentiated just by their appearance, 1. e.,
stationary state, sharp increase in output signal, a
gradual transition period, and another stationary
state. A more careful differentiation of each region
may exclude the overlapping of characteristic fre-
quencies. The other is due to the physical pheno-
menon that more than a distinct step of composite
failure process occur concurrently over a region,
especially near the areas between two regions.

Interpretation in Conjuction with Fracture Me-

chanisms

As mentioned earlier, the failure of composite
structures emits an acoustic signal which in turn
affects the alignment of embedded optical fibers
and consequently the detected acoustic emission
signal is believed to originate from the failure of
carbon fiber/epoxy composites. On this basis, it
will be adequate to interprete the observed results
in conjunction with the failure or fracture mecha-
nisms of carbon fiber/epoxy composites.

The fracture mechanisms of fiber-reinforced co-
mposites have been investigated by many investi-
gators. Regarding this, four-step fracture mecha-
nism is the most widely known onef~'° Briefly
speaking, cracking of the matrix materials and de-
bonding of carbon fibers from the matrix are the
first step for the fracture of composites. The next
step is the fracture of carbon fibers. The third one
is the so-called pull-out phenomenon where the
acoustic signal is generated by a friction of the
pull-out carbon fibers. Finally, cracking of the mat-
rix materials and debonding of carbon fibers from
the matrix will start at nearby spots. All these pro-
cesses create the acoustic signals with different
amplitudes and different frequencies which are of
our concern in this study.

Coincidently or not, the acoustic emission signal
obtained in the present study was divided into
four characteristic regions and, as mentioned ear-
lier, the frequency characteristics are distinguisha-
ble depending on the region. To confirm the dete-
cted signal is closely related to the fracture me-
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chanisms of fiber-reinforced composites, two sim-
ple experiments were carried out : One experi-
ment was to break the composite with the embed-
ded optical fiber parallel to the direction of the
alignment of carbon fibers (the longitudinal frac-
ture). This experiment may simulate the situation
where the cracking of the matrix and debonding
of carbon fibers from the matrix can occur without
an extensive fracture of many carbon fibers. Fig4
shows the experimental result, where (a) is the
detected output signal in a time domain and (b)
is the frequency characterteristic in a frequency
domain. As shown in Fig. 4-(b), one peak at about
90 Hz was obtained so that it can be said, combi-
ned with the result shown in the Fig. 3-(a) and 3-
(d), that the peaks at this frequency range are the
characteristic peaks for the matrix cracking and
debonding mechanism. The other experiment was
to break a bundle of carbon fibers. For this experi-
ment, a bundle of carbon fibers were broken in
front of the microphone connected to the acoustic
signal collector, the result of which is shown in
Fig. 5. In the figure, (a) shows a wave-like respo-
nse in a time domain and (b) shows the frequency
characteristics obtained via the FFT. From this fi-
gure, combined with Fig. 3-(b), one can see that
the peak at about 2000 Hz is a characteristic peak
for the fracture of carbon fiber only.
Unfortunately, however, the acoustic emission
signal from the pull-out process could not be ob-
tained because of the difficulties in experimenta-
tion. Also, the exact frequencies at which the peak
maxima in a frequency domain appear are little di-
fferent depending on the situation. In case of the
matrix cracking and fiber debonding mechanism,
for example, the characteristic frequencies are 80
Hz for Region 1, 60 Hz for Region IV and 90 Hz for
the longitudinal fracture. A similar feature was ob-
served in the case of fracture of carbon fibers.
1900 Hz was the characteristic frequency for Re-
gion I whereas 2000 Hz was that for the fracture
of a single carbon fiber in front of the microphone.
The observation of different frequencies may not
be surprising because the situations under which
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Fig. 4. Acoustic signal and frequency characteristic
from a longitudinal fracture : (2) Acoustic signal in a
time domain and (b) Spectrum of (a).

the specimen was tested were slightly different.
Regarding the matrix cracking and fiber debonding
mechanism, the acoustic emission from the matrix
cracking and fiber debonding at fresh spots should
be different from that at spots near the previously
failed region, possibly stronger at the fresher
spots. Also, the fracture of carbon fibers in a free
space(fracture in front of microphone) may be
different compared to that in a restricted area
(within the composites). An implication is that the
harder the materials are the higher Hz the charac-
teristic frequencies are resulted in. It is, anyhow,
necessary to investigate the relationships between
the composite characteristics and peak positions in
a frequency domain.

Nevertheless, the above experiments suggest st-
rongly that the acoustic emission signal detected
in the present measurement system is directly re-
lated to the fracture mechanisms of carbon fiber/
epoxy composites. Along with the results from two
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Fig. 5. Acoustic signal and frequency characteristic
from a fracture of a bundle of carbon fibers acquired
by a microphone ; (a) Acoustic signal in a time do-
main and (b) Spectrum of (a).

simple experiments, four regions shown in Fig. 3
can be distinguished as follows even though the
respective processes may happen overlapped to a
certain degree . Region I as the matrix cracking
and debonding process, Region II as the fracture
of carbon fibers, Region Il as the pull-out process,
and finally Region IV as the matrix cracking and
fiber debonding at nearby spots.

CONCLUSIONS

Acoustic signal generated by the fracture of car-
bon fiber/epoxy composite laminates has been su-
ccessfully detected by an internally embedded
multimode optical fiber sensor and the detected
acosutic signal was analyzed using a FFT techni-
que. The major conclusions are as follows :

(1) The observed acoustic signal is composed of
4 characteristic regions each of which has the dif-

Polymer (Korea) Vol. 16, No. 1, January 1992



Fracture Mechanisms in Carbon Fiber/Epoxy Composite by Optical Fiber Sensor

ferent frequency characteristic. These are assigned
as Region I, II, 11, and IV, representing those of the
four-step fracture mechanism of long fiber-reinfor-
ced composites.

(2) Four characteristic regions represent the
four-step fracture mechanism of long fiber-reinfor-
ced composites. Region I having a characterictic
frequency of 80 Hz was assigned as the matrix
cracking and fiber debonding at fresh spots, Re-
gion I having a characteristic frequency of 1900 Hz
as the fracture of carbon fibers, Region Il having
a characteristic frequency of 400 Hz as the pull-out
of fractured carbon fibers, and Region IV having a
characteristic frequency of 60 Hz as the matrix
cracking and fiber debonding at nearby spots.

(3) Therefore, a multimode optical fiber can be
utilized as a sensor for an in-situ monitoring of the
characteristics of fiber-reinforced composites un-
der the fracture process.
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