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Abstract

Acoustic emission signals recorded during failure of fikeinforced composite materials
were investigated with pattern recognition techniques toirolafasses of signals each with
similar characteristics. Pattern recognition techniquescambination with cluster validity
indices allow a fast and valid separation into disttgpes of signal classes. A valid correlation
of these classes with failure mechanisms in the nadisra more difficult task. This is due to the
complex formation process of the acoustic emissignadj the dispersive propagation of the
excited elastic waves, reflections at the specimemdaries and to the detection process using a
multi-resonant sensor. All these processes alter itfierent acoustic emission signal
characteristics associated with a failure mechanisth tzave to be included in the signal
analysis. To better understand the modifications @& #toustic emission signals during
propagation and detection we present a finite elementiaion approach for three experimental
setups used for mechanical testing of fiber reinforced ceitgso The simulation includes a
micromechanical model of the acoustic emission soarc@nisotropic propagation medium and
a model of a typical broadband acoustic emission seWsdiscuss the influence of the sensors
aperture and the changes in its frequency sensitivitg. [dtter depends on the elastic properties
of the material the sensor is in contact with. Furthercompare simulations of typical failure
mechanisms for geometries of flexural testing, tensi#ing and ¢z-testing with the respective
acoustic emission signals obtained in the experimentll three specimen geometries the
inherent characteristics of the source mechanism atiegliishable by characteristic frequency
parameters and can be used to identify the failure type.

Introduction

The possibility to identify the occurrence of failure ainanisms in carbon fiber reinforced
plastics (CFRP) in dependence of loading is of great ipghdhterest for modern light-weight
engineering. Ultimately, the understanding of materidlufa in CFRP will contribute to
optimize the mechanical performance of the compasiteduce its overall weight due to clearly
predictable load limits. Acoustic emission (AE) anayss a powerful tool to monitor
micromechanical failure in CFRP. Typically the obsehfailure consists of inter-fiber matrix
cracking, fiber breakage and a variety of interfacialufai mechanisms like fiber-matrix
debonding or inter-ply delamination. The possibility to tidfgrthese types of failures by suitable
interpretation of the recorded AE-signals is an establidledd of AE-research [1,2,3,4,5,6].
However, due to the dispersive propagation of the excitstielwaves and attenuation effects
no generally applicable criterion to identify a paddcufailure mechanism has been found.
Pattern recognition techniques are considered a suitableéd identify distinct types of AE-
signals based on a multitude of features obtained fromreaberded signals [3,4,5,6]. The
formation of AE-signal clusters depends sensitivelytt@nexperimental setup, the geometry of
the specimen and the possible existence of other AE-sonatecorrelated to specimen failure.
Therefore, a suitable tool to validate the assignmentistinct AE-signal types to failure
mechanisms are finite element simulations of therasmopically observed failure types.


https://core.ac.uk/display/224833349?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Following the simulation approach by Prosser et al. [€]r&cently established a new AE-source
model, which takes into account the microscopic elgstiperties in the vicinity of the AE-
source [6]. It was demonstrated that the results sktsenulations compare well to experimental
results obtained from a flexural testing geometry witiidirectional ply layup. In the following
three typical CFRP geometries and stacking sequencas/astigated by such simulations.

Experimental Setup

For the present study three experimental setups tyfoicahechanical testing of CFRP were
used. All specimens were manufactured from the HexPly T80(i@d3eg system using an
identical curing cycle. The first setup concerns four-pbariding of (100£1) mm x (15+£0.5) mm
X (1.4+0.2) mm (length x width x height) specimens exhibit®sn layup according to DIN-
EN-1SO 14125. For testing 0.01 mm/s crosshead speed, an intarcdi®f (27+1) mm and an
outer distance of (81+2) mm between supports were usedsdoaad setup, Gspecimens with
dimensions of (240+2) mm x (24+0.5) mm x (3.0£0.2) mm (lengtickh x height) and a
[012)sym layup were tested according to ASTM D 5528 with a crosshmsetisof 10 mm/min. In a
third setup tensile loading of specimen geometries witlsstread speed of 1 mm/min was
investigated. Here the dimensions were (170+2) mm x (40£0.5) mn(1.5£0.1) mm
(length x width x height) plates exhibiting a [0480sym layup with (55+1) mm x (40+0.5) mm x
(1.1+0.1) mm (length x width x height) reinforcements usirig54135/Q]sym layup at the edges
as marked in figure 1.
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Fig. 1. Experimentally used tensile specimen and correspgprolume for FEM-simulation

