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Figure 4. Overall history of AE in unidirectional composites: (a) [0]g and (b) [90],.

3.2. Parametric acoustic emission analysis

3.2.1. Overall acoustic emission histories

Overall stress histories of the AE counts for the unidirectional and laminated composites are shown in
Figure 4 and Figure 5, respectively. In these history plots, the AE counts are presented as a function of
tensile stress. The top plots that were marked 1 represented the cumulative count histories. The bot-



1840 DzeNis & QIAN IN INTERNATIONAL JOURNAL OF SOLIDS AND STRUCTURES 38 (2001)

@

Counts vs. Stress [MPal 1|
14E4
l&‘ /

L2
1084 .
o4 Pt
64 ,/
4E4 /
//
E‘
P
e
—
S0 189 150 200 25¢ 300 350 400 450 500 G550 €09 650 700 750
L1: Att first-hits
Counts vs. Stress [MPal (Distribution)
3500
3008
2500
2000
1500
10084.... .
500
064 5 '
5 100 150 200 25¢ 300 350 400 450 G560 G50 668 658 700 V58
- Li: ALl first-hits

(b)

Stress (MPal vs. Time [s]

i /f
120

a0 /

co ol

40 Bl

28

Qe
100 200 300 400 500 =] 700 800 900 1000

ALl first-hits
Count vz. Time [23

168 200 308 490 560 608 708 800 880 1800
Li: ALl first-hits

Figure 5. Overall history of AE in laminated composites: (a) [0/90],5 and (b) [+45] .

tom plots that were marked 2 represented the histories of the AE accumulation rates. The AE counts
defined in Figure 1 provide a convenient measure of the overall AE activity of the specimens.

The acoustic emission in the unidirectional [0]g specimen (Figure 4(a)) started at about 40% of the
specimen ultimate load and accumulated unevenly to failure with most of the emission generated at
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higher loads. Two jumps were observed at the stress levels around 900 and 1300 MPa. A final jump
was observed near the maximum load. In between these jumps, the AE accumulated with a slowly in-
creasing rate. The unidirectional [90],, specimen (Figure 4(b)) showed different AE behavior. The AE
started to accumulate early in the test, at about 10-15% of the ultimate load. The accumulation rate
(plot 2 in Figure 4(b)) reached a maximum, decreased, and then stayed almost constant to failure.

The laminated composites (Figure 5) produced considerably more AE indicating more extensive
damage development in these materials. In the case of the cross-ply composite (Figure 5a), the emis-
sion started at about 50% of the ultimate load. The accumulation rate grew rapidly at the beginning
of the damage process and reached the maximum at about 65% of the ultimate load. The damage pro-
cess then showed signs of saturation with the accumulation rate decreasing monotonically to failure.

Due to the nonlinear stress-strain response of the angle-ply composite (Figure 3(a)), the cumula-
tive history of the AE counts for this material was studied as a function of time (plot 2 in Figure 5(b))
rather than stress. The stress-time dependence is shown in plot 1 of Figure 5(b), for reference. The anal-
ysis showed that the AE accumulation in this composite started at about 70% of maximum load. Subse-
quently, the accumulation rate accelerated monotonically to failure. It is interesting that the accumulation
rate continued to increase even when the load started to decrease upon approaching failure. Load de-
crease in a displacement controlled experiment indicates extensive damage development in composite.

Both laminated composites exhibited more extensive damage due to the more inhomogeneous
stress fields in these materials composed of strongly anisotropic plies with different fiber orientations.
As a result, smoother cumulative AE histories were observed.

3.2.2. Parametric distributions and correlations

Results of the parametric AE analyses are shown in Figure 6 and Figure 7. Each graph contains four
plots marked 1-4 in their upper right corners. The histogram plots 1-3 represent the statistical distri-
butions of the duration (1), rise time (2), and amplitude (3) of the AE signals acquired during a partic-
ular test. The count numbers on the vertical axes in these plots represent the frequency of occurrence
of the AE signals with a particular value of the AE parameter shown on the horizontal axis. The corre-
lation plot 4 represents the correlations of the amplitude (vertical axis) and duration (horizontal axis)
of the AE signals. In these plots, each dot represents an individual AE event. The parametric scales in
all plots in Figures 6 and 7 are kept the same for easier comparisons.

