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KAMI OM-

Acoustic Emission Behavior of Flawed Unidirectional

Carbon Fiber-Epoxy Composites

A&%srRA~r fractume room"se in complex compoisite lay-ups using acoustic
pape reortsan xpermenal awesigaioa n mdmancaland emission is the final goal. initially we need simple mnaterial system

acoustic eission behavior ofsliecially designe and mmnubicansd ,ue I , t unlestaid scausic emishioun beavior of various composite
fiber epoxy comlposites. Unidirectional coimpouime lamnates with various miatenals. For this pu-rpose, unidirectional composites ame needed
flaw conflguratloas were tested in Wash.s and theIr meica In o With s-m luIn h atiCAA spCifi locations This type OfComposite
acoustic emission responses vxr determined. Fiber frcae delals most be prduced in-house sumc no such maeri U Commnercially
lion. splining (or cracking alon fibers) ad frthi of delniald bot available. for undirectioual composites. fiber iactsu and minx
conribumt to characteria ostic d emio bel!y,.,. Those ca be fractures, ie.. delamination and splitting. ame expected Al thre
dischiiaste on the basis of pmk apiuk and dtem Wij be types; are observAd in the p s tudy. In oder so evaluate

4cuucnusosanl acutceisinprmtr
The short duration (< IW) . pAIS < d) signify meceaismsi aae ers ssot ithuectaioi useud

carbon Siber facture, whaile ibm dumb (50 - 70 dA) doeaoutcassomrneaie Sud
with an average - Pa duration dhe initiation and slow io determine signal amplitude, rise time, signal duration. event
jrgMM of tehiinstion. High% -ml (>M ad) have long (>200 rtes and their distributions. Results wre correlaed to fracture

O)event duration and Me advancoes of ddelu~ton. behavior of thesemoe composites.
Splitting or cracking along the fibers low to medium amplitude
evaus with along eventdrto > Timyeo cutceiso

* ~~signals has overlappingcaatmtc those of delamination and
needs horthr delineation of ag po artrs. Delaniswed EXPUIMUIITAL DESIGN

1151 samles also emit acoustic emiss Wilh amliues in the rage of
40 - 50dBad mi dumtiosof c ISO Thes a rise from the Tvm basic types of samples wee empk*We. One is to embed
friction of delaminased pin-Cat Ioian within unidirectional tensile samples. Pan-Cu

Thisisw mcrhin pire ' uhsAircraft Co andbythe office of lamninae were placed on the cuter suarbc (synmmetrically) or in
Naval Research. the center. "his group ci sample geometries is expect1ed to generate

stress concentration at the prn-cut lamniac, leading to fiber frac-
ture. The pre-existing flaws sam also expected to intiate delamina-

* TRO~ucnoN two. During tt& the outer poe-cut larmnse delantinated. mak-
igacomparison of acoustic emission test iesults difficult. Thuts.

Acaustic emission studies of composite materials have been poe-cut lammans *wee in most cases placed insde The other type
nu fmerous. Ovier 2W0 pape.i have been published by M93 II of samples has all the Ianiane pre-cuit with V2 to 2'ovelap. These

and a comparable number of papers have since been published. In am similar to Ilpjoints. Momof i e samples in this group had the
* thde case of fiber reinficd composites. however, a basic overap length ofIl-. These pan-ca larninse wa grouped into two
* understanding is still limited. For example it is not certain or three groups. each one to six laminse thickt. In th" type of Sam-

whether the fracture of a fiber produces high amplitude acoustic pie geometries. delamination is expected to be the primay fiilure
* emission or not. In oder to utilize conmputerized pattern recogni- mode.

tain analysis procedures for quality aurance and for nondestruc-
tive testing (2-41, it is necessary to chatracterize acoustic emission
parameters; Wo a given fracture mechanism.

