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ABSTRACT :Acoustic emissions generated by a structure under stressed condition provide an insight in to the
dynamic behaviour of flaws in the structdoe characterization of failure moddsiber failure mechanism in-T

700 carbon epoxy composites is characterizgdtdsting unidirectional specimens in longitudinal mode.
Acoustic emission parameters like amplituéeergy, durationand signal strength have been recorded and
studied with respect to the applied load to assess the fiber fellaracteristicsThe AE data is analyzed with
different correlation plots for visual pattern recognitiignificantfiber breakagés observed at above 7066

the load.Bi-linear trend of theumulative amplitude distributioourve indicats distinctively matrix and fiber
failuresMatrix cracking failure mechanism dominated the entire loading cycle and is represented by AE hits of
up to 8%1B/90dB amplitude and the peak amplitude distribution is 58dB to 75dB. The wave forms of matrix
cracking hits with less than 90dB and lfits of energy are having up to 273 kHz frequetmgtentswith a

peak around 100 kHz. The wave forms of fiber breakage hits with more than 90dB and 100 units diaerergy

up to 448 kHz frequencgontentsand with a peak from 168 to 437 kiFzom thelow amplitude filtering
technique the border line for fiber breakagehserved fron89 to 92dB.

Keywords: Polymer Matrix Composite$ailure modesAcoustic emission techniquiéaveforms.

. INTRODUCTION
The carbon epoxy composite materials aeng widely usedn aerospace industry as structural

materialsdue to their high strengfo-weight ratioandcorrosion resistanagharacteristicsOne such application
is carbon epoxy filament woungcket motor casingsf solid propulsion systems faeospace andnissile
structures where thereight saving contributes to greater payload and range capabiQtigdity control of
composites must be an-going process and it needsntinuing research in structural integrity assessiNent
destructivetesting has helped to improve the quality therebyctural integrity and the performance of
composite structurddowever mn destruction evaluation (NDE) of composite structures is complex in terms of
testing and interpretation of the datae toanisotopy and wn-homogeneity of the materiahcoustic emission
testing is a rapidly developing nondestructive tool which can effectively be used for real time structural health
monitoring of complexcompositestructures under strgés?].The defects/ discontirities in thestructure would
grow under stressed condition which can be evaluiayedcoustic emission testing (AET)his technique has
on line structural integrity assessment feature compare with conventional NDT technigneblds to evaluate
theflaw type,locationand damage severity in the structureler theapplied stresaE is defined ashe class of
phenomena where by transient elastic waves are generated by the rapid release of energy from localized sources
within a materialunder stres$l]. AE signals, once generated, will be detected by the AE sensors, which are
attached to the material, and sent to the AE data acquisition system for recording arsingoces

The major failure modes in composites are observed in terms of matrix craii@doreakage and de
laminations[3-4]. Therefore AE test data interpretation for composite systems is relatively complex due to
different failure modes occurring simultaneougbeneration of extensive AE database on test coupon level and
identifying AE signature of different failure mechanisms is essential for taking up AE testing of large composite
structures like composite rocket motor casing. An attempt has been made in this study to characterize the fiber
failure mechanism in T700 carbon epoxy casife material by generatiriE databy tensile testingpecimens
from unidirectional laminate in along the fiber. The study has been dorembloying (a) visual pattern
recognition technique with the help of correlation plots of various AE paramé@igistudy of AE waveforms
with FFT for frequency patterns and (c) low amplitude filtering technique.
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I. Experimental Part
1.1 Sample preparation
T-700 carbon fiber impregnated witligh temperature curingpoxy resin is used to prepare unidirectional
compositdaminate by filament winding process on a diamond shaped maridreltensile specimens 05@ X
15X 2 mm sizes cut from the laminate in the longitudinal direction to the fiber as per the ASTM s{&hdard
shown inFig.1.The aluminium tabs are bondatl both the ends for the tensile test specimens to ensure better
gripping in the grips of universal testing machine (UTM).