The analysis of the unidirectional specimens (Figure 6) showed that, when compared with the [90],,
composite, the [0]; composite (Figure 6(a)) generally produced signals with higher duration and ampli-
tude, but lower rise time. However, the ranges of variation of the AE parameters were wide for this com-
posite. The analysis of the laminated specimens (Figure 7) was more meaningful because of the larger
numbers of signals produced by these composites. The cross-ply specimen (Figure 7(a)) exhibited du-
ration and amplitude histograms with two peaks. The rise time of the signals from this specimen was
widely distributed, however. The correlation plot showed some amplitude-duration correlation for the
signals with longer duration. The results of the similar analysis for the angle-ply composite (Figure 7(b))
showed that this specimen exhibited a weak second peak on the duration histogram but did not exhibit
multiple peaks on the amplitude histogram. In addition, the positions of the major peaks in all histo-
grams shifted compared to the corresponding positions of the peaks for the cross-ply composite.

As mentioned above, multiple peaks in the distribution histograms can be caused by signal produced
by different damage mechanisms. The two peaks on the duration histogram of the cross-ply composite
(Figure 7(a)) are separated by the threshold duration around 1000 ps. This threshold was used by Dzenis
and Qian (1998) to distinguish the characteristic long duration signals in the unidirectional composite.
These signals were associated with the “macroscopic” damage, namely with the longitudinal splitting in
the [0]; composite. To understand the nature of these signals in the cross-ply composite (Figure 7(a)), a
duration filter was applied. The signals with durations above 1000 pis were extracted and the parametric
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Figure 6. AE parameter distributions and correlations for unidirectional composites: (a) [0]s and (b) [90],.

analysis, similar to the analyses in Figure 6 and Figure 7, was performed. The results of this analysis are
shown in Figure 8. It is seen that the signals with long duration accounted for the second peak in both
duration and amplitude histograms (compare plots 3 in Figure 7 and Figure 8). However, the rise time
of these signals was distributed over a very wide range. The high duration signals were assumed by
other authors to be associated with “macroscopic” damage in composites. The fact that “macroscopic”
delaminations were observed in the cross-ply composite corroborated this assumption.
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Figure 7. AE parameter distributions and correlations for laminated composites: (a) [0/90],5 and (b) [£45] .

Overall, the parametric AE analysis provided useful information on damage development in com-
posites. The damage started to develop early in the specimens tested and the accumulation rates in-
creased with loading. One of the composites (the cross-ply composite) exhibited two double-peak
parametric histograms. These peaks correlated with each other and those that corresponded to the
higher duration could be associated with the “macroscopic” damage in the form of delaminations.



1844 DzeNis & QIAN IN INTERNATIONAL JOURNAL OF SOLIDS AND STRUCTURES 38 (2001)

Counts. vs.. Dur [usl m Counts vs. Riset CusJ
2008. I‘M
P,
2500
1000
2000 o0 0 ¢ N
1800. o0 I f'l,,
1000 I 0 i L] ,IJ 110 In | i
see BN 1 A
16 1 12° 1 1 1@ 20 3@ ¢ B0 60
L1: ALL first-hits Li: ALL first=hits
Counts vs. Amp (dB1 E finp (81 vs . Our Cusd
1 1“ 1 il 1 L 1
2508 Geeresf} J 3
2400 . g0 L
] 1 J
2088 s 204
1880 . ........ ' 8 n:
1208 A 1
oee] [ E | ™
400 | lt 58
n- 4 |J LI |l 49 r . v v v
") ) 68 7 se % 100 569 1900 1588 2080 2500 3000
L1: ALL first-hits Li: ALl first-hits

Figure 8. Filtered AE parameter distributions and correlations of signals exceeding 1000 ps durations for the
[0/90],5 composite.