An even lazier number of papers have been published on failure EXEIME A PROCEDURES
modes of composites. In particular, the fracture of flawed com- aew
poses and the delarmation of laminated composites have at-
tracted recent attention (5-7). Some studies, eg. Reference 18). carbon fiber reinforced epuoxy matrix composite sheswA=

hav foue onth cos:eission due to damage grcwth produced by therand compression method fint a peepre. Rolls of
Howveer, ~ue tyIjy omple lay-p seqe~~6' wide peptg wmr obtained fromHece and kept in a freezer.

pre-existing fAmws ama studies hav complicated the interprets- aemban fdibers w a m ies n - nd thle mari euns numerse
*~ ~ ~ ~~lo of sousi osrvation. While tie datimiom of F8 pry pcfctosaegvnl~ eutdmsbs

________ _______ _______ _______ of unidirectiona lminae wa anto Ibg and stackdaccord-
2 citwisioe Sienc ai Enln~s~no Scoolci jag to desin. Typically. 6' ' size sheow wiere produced. The

EngPIneerWn ad Mcied Scen 0-4 Univrtyckv chool lof 5~ aili~wr aiichedl betwe releas sheets d
ArdlftO~ COorrila 90024. USA bleeder clothes and placed in a hot platenl prss Under a pressure
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of 100 psi, press temperature was increased to 3500F at heating fail at random locations, no observable indication is produced oa
rate of SF/min. Hold time at 350"F s 2 'onrs. the ample surface or on the load-tim curve. We will discuss this

Teisile samples we prepared from these unidirectional com- type of fiber fracture later.) The second is splitting parallel to the
posite sheets. Nominal width of 1/2 was used. Only the fiber load (or fiber) direction, followed by fracture of split composite at
direction (0 ° ) samples were made and their length was 10". Rein- various locations. 1pically. the splitting starts at a low load. As
forcing tabs, 3 long, were glued to each end using cyanowcryic the load is increased, the splitting extends along the sample and
glue. The reinfoming tabs were tapered on one end and made of more splitting occurs at other locations. Final fracture is
1/4" thick PC. The thickness of a sample was dependent on the catastrophic. These two types are often accompanied by delamnina-
number of laminae with a single lamina thickness of typically tion as well. The third is deamination. When no continuous ply
0.005". exists as in some composite sheets, the delamination leads o the

Including materials prepared for preliminary testing, a total of so-called 'tensile shear fracture (of lap joints). In Table 3. the
35 composite sheets were prepared. Of these, the main pan of this three types of fracture will be referred to by F, 'S" and 'D:
study employed fourteen sheets, eight of which had some uncut respectively.
laminae. The remaining six had all the laminae pre-cm. The length Table 3 summarizes the sample lay-up, fracture load, mode of
of overlap ranged from 1/2' to 2' and was I ' in four of the six fracture and the nominal and effective fracture stresses. The se-
sheets. Ply configurations am given in Table 2. cond values of fracture load in parentheses indicate the loads at

which a large load drop was observed. This is considered to be the
initiation load of a large delamination. The effective fracture stress

Testing was calculated ty using the area of un-cut laminae. When all the
laminae were pre-cut, the fracture load was divided by the area of

The mechanical testing was performed using a floor model In- a lap joint to obtain tensile shear stress. Splitting was the dominant
stron. Screw-assisted wedge grips were used to hold a sample. A mode when un-cut laminae are included, whereas delamination

, crosshad speed of 0.01 '/min was always used. Since the ted was observed for the samples with lap joints (with one exception).
section has 4" length, the nominal strain rate was 4.1 x 10/Is. When the splitting mode is observed, the final fracture always
However, this value is unreliable because ofthe presence o flaw(s) coincided with complete delamination, followed by fiber fracture
in a sample. Tess were conducted in tom air at 70 to ?5OE within each split composite. Thus, the fracture load (smss) repr-
Humidity was not controlled. seats the start of macroscopic delamination. This is also the case