All acoustic emission signals were recorded by threksbaked triggering using a PCI-2 data
acquisition systenand the software AEwinwith a sampling rate of 10 MS/s. The trigger
parameters were optimized to the respective specimeneggesnto inhibit triggering of noise
signals and reflections from the specimen boundarieaddition, a bandpass range from 20 kHz
to 1 MHz was used to reduce detection of low frequenicyidn signals and high frequency
electromagnetic noise signals. For flexural teséing Gc-testing, the AE-signals were localized
using a hyperbolic localization technique in linear sensomgéry. For the tensile specimens the
sensor geometry marked in figure 1 was used for planatizatan. In the following only
signals, which could be localized, were taken into adctourfurther analysis. For data reduction
and postprocessing steps like feature extraction and pateognition the software package
Noesisvas used.

FEM-Simulation of Acoustic Emission Signals

For simulation of the excitation, propagation and theac®n of acoustic emission signals the
“Structural Mechanics module” of the software package GOM was used. For quantitative
comparison with experimental data it is necessaryke t@o account all boundary reflections,
which forces the implementation of full scale 3D-slations. All the simulations made use of
symmetry planes as indicated by the red hachured ard@giie 1. This reduces the size of the
specimens’ simulated volumes and thus enables fasteulat®@ns. The different stacking



sequences were taken into account by respective chahges elastic coefficients of T800/913

given in table 1 for the unidirectional 0° fiber orierda.

Table 1. Elastic properties of CFRP used for FEM-simuteti

Density [kg/m3]

Poisson-Ratio

Elasticity Constant®§p

Carbon Fiber T800S

1810

0.20

E=294.0

Resin HexPly 913

1230

0.35

E=3.39

T800/913 (unidirectionall550

G1=154.0

Clzz C13:3.7
022: C33:9.5
023:5.2
C44:2.5
Coe= Cs5=4.2

Source Model

The AE-source geometry used is shown in a 2D-represamtati figure 2 including the
dimensions of a “crack”, modeled as three-axis crossoautof the cracking medium. This
enables quasi-independent movement of the “cracks” surifiacesy or z direction. For failure
the microscopically inhomogeneous elastic properties inhéoseCFRP are taken into account by
a resin cube surrounding the embedded carbon fiber. Tineégmiare enclosed in a cube acting
as perfectly matched layer (PML). Within this PML thecroscopic elastic properties are
gradually adjusted to those of the surrounding macrosco@itum (CFRP) in order to provide a
continuous transition. Within this source model the e$fedtorientation between fiber axis and
the crack surface movement direction can be included.
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Fig. 2. 2D-representation of source model (left) and tyick surface oscillation for matrix
cracking (right)

In accordance to the considerations of Ohtsu et al.ifl@hur model the crack progress is
simulated by a linear increasing displacemej glof the crack surface within an excitation time
Texy,z2 The subset (x,y,z) indicates the direction of ldispment. This results in an oscillatory
movement of the cracks surface as shown on the rigia p& figure 2. The configuration shown
in the left panel of figure 2 refers to simulation diefi-breakage. Interface failure was simulated
introducing additional displacement components directletdigathe y- and z-axis [6]. For
simulation of matrix cracking, the carbon fibers weeplaced by respective resin cuboids.
Following similar investigations [7,9] a multi-scale approaas chosen with a variable mesh
resolution of a maximum value of 1 mm decreasing downesolutions of 10 um when



approaching the source. This is required to spatially resbhésexcitation process of the acoustic
emission source and the subsequent propagation of thec elesve for the wavelengths
associated with the observed frequency range up to 1 Blidularly, the temporal resolution of
the model was increased from a resolution of 10 ns durm@thitation process (t < 1 us) to a
resolution of 100 ns & 1 us).

As discussed in [6] this results in propagation of Lambesawith distinct ratios of zero-order
symmetric (9) and zero-order antisymmetric Amodes. The ratios of the excited lamb-wave
modes show sufficient correlation to the respectivaree mechanism to be used for their
identification by pattern recognition techniques. Howevestrang dependency on the source
position relative to the specimen edges is observedlrdady reported by [10] this can falsify
the identification process and has to be taken intouattc