Apart from these two double-peak histograms, all other histograms exhibited wide statistical distribu-
tions of the AE parameters with no discernible borders (thresholds) between the signals from differ-
ent damage modes. The correlation plots did not produce discernible clusters of signals. Other meth-
ods are therefore needed to extract the AE from the other damage mechanisms, such as the fiber and
matrix cracks.

3.3. Transient acoustic emission analysis

Transient AE analysis of the signals recorded in the quasi-static tests was performed by the AMS3
system. The frequency spectra of the signals were calculated by the fast Fourier transform (FFT). The
transient AE waveforms along with their FFT spectra were screened in a search for characteristic AE
waveforms. The screening revealed that three typical waveforms were frequently produced by com-
posites (Figure 9). Classification was based primarily on the shape of the frequency spectrum. The A
type waveforms had low amplitude, medium to long rise time, and the peak frequency between 100
and 220 kHz. The B type waveforms had medium to high amplitude, shorter rise time, and the peak
frequency between 300 and 700 kHz. The C type waveforms had a very wide frequency spectrum and
a very long duration. For all the foregoing types, the shape of the frequency spectrum was more ro-
bust and exhibited less variability than the signal parameters. The characteristic waveforms (Figure
9) were first found by the analysis of unidirectional composites (Dzenis and Qian, 1998), and simi-
lar characteristic waveforms were observed in laminated composites. The signals of the three types
described above accounted for a substantial portion of the overall AE. However, some signals in the
overall AE could not be classified. The latter fact is due to the diversity and complexity of the damage
and wave propagation phenomena in composites.

Theoretically, the histories of the AE with different characteristic waveforms can be extracted from
the transient records. However, the amount of the AE in composites is often too large to make this
analysis practical. This is especially true for the damage analysis of composites under fatigue. Dzenis
and Qian (1998) used multiparameter AE filters to extract the histories for different AE waveforms.
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Application of this method to the analysis of unidirectional composites is reviewed in Section 3.4 be-
low. Application of the method to the analysis of laminated composites is described in Section 3.5.

3.4. Evolution histories of microdamage in unidirectional composites

3.4.1. Identification of multiparametric regions for characteristic waveforms
A correlation was established between the parametric and transient records by using the transient in-
dex as explained above. The analysis of the [0]; composite showed that the majority of the signals with
durations above 1000 ps belonged to the C type waves. The C type signals were, therefore, extracted
by the duration filtering. However, the signals of types A and B had overlapping parameters. The
analysis showed that no single AE parameter could be used to discriminate between these signals.

An attempt was made to find a multiparametric space that would show a separation of the A and
B type signals. Several parametric spaces were checked for this purpose. Correlation plots similar to
the ones in Figures 6-8 (plots 4) were constructed and analyzed. Using transient indices, the loca-
tions of the signals with a particular waveform were identified on the correlation plots. The analysis
showed that the best separation of the A and B type signals was in the amplitude and rise time space
(Figure 10). Figure 10 shows the parametric areas occupied by the signals of these two types on the
correlation plots for the unidirectional composites. The horizontal and vertical axes in these plots rep-
resent the signal rise time and amplitude, respectively. The same regions were identified for the [0]g
and [90],, composites. For both composites, the demarcated regions contained the signals of the par-
ticular assigned type and some unclassified signals. No signals of the opposite type were observed in
these regions. The narrow area between the two above-mentioned regions contained the waveforms
of both types, as well as other, unclassified signals, and was, therefore excluded. The regions in Figure
10 were used for the parametric analysis of histories of the characteristic AE signals.

3.4.2. Classified acoustic emission histories for unidirectional composites

The regions in Figure 10 were subdivided into rectangular boxes and the multiparameter filters were
defined (Dzenis and Qian, 1998). The multiparameter filtering capability of the AMS3 system was
then utilized to extract the AE histories for the A and B type waveforms. Note that the C type signals
were extracted prior to multiparameter filtering by the simple duration filter. The results of the analy-
sis are shown in Figure 11.