Acoustic emission tests were conducted during tensile testing, for the delamination mode of fracture.
An acoustic emission sensor (AET MACI75L) was placed on a Observed range of effective fracture strngth was 150 to 230 ksi
sample at the center portion using a viscous couplant and springs. when un-cut laminae are included. This agrees with typical values
Two sensors were used in the course of acoustic emission tests for carbon fiber-epoxy composites in the 0 direction. The tensile
One of them had a peak sensitivity of 70 dB in reference to IV per shear strength with one inch overlap was 1200 to 3500 psi. increas-
, bar and was more sensitive than the other by 33 dB. The less sen- ing with the thickness of composites. This range is also typical of
sitive sensor was useful to evaluate high amplitude acoustic emis- epoxy adhesive joints.
sion signals. The sensor output was fed to a preamplifier We used In most tests, splitting occurred starting at less than a half of the
one or two preamplifiers with a plug-in filter of 125 to 250 kHz. fracture load. Assuming typical values of ibisson's ratio, 0.24, the
These were 60 dB or 40 dB gain preamplifiers (AEFT 160B or applied stress, 100$00 psi. the transverse modulus. 10 psi and the
140A). The high gain preamplifier was used when low amplitude longitudinal modulus of 28 x 10 psi, we find the transverse stress
signals needed to be resolved. Since the dynamic range of signal to be 860 psi (assuming no width relaxation due to grip holding ac-
processing circuit is limited to about 60 dB. the use of the 60 dB tion). This is several times smaller than typical transverse ultimate
preamplifier precludes the characterization of signals above 78 dB strength of similar composites. but this appears to be caused by the
in reference to I gV (i.e.. the signal level of 8 mV or higher at the compression of the sample at the grips inducing transverse tensile
sensor output). The use of the low sensitivity sensor and 40 dB stress.
gain preamplifier allowed the detection of signals up to 131 dB.

The preamplifier output was fed to a microprocessor-based
acoustic emission signal processor (AET Model 5000A). Although Acoustic Emission
two inputs can be processed, only one input was processed in most
tests, in order to gain a higher processing speed. This signal pro- Figure I shows the plots of load vs. time and rms voltages of
cessor records the peak amplitude, signal duration, signal rise acoustic emission signals vs. time curves for Test No. 32. The
time. ringdown or acoustic emission counts of each burst-type sample in this test had lay-up E-3, a six-!aminae composite with
acoustic emission signal. The rate of burst-emission signals and two three-laminae group pre-cut. overlapping 2. This sample
applied load can be recorded as a function of time. After a test, failed completely in tensile shear; that is. delamination of the
distributions (cumulative or differential) of these acoustic emission overlap area led to failure. Strong acoustic emission signals were
parameters can be obtained from a specific portion of the test. In detected coinciding with load drops and nearing the final fracture.
addition, cross-plots of several parameters can be made; e.g.. the Noticeable acoustic emission activities started at about one-third of
peak amplitude vs. signal duration. In this case, a dot is imprinted the maximum load level. The peak amplitude distribution of
for each burst-emission signal. The processed data is stored on a acoustic emission signals for this portion of the test is shown in
hard disk during a tes and later stored on a floppy disk. The rms Figure 2a (55 to 90 s segment out of the recorded test duration of
voltages of acoustic emission signals were also recorded using two 170 s). The number of acoustic emission events was less than 80
rms voltmeters. a multi-channel digital storage recorder and a two- and the lowest and highest observable events had the peak
pen recorder. amplitude of 52 dB and 84 dB in reference to I V, respectively.

