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This Paper considers quantitative acoustic emission (AE) techniques with real and simulated 
sources as powerful tools for investigating failure processes in composite materials. Using a 
simulated source acting as a point source and one or more point receivers whose 
characteristics are known, one has the necessary components of a materials and structure 
testing system. Examples are shown in which a composite material's attenuation and 
wavespeeds can be determined as a function of frequency and propagation direction. It is 
demonstrated that this testing procedure permits the ultrasonic characterization of ultra- 
attenuative and irregular shaped, high performance composite materials. The principles of 
quantitative AE source characterization procedures are also reviewed and applications are 
demonstrated in which the time characteristics of several simple sources are recovered. 
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Acoustic emissions or AE signals are the transient elastic 
waves accompanying the sudden, localized change of 
stress or strain in a material. The focus of much past 
research dealing with AE has been towards the develop- 
ment of appropriate measurement systems and signal 
processing methods. The aim of this work has been the 
development of procedures for recovering from the 
detected AE signals, quantitative information about the 
source of the emission, that is, its location, its type and its 
time history. Unfortunately, the characteristics of the 
source of emission are often obscured by the geometric 
wave dispersion effects accompanying the propagation of 
a broad-band transient signal through a structure acting 
as a wave-guide and by the transduction characteristics of 
the sensor used to detect the AE signals. Recognizing this, 
the recent research dealing with quantitative AE methods 
has focussed on the development of broad-band displace- 
ment or velocity sensors and appropriate signal proces- 
sing procedures by which the detected signals can be 
processed to remove the wave dispersion effects from the 
signals so that the characteristics of the source can be 
unambiguously recovered. 

Applications of quantitative AE to investigate details of 
the fracture processes in various brittle and ductile 
materials have been reported T M  but studies of the failure 
mechanisms in composite materials have up to now used 
only conventional AE measurement methods (cf. 
Reference 5). With these, some success has been reported 
for delineating between fibre- and matrix dominated 
failure mechanisms 6. However, these results are empirical 
and thus are dependent on the geometry of the specimen 
and the operating characteristics of the transducer used to 
detect the signals. 

The allure of AE measurements for monitoring the 
integrity of the structure is that active potential failure sites 
emit. As pointed out by Henneke 7, in contrast to metals, 

the early damage in composites is distributed over an 
extended region of the material and thus techniques for 
globally monitoring or inspecting a material are required. 
Implementation of quantitative AE source character- 
ization techniques using current technology is imprac- 
tical and it may not be necessary. Since the development 
of damage in a composite is complicated and no failure 
criterion has as yet been established, all damage detected 
in a composite with AE techniques may, in fact, not be 
detrimental to the serviceability of the composite struc- 
ture. What is needed is a measure of the total damage state 
in a composite specimen and monitoring of its growth. 
For this, it is proposed to consider the use of an active 
ultrasonic testing system which is based on a measure- 
ment system similar to that used for quantitative AE 
measurements. But in this system, an input simulated 
source, whose characteristics are known, is used as the 
excitation source. As before, the signals are detected with a 
well-characterized sensor. The characteristics of the 
propagating medium can, in principle, be recovered from 
analysis of the detected signal, provided that a theoretical 
basis exists by which the measured signals can be 
identified, processed and interpreted. This forms the basis 
of a powerful, new ultrasonic materials testing technique, 
and is referred to as the point-source/point-receiver 
testing method 8. 

The essential features pertaining to the propagation of 
transient signals from a source to a receiver which are 
relevant to both the point-source/point-receiver (PS/PR) 
testing method and the quantitative AE source character- 
ization procedure are outlined in the following section. 
The PS/PR testing system and its applications to charac- 
terize several composite materials are discussed in the 
section after that. In the fourth section is a brief summary 
of the quantitative AE source characterization technique 
and its first application to characterize a simple source in 

0041-624X/87/040195-09 $03.00 
© 1987 Butterworth Et Co (Publishers) Ltd Ultrasonics 1 987  Vol 25 July 195  



Quantitative acoustic emission: W. Sachse and K Y, Kim 

a compos i te  material .  This  section also considers  some of  
the p rob lems  which still await  solut ion in o rder  to 
charac ter ize  the fai lure mechan i sms  in compos i te  
materials .  In the last section, some conc lud ing  remarks  
are made.  