Figure 11(a) presents the classified AE histories for the [0]; composite. The A type signals initiated
first, at a very low stress. Subsequently, at about 50% of ultimate stress, type B signals began to accu-
mulate, with type C signals developing last. The latter type started to accumulate shortly after the be-
ginning of the B type emission. The A and B type signals accumulated relatively uniformly, with sev-
eral small jumps observed on the B type curve. However, the C type signal accumulation was rather
abrupt with several substantial jumps observed at different loads. Comparisons with the overall AE
history in Figure 4(a) showed that the jumps in the overall history were due to the C type signals.
Some correlation could be observed between the history plots for the B and C type AE signals.

Figure 11(b) presents the classified AE histories for the [90],, composite. The A type signals initi-
ated at low stress and dominated throughout this test. A small number of the B type signals were also
accumulated. No C type signals were detected in the [90],, specimen.

3.4.3. Correlation of characteristic waveforms with damage mechanisms

The ultimate AE content in the unidirectional composites is summarized in Table 1. Note that the

sums in the table are less than 100%. This is due to the fact that signals with parameters falling outside

the demarcated regions for the A and B type signals in Figure 10, were excluded from the analysis.
One expects the failure of the [90],, composite to be dominated by matrix damage with little or

no damage of the other types. The [0]; composite, on the other hand, is expected to develop both fi-
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Figure 10. Amplitude and rise time correlation for unidirectional composites: (a) [0]; and (b) [90],,.

ber breaks and matrix cracks. In addition, unidirectional composites loaded in the fiber direction of-
ten develop longitudinal splitting cracks along the fiber direction. The photographs of the failed uni-
directional specimens analyzed in this work are shown in Figure 12. The photographs corroborate
the expected damage modes in the composites described above. Correlations of the observed damage
mechanism in the unidirectional composites with the classified AE histories and the ultimate AE con-
tent in these materials (Table 1) suggest that the A type AE signals can be attributed to matrix crack-
ing, the B type signals to fiber breaks, and the C type signals to “macrodamage” in the form of split-
ting along the fiber direction.

The classified AE histories in Figure 11 thus confirm that the [90],, composite (Figure 11(b)) pro-
duced mostly matrix damage. Although, some isolated fiber breaks were also detected, their number
was very low. No “macrodamage” was observed in this composite. The results correlate well with the
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Figure 11. Classified AE histories for unidirectional composites: (a) [0]g and (b) [90],.

Table 1. Ultimate AE content for unidirectional composites

Composite A B C
[0]g 20% 22% 48%
[90],4 70% 1.4% None

failure mode in Figure 12(b). The damage development in the [0]; composite was more complex. It
started with a few isolated matrix cracks, which developed at a very low load. The fiber breaks started
to accumulated at approximately 50% of the ultimate stress and continued to accumulate till the fi-
nal failure. Soon after the fiber fracture occurred, “macrodamage” in the form of splitting began to de-
velop. The macrodamage progressed unevenly with several extensive damage events that were de-
tected by the overall AE history for this composite (Figure 4(a)). Shortly before the final failure, an
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Figure 12. Failed specimens of unidirectional composites: (a) [0]; and (b) [90],,.

extensive splitting event occurred that was followed by a substantial fiber breakage. The final failure of
this composite could therefore be associated with the two other interacting damages modes: the fiber
breaks and the longitudinal splitting. This correlates well with the damage observed in Figure 12(a).

3.5. Evolution histories of microdamage in laminated composites

3.5.1. Classified acoustic emission histories for laminated composites

The transient analysis of the AE acquired from the laminated composites showed that the charac-
teristics waveforms observed in the unidirectional composites were also observed in both laminated
composites. An attempt was therefore made to use the multiparameter filters developed for the uni-
directional composites to extract the classified AE histories for the laminates. The C type signals were
separated first by the duration filtering, and types A and B signals were subsequently extracted by the
multiparameter filters based on the parametric regions shown in Figure 10. The result of this analysis
are shown in Figure 13.