Sensor Model

As pointed out by [11] the characteristics of the expentally detected AE-signals show
strong dependence on the used sensor type. For the douestigation the experimentally used
type WD-sensor was represented by a full volumetric masledhown in the left panel of figure
3. To demonstrate the accuracy of this sensor model, FEMlgions of a setup typically used
for reciprocity calibration of AE-sensors as describgyd[12] were performed. This includes
piezoelectric conversion of the detected pulses using#terial parameters given in table 2. The
frequency dependent sensitivity curves obtained by thesdations are shown in the right panel
of figure 3 given in dB with reference to [1V/ubar]. Skecurves are obtained dividing the
voltage signals produced by the piezoelectric elementisebsespective surface pressure between
wear-plate and calibration block. As pointed out by [18] $bnsitivity of AE-sensors depend on
the material used for the calibration block. For comparisvo typical measured sensitivity
curves as provided by the manufacturer (Physical Acousticgotation) are shown in the right
panel of figure 3. The simulated sensitivity curve for aebtblock is consistent with
experimentally used sensors, which deviate from each aihesiderably. In particular, the
simulation reproduces the magnitude of the signals andsshbaracteristic differences for the
respective material of the calibration block.

Table 2. Elastic properties used for FEM-simulation petWD-sensor

Material | Density|Poisson- |Elasticity Coupling constantgRelative
[kg/m?] |Ratio Constants [GPa][C/m?] Permittivity
Sensor cas¢ Stainles3970 |0.29 E=219.0 - -
Steel
Backing Al-filled {2700 0.40 E=30.0 - -
material Epoxy
Acoustic |[PTFE 2200 | 0.33 E=0.4 - -
Insulation
Bonding Ag-filled {1700 0.45 E=2.7 - -
Epoxy
Wear plate | AIO3 3965 |0.22 E=400.0 - -
Sensor PZT-5A |7750 | - @= C=120.3 |S;3=-5.4 y11=919.1
elements C1,=75.2 S;3=-54 X22= 919.1
013: C23:75.1 533: 15.8 A33= 826.6
C33=110.9 Sy2=12.3
C44:C55:21.1 Sg,]_: 12.3
066:22.6
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Fig. 3. Quarter volume representation of the used WDesengdel (left) and comparison of
simulated sensitivity curves of the WD-sensor modeBrwith reference [1V/ubar] for steel and
CFRP blocks with two reference curves (right)

Smulation results

Simulations of matrix-cracking, interface-failure anibef-breakage were conducted for
various source positions on each of the experimentaltgstigated specimen geometries. As
shown in figure 4 simulations of the different failurechanisms at the respective specimens
midpoint position (X, y, z) = (0, 0, 0) produce simifeéquency characteristics. For comparison
the frequency spectra magnitudes were normalized to ititegrated intensity. Typically for
matrix cracking low intensity @modes and high Amodes are observed in the time domain.
Since the &modes in the investigated specimens typically contairghehni frequency
contributions than the Amodes, this results in dominant contributions at freqesnoglow 400
kHz. In contrast fiber-breakage results in intengem8des, which are responsible for the
observed dominant frequency weight above 400 kHz. For aaerfhilure the intensity ofySand
Ao-modes is comparable and, consequently, frequency spedtianaticeable contributions
above and below 400 kHz are observed. Different stacking seggi@nd boundary conditions
determined by the specimen geometry result in charaatetifferences between the respective
frequency spectra resulting from the same failure masima These differences are due to the
fact, that the AE-signal detected at the sensor posgia superposition of the primary signal and
its reflections from the specimen boundaries.
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Fig. 4. Comparison of the simulated AE-signals frequesp@&ctra for matrix-cracking and fiber-
breakage at the (x, y, z) = (0, 0, 0) position of theeckht geometries.



Pattern Recognition method

For investigation by pattern recognition, the frequereatudres summarized in table 3 are
extracted from the recorded signals. The features ncahalmnge was normalized by their
variance and subsequently a principal component axis ¢ramstfion was applied. The datasets
then were partitioned using the cluster algorithm k-me&hs. suitability of the chosen feature
settings, normalization procedure and cluster algorithitmased on a method proposed by [14]
which uses cluster validity indices to evaluate the migakquality of a dataset partitioning. As
described in more detail before the numerical qualitydis€rimination can be evaluated by
calculation of the parameters R anf$,15,16] as defined by [17] and [18].