0

e 250X15X2mm o
UD specimen in Fiber direction
Fiber direction >
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UD Laminate of size 400 X 400 X 2mm

Fig.1.Unidirectional longitudinal t ensile test specimens

1.2 Testing Procedure

M/s. Instron make, 100Nk universal testing machine with closed loop screw driven system is used for carrying
out tensile testing and load versus displacement or strain curves are obtained independently. M/s. PAC, U.S.A
make acoustic emission system is used fofirm monitoring with suitable software and multichannel
computerized AE system that performs AE waveform and signal measuréieRAC make, R15D model
resonant piezoelectric transducers and W15D model piezoelectric wide band sensors are used with external
preamplifi¢ to pick up the acoustic emissions and wave forms respectively from the specimens. R15D sensor
has an operating bandwidth between kB{x and 500kHz with resonant frequency of 1%z and W15D

sensor has an operating band widthl6fkHzto 1 MHz.The following AE testing parameters are used during
testing of samples.

i). Threshold: 40dB

ii). Peak definition time [PDT]: 20 ps

iii). Hit definition time [HDT]: 50 us

iv). Hit lock time[HLT]: 300 us

The AE test up is shown iRig.2. The specimens are subjected to tensile loading gradually up to
failure. Theload versustrainand load versus acoustic emissions were measured simultaneously

2. AMPLIFICATION

Preamplifiers

3. AQUISITION
AND STORAGE

1. DETECTION

4. DISPLAY

Fig.2 Acoustic emission test setujm UTM

. RESULTS AND DISCUSSION
1.3 Mechanical testingresults
Six numbersof specimens were tested and the data has been summarizalaril. The failure modes in the
selectspecimens are shown Fig.3. Load versusstrain curves for two specimens are shownFig.4. The
strain curves are found in linear trend with respect to Ibathesespecimenghe principal failure mode is by
fiber breakage and this happens towards the end of the test. However weak fiber failure is observed at the early
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stage of loading. As ated earlier the sample under mechanical load may exhibit three types of failure
mechanism$6, 7]Joccur in sequence as i) Matrix micro cracking is excessive during the initial phase of loading
and is present during the entire loading phase.ii) Excessitexnseaacking leads to separation of bunch of
fibres called delaminatioand iii) the fiber breakages cause ultimate failure ofgpecimefill]. The ultimate

failure load depends on the percentage dominance-lafdieation and fiber breakage.

Table.1 AE Test data for 6 specimens

S.No | Parameter Range of values for 6 specimens
1 Failure load (kNO 4271 69.5
2 No. of hits 12077 8922
3 Total energy 263401 430650
4 Energy range 2 - 43565
5 Total signal strength 1.15 E+09 3.24 E+09
6 Amplituderange (dB) 47-100
7 Duration range ps 2871 292590
8 Rise time range us 17 243
‘;hi al So‘pdecdi L [ ol Ll L U R h:
Wit cabi L d T o Do e Loy OF
8 e
Specimenr2
Fig.3 Failure modes in tested specimens
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Fig.4. Load versus $rain curves

14 visual pattern recognition withAE correlation plots

The AE data has been analysed by using various correlation plots. The raw acoustic emission signals obtained
from six specimens during tensile test have been processed with Matlab program and vauitics erogssion
parameters are studied for fiber failure. Error in measurements has been minimized by normalization among the
acoustic emission parameters like load, energy and signal strength.

1.4.1 Amplitude versus normalized loadplots

These are the preliminary plots of AE testing which depicts the amplitude of acoustic emissions with respect to
load andFig.5 showsthese plots for two select specimelmsgeneral the emissions started at arob#dto 10%

of the breaking load with marginal intensity. At above 60% of the loackhissions steeply increased with
higher amplitudes and the saindicatednitiation of failure of the sampke
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1.4.2 Progressive amplitude distributionplots