It is seen that in the case of the cross-ply composite (Figure 13(a)), the first damages was in the
form of matrix cracks (A type signals). A few isolated matrix cracks occurred very early in the loading
process. However, the substantial matrix damage did not begin up to the stress levels of about 50% of
the ultimate strength. The increase in the matrix damage at the stress level was followed by some fiber
breakage (B type signals) and, almost simultaneously, by the “macrodamage” development (C type
signals). Comparison with the on-line observations showed at the “macrodamage” in this compos-
ite was in the form of delaminations, rather than the longitudinal splitting observed in the [0]; com-
posite. Note that, in general, two types of delamination damage may occur in a multidirectional lam-
inate, edge delamination and ply damaged-induced delamination. These delaminations may differ
with regard to their location or size. However, both types of delaminations can be expected to pro-
duce substantial acoustic emission signals as they are associated with a considerable out-of-plane dis-
placement. It was assumed here that type C signals in the laminated composites were produced by
both edge delaminations and ply damage-induced delaminations. The matrix damage accumulation
showed a tendency to saturate in the cross-ply composite (A type signals in Figure 13(a)). A satura-
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Figure 13. Classified AE histories for laminated composites: (a) [0/90],5 and (b) [+45],c.

tion of matrix cracks in the 90° plies of a cross-ply composite is, in fact, expected, based on the results
of published experimental and theoretical analyses. The fiber damage accumulation in the composite
was not substantial (B type signals in Figure 13(a)). The fiber damage also showed tendency to satu-
rate. The observed similarities between the fiber and matrix damage accumulation indicated that the
fiber breaks in the cross-ply composite might be related to the matrix cracks. For example, isolated fi-
ber breaks in the 0-plies could occur in the vicinity of the matrix cracks in the 90-plies. The delamina-
tion in this composite grew steadily to failure. The overall AE activity in the [0/90],; composite was
dominated by the matrix damage and delaminations. The AE history analysis correlated, in general,
with the on-line observations and the observed failure of the composite specimen (Figure 14(a)).
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Figure 14. Failed specimens of laminated composites: (a) [0/90],5 and (b) [+45] .

The classified time histories of the damage evolution in the angle-ply composite are shown in Fig-
ure 13(b), where the stress-time dependence is also included, for reference. The analysis showed that,
when compared with the cross-ply lay-up shown in Figure 13(a), a substantial damage accumulation
in this material started later in the loading process. The damage sequence was the same as described
for the cross-ply composite: matrix cracks developed first, to be followed by fiber breaks and delami-
nations. However, no saturation was observed for any of the damage modes in this laminate. In con-
trast to the cross-ply composite, the rates of accumulation of all three types of damage accelerated
monotonically until failure. This is consistent with the fact that no saturation of any damage mecha-
nism is expected in an angle-ply laminate. The damage process in this composite was dominated by
the matrix cracks and the fiber breaks. Little delamination damage was detected. The latter may seem
unusual as the delamination damage is practically inevitable in an angle-ply composite, at least be-
fore failure. Analysis of the failed specimen (Figure 14(b)) showed, however, that the final failure with
some delamination occurred outside the acoustic gauge zone. The AE signals from this delamination
were, therefore filtered out by the location filtering procedure described above. Thus, the results of AE
analysis of the angle-ply composite corroborate the expected and observed damage in this material.

3.5.2. Evaluation of quality of parametric filtering

The multiparameter filters used to obtain the classified AE histories for the laminated composites were
developed based on the transient-parametric analysis of the unidirectional composites. The applica-
tion of these filters to the analysis of the laminated composites was based on the observed similarity
of the three characteristic waveforms in the unidirectional and the laminated composites. As noted in
Section 3.5.1, the results of the classified AE analysis for the laminates seemed to correlate reasonably
well with the observed and expected damage in these composites. A direct check of the applicabil-
ity of the multiparameter filter definitions across the composite lay-ups is presented in this section by
means of an inverse analysis.