18 D;+D;} . . _ .
R—Eérp#z?x( D, j i,j=1...C; (Eg. 1)
min(D;) . .
=~ J°- k=1...C: Eqg. 2
r max(,)’ Lj,k=1..C; (Eq. 2)

Here D and O are defined as the average distance between memiiém a cluster and P
as the distance between the respective clusteerserithe index R is then calculated from the
maximum values of Rdivided by the number of clusters. The indeis calculated from the
minimal distance min([) between members of clusters i and j and the maxindistance
max(D.) of members within cluster k. According to (Eg. d)d (Eq. 2) the cluster members
separate more distinctly for low values of R anghhvalues ot. Within the chosen approach an
investigation of R and as a function of the number of clusters yielde¢htlusters as numerical
optimal value for partitioning of the signals. Imgure 5a this is demonstrated for one
representative investigation of a bending speciri@e. respectively classified signals are plotted
in figure 5b for one specimen as accumulated numbsignals vs. time. For the three associated
types of failure a significant shift in the acoastimission onset is observed. Compared to matrix
cracking and interfacial failure fiber breakageitgflly occurs at higher stress-strain levels. This
is expected, since the initiation of failure in (HFRypically is caused by inter-fiber matrix
cracking.
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Fig. 5. Representative investigation of R and dependence of cluster numbers (left) and result
of classification from one representative bendipgcgmen plotted as number of signals in
dependence of time with respective stress-strawvec{right)



Table 3. AE-signal features used for pattern recognifigmcach

Peak-Frequency [Hz] f ... frequency position of the max. frequency intensity

Weighted Peak-Frequency [Hz] <fmax>:\/fmaxqf w(f)ot /[U(f)df with U(f): FFT ofuft)

o 1200kHz

[ue(f)ar /o [a(f)ar

f, OkHz

Partial Power 1:1f= 0 kHz; $= 150 kHz
Partial Power 2:1f= 150 kHz; §= 300 kHz
Partial Power 3:1f= 450 kHz; §= 600 kHz

Partial Power 1-3 [%]

Comparison between Pattern Recognition and FEM-Simulation results

Figure 6 shows the three distinct clusters of signiatdgal in a Partial Power 3 vs. Weighted
Peak-Frequency diagram. The plot emphasizes the disliffierences in the frequencies of the
AE-signals and visualizes the positions of the differelosters. In addition, the positions of
features extracted from simulated AE-signals are mawrkéidure 6. Here only the comparison
concerning tensile specimens ang-§pecimens is shown. A similar comparison for thedben
specimens is found in [6]. For the simulations of th#exent failure mechanisms the
microscopically observed source positions were takem astount. For (stesting all failure
mechanisms occur at almost constant vertical posttie®, but show large variations in their x-
and y-positions. Tensile testing results in fiber breakatgen the 0°-layers only, while inter-ply
delamination was dominantly observed at the interface ds¥tvd° and 90°-layers. Inter-fiber
matrix cracking in turn occurs at distinct positions witthie 90°-layers.

In summary the agreement between the simulated signdlassociated clusters for the three
different failure mechanisms is satisfactory. Only foterface failure, larger discrepancies
between the simulated and the mean experimental vateesbserved. Since these types of
signals are attributed to a variety of source mechaniimspresent source model should be
generalized accordingly. In particular, all interfaeélure types were simulated with constant
excitation times for all directions and constant disptaent amplitudes,dind g=d,. Since these
parameters influence the frequency characteristicseofespective signals they should be varied
to fit the type of interface failure under investigation.
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Fig. 6. Comparison of AE-signal features from simulaigdads with respective cluster positions
from pattern recognition approach for one representanglée specimen and &pecimen.
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Conclusion

Within the current investigation the proposed pattern retiognmethod applied to the
acoustic emission signals recorded during mechanical loadeldsydistinguishable types of
acoustic emission signals, which can be correlated wmatrix cracking, interface failure and



fiber-breakage. The CFRP-specimen geometries investigated inglemented in FEM-
simulations using an acoustic emission source model tiefiethe microscopic situation of the
various failure mechanisms and a model of a broadbanarseaksng into account the sensor
geometry and its frequency dependent sensitivity. In depeedof the source models position
within the specimen volume, noticeable differences aervied in the simulated frequency
spectra. The simulated acoustic emission signals siovar frequency parameter distributions
as the experimental signals associated with the regpdéailure mechanism.

Although each specimen type shows characteristic frequspectra due to the different
stacking sequences and geometric boundary conditionsjrthiated signals are still distinctly
different for the different failure mechanisms inetperimental setups. Thus for matrix-cracking
strongest contributions are observed below 400 kHz, wWiliéx-breakage results in frequency
spectra with dominant contributions above 400 kHz. Interfailure typically shows frequency
spectra, consisting of a combination of both contrilmgtio

These findings support the suggestions of other authorg&ldmification of particular failure
types in CFRP based on frequency parameters is possiblebidentification process has to be
reevaluated carefully for different geometries andkstg sequences than those investigated. In
particular for larger specimen dimensions, the influenicdigpersive signal propagation and
attenuation has to be taken into account.
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