Progressive amplitude distributiqniots depict the number of AE hits with respect to amplitude at various load
levels. These plots have been mat20%, 40%, 60%, 80%, 90% and 100% of the failure soabthe same are

shown for two select specimeimsFig.6. The distribution is dominant between 55dB to 754&lBich indicates

that majority of the AE hits are attributed by such amplitude rafgeshove 80% of the failure load there is a

steep increase in treEmount of acoustic emissiomghich indicates the maximum safe limit of the load of the
samplesThere is an increase in the peak value of the normalized number of hits with increase in peofentage
loading. But the amplitude at which the peak occurs is almost consistent for all percentage of loads for a given
specimen. This trend is visible right from early stage of loading. The peak of the distribution lies between 58dB
to 63dB. This indicates #t the matrix cracking is more dominant in the entire loading cyitle.amplitude
distribution plot for both the specimens is skewed towards lower amplitude side. The skewing of the amplitude
distribution plot is a relative indication of the strength péamen[6]. It can be seen that for specimen 1, the
peak occurred at 58dB and for Specimen 2, the peak has occurred at 63dB. Hence the higher breaking load of
Specimen 2 is substantiated.
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Fig.6. Progressivamplitude distribution curve

1.4.3 Progressive Cumulative amplitude distribution curves

The Progressive cumulative amplitude distributiomrves depict thecumulative number of hits for the
amplitudes at various percentage load levels and the plots for the select two speamasinswn inFig.7. The
cumulative amplitude distribution curseshow bilinear nature at above 80% of failure load. It indicates that at
lower loads the matrix cracking is domiriaand above 80% of failure load both matrix cracking and fiber
failure are dominaif®]. The transition load from single failure mechanism of matrix cracking to two failure
mechanisméndicates safe loading limit of the specimens. The slope chaideghe loadsindicates transition

of one mode of failure into anothéfhe border line dB between matrix cracking and fiber failure is ranging
from 85dB to 90dB.
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Fig.7. Progressive cumulative amplitude distributomnves
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1.4.4 Acoustic Energy versus normalized loadlots
The energy is the area represented by the rectified AE signal waveform and its magnitude indicates the damage

potential of the AE event. Thenergyof the acoustic emissions with respect to load plots for the select two
specimensreshown irFig. 8. The energy of the AE hits is within 1000 units at the initial stage up to 70 to 80%
of the failure load of the samples wdraghe matrix cracking is dominambove this load the energy of the
emissions are increasing up to 50000 unitemghhe fibre failure isdominantand contributes the maximum

amount of energy.
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Fig. 8Energy versus normalised load plot

1.45 Amplitudes different energy groups versus Normalized load plots

These plots depictnaplitudes of different energy groupgth respect to load and the plots for the select two
specimengre shown irFig.9. The AE hits are divided in to 2 groups based on their enengigot. First group
contains AE hits up to 100 units of energy and second group contains with energies above 100 units. The plots
indicate that the AE hits with less than 100 units of energy are more dominant in number and they are within 85
to 90dB amplitudeacross the various specimessd they represent micro matrix crackindjts with higher

energy (energy >100) are spreading from 65dB and above. The high energy hits atmo98d@5is dominated

by fibre breakage mechanism. Moderate energy hiis f65dB and above may represemtrix cracking at

macro level andle-lamination.
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w v . B Energy = 100 e v P — T Energy < 100
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o [
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Fig.9 Amplitude versus normalized load curve

1.4.6 Cumulative signal strength and historic index versus normalized load plots

The cumulative signal strength and historic index as a function of normalizedblotiee select specimerns
shown inFig.10. The cumulative signal strengtturve shows the total signal strength of all the AE hits at
various percentagef failure loaddt is evident from the plots that up to 70% to 80% of the failure load where
matrix crackingis dominant the total signal strength is very low after which the curve is stdaphgasing
giving rise to a knee in the curves which is an indicator of tiatiaof fiber failuremechanism. The historic
index plots indicate the change of signal strength per unit loademy interval 0f0.5% of failure load. By
studying these plots for all the specimens it is observed that when the historic index crossemdetiof
damagg(fiber failure mechanisminitiates. The historic index is crossing 6 at about 70% to 90% of the failure

load across the various specimens.
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Fig.10 Cumulative signal strength and historic index as a function of normalized load