The procedure was as follows. The AE signals from the particular parametric region were ran-
domly selected and their parametric records were extracted from the parametric AE file. The wave-
forms for these signals were found in the transient AE file using the transient index. The frequency
spectra were then computed for these waveforms using FFT. Finally, the waveforms and their spectra
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Table 2. Characteristic waveform content for laminated composites

Parametric Total checked Correct Success
Laminate region waveforms waveforms rate (%)
[0/90],55 A 445 296 67

B 216 134 62
[+45] 5 A 813 465 57

B 390 321 82

were evaluated for shape and classified accordingly. Both the cross-ply and angle-ply laminates were
analyzed. Due to the large number of the AE signals in both laminates, a partial check based on the
analysis of several hundred signals of each type was performed.

First, the transient records of the signals with long duration were evaluated. The analysis showed
that the majority of these signals from both laminates were of the type C. Then, the signals with param-
eters falling into the parametric regions for type A and B waves were analyzed and enumerated. The re-
sults of this evaluation are listed in Table 2. The analysis of the cross-ply composite showed that over
60% of all signals in both parametric regions had the correct transient waveform. For the angle-ply com-
posite, the success rate was 57% for the A type signals and 82% for the B type signals. The balance in all
cases was composed primarily of the unclassified waveforms. There were few or no waveforms of the
opposite type found in the parametric regions of each particular type. The success rates in Table 2 can
be considered reasonable, taking into account the complexity of the damage and wave propagation pro-
cesses in composites and the number of variables involved in the damage accumulation. Overall, the
results of this analysis showed that the parametric filters developed for the unidirectional composites
could be applied to separate the AE histories in the laminated composites with a reasonable reliability.

4. Concluding remarks

A new method of AE analysis of histories of damage micromechanisms was developed and demon-
strated. The method was based on a contribution of transient and parametric AE analyses. The method
was illustrated by the analysis of damage evolution in four graphite-epoxy composites. The character-
istics AE waveforms were classified by the transient AE analysis. The parametric regions occupied by
these waveforms in the amplitude-rise time parametric space were identified by the transient-para-
metric analysis of the unidirectional composites. The multiparameter filters based on these regions
were used to extract the histories of different waveforms for both unidirectional and laminated com-
posites. Physical damage observations were used to correlate the characteristics waveforms with the
damage micromechanisms. The quality of the multiparameter filtering for the laminated composites
was demonstrated by an inverse parametric-transient analysis.

The hybrid method provides a means to combine the power of the transient AE classification with
the relative simplicity of the parametric filtering. The transient waveform classification of the acoustic
signals is expected to be more robust when compared to the parametric classification. The AE param-
eters of signals from different damage mechanisms often overlap due to the complexity and variabil-
ity of the damage and wave propagation processes in composites. In many cases, the parametric anal-
ysis cannot discriminate between the damage mechanisms. In the examples studied in this work, only
one of the four composites, i.e. the cross-ply laminate, exhibited multiple peaks on the distribution
histograms. Only one of the two observed peaks could be attributed to a particular damage mecha-
nism. All other composites did not produce multiple peaks in the distribution histograms. None of
the composites produced multiple clusters in the multiparameter correlation plots. As a result, even a
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powerful cluster analysis method could not be applied for parametric signal discrimination. The pro-
posed hybrid transient-parametric analysis, however, enabled the separation of the AE signals from
different damage mechanisms by the multiparameter filtering. Reasonable correlation was observed
between the results of the acoustic analysis and physical observations.

It should be noted that the characteristic waveforms and the parametric regions occupied by these
waveforms are expected to vary from one material to the other, and a separate analysis should be per-
formed for each particular composite system. The generality of the characteristic waveforms and the
parametric regions observed for the four different composite materials in this work indicate possible
transferability of the parametric filters among different composite lay-ups within the same material
family. Further studies are needed, however, to verify it.

Since the multiparameter filtering procedure requires only the parametric AE data, it is expected
that the developed method will be especially advantageous for the study of fatigue damage histories
in composites, where the full transient waveform analysis may be prohibitive or impractical.
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