The average peak amplitude of detected acoustic emission events
was about 60 dB. The amplitude distributions of the next two seg-

RESULTS AND DSC ION ments (90 to 125 s and 125 to 145 s segments) are given in Figure
Frctme Mode 8-i S b 2b and 2c. These showed basically similar distributions. However.

the average peak amplitude was lowered to 58 dB and 53 dB.
Three main modes of fracture were observed. The first type is respectively. and a new peak at 40 to 50 dB range emerged. The

fiber fracture at a pre-cut lamina location. (When individual fibers high end of the peak amplitude distribution was also extended to
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128 dB. However. the major part of acoustic emission events had decrease below 31 dB is due to approaching threshold level (25
the peak amplitude between 50 and 70 dB. The events above 80 dB dB). It is significant that over 90% of acoustic emission evems have
weoe evenly distributed during the second segment, but more amplitude below 50 dB. About a half of the detected events ex-
events were found at 88 - 108 dB during the third segment. The hibited less than 50 as event duration. These short, low amplitude
amplitude distributions of the last segment (145 to 170 s) that in- events cannot be attributed to delamination, which emits mostly in
cludes final fracture are shown in Figure 2d and 2e. The two the amplitude range of 50 to ) dB. Friction of delaminated faces
distributions represent low and high amplitude ranges. The two cannot occur befor substantial delamination takes place. In this
peaks discussed above merged showing the highest activity at 50 sample, splitting started after the load drop due to a large
dB. For this segment, although its activity was lower than lower delamination (at 350 s). The only likely source of low amplitude
amplitude peaks (at 45 and 55 dB). another peak was found at 95 acoustic emission is then the fracture of carbon fibers. Lorenzo
dB, as shown in Figure 2e. and Hahn 191 showed that the average peak amplitude level due to

The duration of acoustic emission events was also analyzed and the fracture of a carbon fiber bundle is 35 dB. The present finding
the results indicate that: is in accord with their observation.

(>95%) When this sample was loaded to 156 ksi. a load drop and
Most o events with peak amplitude below 50 dB hav delamination were observed. The peak amplitude distribution of
event duration less than amplitu. this segment when acoustic emission became strong (6.67 to 7

* Average event duration of medium amplitude (50 - 75 dB) minutes, corresponding to stresses of 140 to 156 ksi) is shown in
eevents is or 7 d Figure 5b. Here, a bimodal distribution with peaks at 33 dB and 52

* High amplitude events of over 15 dB have event duration longer dB was observed. More than a half of the events had the event
than - 200 #s. duration longer than ISO /is. It is apparent that about 50% of