1.4.7 Acoustic signal durationplots

The duration of acoustic signal is the time from the first to the last threshold crossing in microseconds. The
duration isacousticcharacteristicfeature fora given failure mechanism and is proportional to enérigy.
duration versus loaglots for the select two specimermse shown inFig. 11. These plots indicate that long
duration hits with high energy content occur in the higher phase of loatliich arecontributed by fibefailure
mechanism. The AE hits contributed by matrix crackingwdtiein 10°us.
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Fig.11. AE duration versus normalized loadplots

15 Acoustic emission waveform$ FFT analysis

Thetime domain transierdcoustic waveforms have been recorded with wide band sensor during testsilg

of specimensFor each ravwwave form datdhe FFT analysis is carried outt obtain frequency domain power
spectral density signdin frequency domain, the peak frequency and range of significant frequencies have been
derived. From FFT results iis observed that the waveforms of AE hits with low energy at below 90dB
amplitude are showindifferent frequencypatterns compared to waveforms of AE hits with high energy at
above 90dB amplitude. Thereforget-FT wave patternsare classifiedin to two groupsi). The waveforms for

low energy AEhits at belowd0dB amplitudespresenting matrix cracking and two typical of them are shown in
Fig.12.The range of frequency lies froB0 kHz to 275kHz and peak frequency rarggom 97 kHz to 103
kHz. ii). The other group of waveforms represents fitadlure hits with frequency ranges from 57 kHz to 448
kHz and peak frequency range is from 168 kHz to 437 Ridm typical fiber failure wave forms ashown in
Fig.13.
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Fig.12.Waveforms representing natrix cracking phenomenon
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Fig.13. Waveforms representing fiber failure phenomenon

1.6 Low amplitude filtering technique i to identify fiber failure mechanism

The tensiletesting of unidirectional carbon epoxy composfgecimes in the longitudinal diection shows
matrix cracking, fiber breakage, fiber/matrix-dending and delaminatiofailure mechanismdn the sample
theYoungds modul us and fiders areverymaidh lhigher shathesnmagixt Thheredofe tot h e
utilize the full strength of the fibethe ultimate strains of the fiber and matskould be the sam&he major
release of strain energy during testing is duigoter breakageconverts in tahe AE signal strength.

Thereforethefiber failure is associated with high amplitude hitgh high signal strengthnitially the
failure is initiated at weak fiber and furthdretnumber of fiber breaks increases exponentially with regpect
the applied loadattributed to the scattering of the fiber strengtb.evaluate the number of fiber breaksversus
applied loada plot of cumulative signal strengtengusloadis most helpful. To evaluate the number of failure
mechanisms plot of cumuaktive hits ersusload is most helpful. If he low amplitude hits (nefiber break
hits) are filtered out, the cumulative plot of the remaining hésswsload shouldfollow the trend ofthe
cumulative signal strengthewsus load plotThe lowest amplitde remaining after filtering is the borderline
between the fiber break and nfiber break hitd9]. The normalized cumulative signal strength and Veétsus
normalized load fospecimenl is shown at before and after filtering fig.14.At below 91dBthe normalized
cumulative hits plot is followingloselythe trend of normalized cumulative signal strength. By applyhmey
low amplitude filteringtechnique for all specimen#$a border line dB isbserved betwee8d to 92dB.