Wave propagation, system characteristics 
and signal analysis 
Key to both the P S / P R  testing method  and the quant i -  
tative AE source charac te r i za t ion  procedure  is a theore- 
tical basis by which the measured  signals can be 
identified,  processed and  interpreted,  and  a receiver 
whose t empora l  and  spat ia l  t ransfer  character is t ics  are 
known or  can be de t e rmined  in an experiment .  In the 
P S / P R  testing method,  the input  source is known and the 
character is t ics  of  the p ropaga t ing  med ium are recovered• 
This is reversed in the quant i ta t ive  source character -  
izat ion procedure.  In both cases the analysis  is restricted 
Io point  sources and  poin t  receivers. The term 'point" 
refers ideal ly  to an exci tat ion and a detect ion region 
whose lateral  d imens ion  is much smal le r  than  the 
effective wavelength of  the highest  frequency c o m p o n e n t  
of  interest in the measured  signal. This  wavelength will 
also be much shor ter  than  any d o m i n a n t  d imens ion  of  the 
specimen.  

Wave propagation 

The analysis  of  t rans ient  elastic waves between a point  
source and a poin t  receiver in a b o u n d e d  structure is 
discussed in several papers (cf. Reference 9). The following 
is a s u m m a r y  of  the results essential  for the analys is  to 
follow. 

The  d i sp l acemen t  signals, u k, detected at a receiver 
location,  x,  in a structure from an arbi t rary  poin t  source, 

f ix ' ,  t), located a tx '  having source volume,  V, can be written 
a ~  l0 

Uk(X, t)  = .(vfJ(x"~ t) * Gjk(X/X',~ - t) dV '  (1) 

where the term Gjk represents  the dynamic  Green ' s  
function of  the structure and  the asterisk denotes  a t ime- 
doma in  convolut ion.  Insight  into this formula t ion  can be 
ob ta ined  if one makes  a Taylor  series expans ion  of  the 
Green ' s  funct ion about  any reference point ,  say the point  
x ° ', to give ~o,~, 

"k~X,_ t) = .IV ~(X',_ t) • a # x / x  ~ t) dV' 

fV r oq ~ r  t o r (x i X i ) f j tX,  t) * Gjk,i(x/x , t) d V' + 

(2) 

The first term in this expans ion  represents  the monopo le  
source con t r ibu t ion  to the signal,  which can be rewritten 
compac t ly  as 

u~m)(x, t) = Fj ( t )  * Gjk(X/X °', t) (3) 

where Fj(t) _ fv~  (x', t) d V '  is the total force act ing 
th roughou t  the source volume. This  is F z for a force 
normal  to the surface of  the specimen.  Fo r  a po in t  source, 
the force is only  a funct ion of  time. F o r  such excitat ions,  
the ou tput  s ignal  is directly related to the t ime funct ion o f  
the source with jus t  one kernel  appea r ing  in the convo- 

lution integral. Fo r  the d i sp lacements  normal  to the 
specimen surface, the explicit  form of  this integral  is 

t 

.z(X, t) = t &( t  ~) CzAX/X °', ¢) de 14) 
0 

The second term in Equat ion  (2) represents  the d ipole  
cont r ibu t ion  to the signal which can be rewritten 
compac t ly  as 

u~ d) (x, t )=Mi j ( t )  " 0, . * C,jk,i(X/X , t) (5) 

where Mij(t ) = f~{_v{ - . v ? ' ) J j  (x', t) d V '  represents  the 
momen t  tensor  of  the source and  Gjlci(x/x °', t) is the spat ial  
derivative of  the Green ' s  function. This  cont r ibu t ion  can 
be the result of  any combina t ion  of  double  Ibrces which 
model  the source. Under  certain opera t ing  condi t ions ,  
thermoelas t ica l ly  generated sources can be made  to 
resemble  such d ipo la r  sources in which only one con> 
ponent  of  the moment  tensor  is required to give an 
adequate description of  the source, e.g. Mxv(t ) (Reference 12). 
The lb rmat ion  of  a crack in a brittle solid such as glass can 
be mode l l ed  s imilar ly  13. The magni tude  of the componen t  
of  the momen t  tensor  is cal led the d ipole  source strength. 
The convolu t ion  integral  for this case relat ing the output  
signal to the exci tat ion t ime function is equivalent  to that 
given by Equat ion  (4). For  a normal  d i sp lacement  signal, 
the appropr i a t e  Green ' s  function is G~2~. 