Since this composite essentially has a single lap joint configura- acoustic emission events are similar to those observed at lower
tion, the stress concentration at the ends of overlapping laminae stresses, while the remainder can be attributed to delamination.
leads to Mode I and Mode II fracture. This causes delamination at which emits mostly in the amplitude range of 50 to 70 dB. Thus.
A or B in Figure 3. The delamination grows toward the center of we conclude that the amplitude distribution (Figure 5b) arises
the overlapping area. As the applied load increases, delamination from the fracture of carbon fibers and the delamination.
begins at the other end. They can also grow toward the loading The third type of acoustic emission behavior is illustrated in
ends of the sample (although such delamination was not observed Figure 6 (Test No. 66). This sample was a seven-lamina corn-
in Sample No. 32.) From the above acoustic emission observation, posite, the center single lamina of which is pre-cut. In the failed
the medium amplitude (50 - 75 dB) events appear to correspond sample., no delamination was detected. One major and two minor
to the initiation and slow growth of delamination. This is so de- splitting were noted. The final fracture was due to fiber breakages
duced because initial acoustic emission events had the medium at both ends (at the end of grip tabs). Acoustic emission started at
amplitude levels only and the fracture of carbon fibers is quite the stress of 47.5 ksi. The peak amplitude distribution of acoustic
unlikely at the applied stress levels below 30 ksi. The high emission signals from the start to 430 s (fractured at 440 s) is given
amplitude (>75 dB), long duration (>200 s) events are at- in Figure 7a. A prominent peak at 33 dB is again evident. The
tributed to originate from rapid advances of the delamination, ac- average peak amplitude level is about 35 dB and a higher
companied by load drops. Since this sample failed by delamina- amplitude tail extended to 78 dB (maximum in the present setting).
lion, the only plausible mechanism for the observed events during However, acoustic emission events with amplitude levels above 45
the final fracture is massive delamination. Even at the final frac- dB constituted less than 10%. The average event duration was
ture, this sample was stressed to only 43 ksi, making the fiber frac- about 35 /s. These short, low amplitude signals are again expected
ture unlikely. Examination of the fractured sample also indicated to arise from the fracture of carbon fibers as in the case of Test No.
no apparent fiber fracture. Moreover, the high amplitude events 65. The peak amplitude distribution from the initial segment (90 to
observed were invariably of long duration. If a fiber fracture were 240 s) is given in Figure 7b. Except for the height of the distribu-
to generate such a high amplitude event, one would expect a very lion curve, it is nearly identical to Figure 7a, implying that
short duration signal due to the small diameter of carbon fibers mechanisms of acoustic emission are also similar. The peak
( - 7 gm). Even with a slow crack growth rate of 10 m/s, it takes amplitude distribution from 430 s to the end of the test is given in
only 0.7 gas to fracture 7 pam fiber. While resonance phenonena in- Figure 7c. Again, the results are remarkably similar to the two
creased the duration of acoustic emission signals, it is difficult to curves shown together. However, the number of events above "70 dB
expect over 200 ps events. Thus, we can rle out fiber fracture for is higher, reflecting the fact that the final fracture is included in this
these high amplitude events. The above interpretation is in agree- segment.
ment with References (81 and (91, but no( with the authors who at- In Figure 7a to 7c, it should be pointed out that events having the
tribute high amplitude events to fiber fracture 110 and Ill. The low amplitude levels of 45 to 65 dB are always present. These were
amplitude events were considered to be due to the friction of observed from the early stages to the final fracture. These medium
delaminated faces |81. The present condition makes this interpreta- amplitude signals are apparently due to splitting since no
tion attractive, although we have no direct evidence to support this delamination was detected even in the fractured sample. These sig-
hypothesis. nals contribute to large spikes in the rms voltage-time curve

The load-time and rms voltage-time curves for Test No. 65 are (Figure 6) and their numbers are comparable to that of delam-
shown in Figure 4. The sample had nine laminae, the middle three inaion-induced acoustic emission signals (Figure 2a). When a
laminae being pre-cut. It exhibited delamination of the un-cut cross plot of peak amplitude and event duration was obtained using

, outer laminae, after which these delaminated laminae split and a POSTPRO program from AET, a general trend of longer event
" finally the split outer laminae failed during the catastropic failure, duration with higher peak amplitude was observed. When the peak

The center three laminae were not split even after the final frac- amplitude is slightly above 50 dB, the event duration of all higher
ture, indicating the splitting became significant only after the amplitude events exceeds 200 #as. Comparable long event duration
delamination, for delamination induced signals was observed only for amplitude

Acoustic emission signals were detected starting at - 100 s or at levels higher than 60 to 75 dB. In addition, a considerable number
46 ksi. The peak amplitude distribution of the segment when o events below 40dB with the event duration of over 100 as were
acoustic emission was first observed (2 to 3 minutes, correspond- also detected. Thes appear to be due to the splitting since the low
ing to stresses of 55.4 to 76.8 ksi) is shown in Figure 5a. Here, it amplitude events from fiber fracture have been shown to last no
peaks at 31 dB and decreases with increasing amplitude. The more than 100 ps in the discussion above. These findings are not
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TAKtE 1. Comnposfte proporties spoottlcottons.

Fiber Tensile sucngtb 350,000 psi
Tensile MIMdulu 52.000 psi
Ultimate elongation 0.7%

DOnsy 1.82
Resin Density 1.219

Guas transition 306F
Tensile stregth 10.600 psi
Tensile mtodulus 600.000 psi
Ultimate elongation 2-9%
Poisos IIAti 0.35

Lasmaa Fiber volume content 60%

W~idth 6*
Thickness 0.005"
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