(14a)Beforelow amplitude filtering (14b)After low amplifude filtéring
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Fig. 14Cumulative hits and cumulative signal strength plots for specimen
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1.7 Failure mechanisms versus normalized loaglots

The experimental study carried out on T700 carbon eptidyspecimes leadsto a conclusion that around 90
dB as border line amplitude for fiber breakage mechanismttandritiation of damage in the specimerss
observed at the knee location in cumulative signal strength plot where historic index is croBgintb&hows
the normalized cumulative signal strength and amplitude as a function of normalizefdridhe select two
specimensvhich will explain the presence of different dominant failure mechanisms in the pictorialdprto
around 70% to 80% of thimad where the knee staiits the plot,matrix failure dominates by AE hits with
amplitudes up to 90dB with few fiberfailures represeed by at abov®0dB amplitude hitsThe later part of
the loadingconsiss of mixed failure mechanisms like matrix crackingldminations and fiber pull out are
observed withAE hits up to 90dB and fibefailure with AE hits beyond 90dB. The range ofacoustic
parameter$or matrix and fiber failurerom the test resultare tablated inTable.2
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Table2 Range of AE parameters for matrix and fiber failures
Acoustic parameter Range of values
Matrix failure Fiber failure
Energy <100 units for micro matrix cracking >1000 and up to 41440 units
<1000 units for macro matrix cracking
Signal strength Up to 6.15 E+ 06 0.63E+06 to 3.73 E+08
Amplitude dB <90 >90
Duration range ps <10 >10*and up to 292590

carbon epoxy compositenidirectional laminatespecimens. Significant fiber breakage is observed at above 70

Il CONCLUSIONS
Acoustic emission data was recorded for fiber failure analysis in the longitudinal direttlenT-700

to 80% of the loadwith historic index at above.8atrix cracking mechanism dominated the entire loading

cycle and is represented by AE hits of up to 85 to 90dB amplitude with the peak amplitude distribution around

60dB. Bi-linear trend of thecumulative amplitudeurve at above 80% of the loathdicate matrix and fiber
failureswith a border line amplitude of 85 to 90dBrom the low amplitude filtering technique the border line
for fiber breakage is observed from 89 to 92@Be AE waveforms are distinctively classifiear fmatrix and
fiber failures with respect to frequency paramet@ise matrix failure waveforms areitv a frequency content
ranging from 5kHz to 275lHz and peak frequency at around 3. The fiber failure waveforms are with a
frequency content ranginfrom 57 kHz to 448 kHz and peak frequency range is from 168 kHz to 437 kHz.

ACKNOWLEDGEMENTS

The authors are thankful to The Director, Advanced Systems Laboratory, Hyderabad for supporting the

research work.

1.
2.
[3].
[4].
[5].
[6].
[71
(8l
[9].

REFERENCES

Ronnie.K.Miller, Eric.V.K Hill, Patrick O. Moore, American Society for Nalestructive Testing;Non-destructive Testing -
Acoustic Emission Testing”.0 Third Edition, 6 (2005).

Chen, F., Hiltner, A., and Baer, E. , fAiDamage and Fail ur e

Pol yphenyl kaf@SpositefMatetials, 2”13.,(1992), 2282306.

Suzuki , H, filntegFi bgr ECampasi besofvi Gha¥saried Fi NE&HE Matri x

International, 33, 2000, 173.80.

Ciordano.M, Calabro.A, Eggito.C, Damore.A and Nicolais.L, "An AE Characterization of the failure modes in polymer
composite materialsJ,Comp. Sci.& Tech, 58,(1998). 1923

ASTM Standard 3039, "Standard Test Method for Tensile Properties of Polymer Matrix Composite MaAeraisgn Society

for Testing Materials, ASTM International, West Conshohocken, PA, 2003

Walker . J.L., Ultimate Strength Prediction of ASTM EB039 Tensile Specimens from Acoustic Emission Amplitude Data",
AIAA 92-0258.

Kim, R. Y. and Som.S.R. "Experimentahd Analytical Studies on the Onset of Delamination in Laminated Composit#s,"
Composite Materials, 18 (1984), 7€80.

Herakovich, C.T "On the Relationship Between Engineering Properties and Delamination of Composite Mat€apdsite
Materials, 15, (1981), 33648.

AtivitavasN,"Acoustic emission signature analysis of failure mechanisms in-rideforced plastic structures,” Phthesis
United States Texas, The University of Texas at Austfa002).

www.ijesi.org 26|Page