A solut ion to the forward p rob lem can readily be 
computed  for a specimen of  fiat plate- l ike geometry.  That  
is, given the thickness  of  the specimen,  the mater ia l ' s  
longi tud ina l  to shear  wavespeed ratio and  the source/  
receiver separat ion,  the dynamic  Green ' s  functions 
appea r ing  in Equat ions  (3) and  (5) can be compu ted  using 
one of  the avai lab le  a lgor i thms TM.  If  the measuremen t  
system includes  a point  receiving t ransducer  whose 
output  voltage signal is related to the input  d i sp lacement  
signal by the sensor 's  t ransfer  function,  Rk(t ), then the 
results given by Equa t ions  (3) and  (5) must  be further 
convolved with this t ransfer  function to obta in  the output  
voltage signals  of  the system cor respond ing  to each of  the 
excitations• 

An impor tan t  example  is shown in F(gure la.  This is the 
normal  velocity signal  computed  for a vertical  force 
source act ing on a plate spec imen and detected at the 
epicentre  poin t  o f  the back  surface of  the plate directly 
under  the source point.  This  example  was ob ta ined  for a 
7090 AI/SiC compos i te  specimen,  1.884 cm thick, whose 
longitudinal and shear wavespeeds were 0.708 cm/xs  ~ and 
0.368 cm p,s-L respectively, with zero wave at tenuat ion.  
Thus, this result represents  the behav iour  expected for an 
ideal, isotropic material. An analogous case of  a horizontal  
dipolar ,  crack-l ike source is shown in Figure lb.  The 
signals co r respond ing  to other  source and  receiver 
conf igura t ions  can be compu ted  similarly.  It is seen 
in the t ime records that the arr ivals  of  both the P- and 
S-waves can be easily identified.  Hence,  in the first 
example ,  even though the force was app l i ed  normal  to the 
spec imen surface, both longi tudina l  and  shear  wave 
modes  are excited. The  ident i f icat ion of  the wave arr ivals  
is possible,  provided  that  the source/ receiver  separa t ion  is 
not greater  than  ~ 10h-15h, where h is the thickness  of  the 
plate. It is also clear  from the ,waveforms shown in the 
figures that  while the wave arr ivals  are readi ly  identi-  
fiable, the signals  character is t ica l ly  possess a ' tail ' ,  i.e. 
each wave is geometr ica l ly  d ispersed as it p ropagates  
through the specimen.  This  d i spers ion  is unre la ted  to the 
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Ideal epicentral velocity signal from a step excitation 
source. Cp = 0.708 cm #s-l; c s = 0.368 cm p,s-1; no attenuation. 
(a) Normal force; (b) horizontal dipole source 

properties of the medium and its presence in a signal must 
be removed if the correct material-related frequency 
characteristics of a measured signal are to be determined. 

Additional insight is gained by considering the eva- 
luation of the displacement signals in the frequency 
domain. An explicit formulation of the epicentral situa- 
tion was given by K n o p o f P  and it has recently been 
extended for the case of a viscoelastic medium by 
Weaver '6. It is found that the Fourier phase function of the 
P-wave arrival of the velocity signal is given by 

A 
~ w )  = kL + k--ff (6) 

where k (to) corresponds to the dispersion relation, L is the 
source/receiver separation and A is a correction factor 
specified by 

2 3 

A = 2 - 8  +16 (7) 

For materials whose Poisson ratio is ~ 1/3, the value of A 
is ~ 2. The first term of Equation (6) is identical to that 
derived for plane waves by Sachse and Pao 17. The phase 
functions of other source types are expected to exhibit a 
similar form and the analysis of the first shear wave 
displacement arrival can be made similarly Is. 

Quantitative acoustic emission." W. Sachse and K Y. Kim 

P o i n t - s o u r c e / p o i n t - r e c e i v e r  t e s t i n g  m e t h o d  

Conventional measurements in the ultrasonic testing of 
materials, when used as the basis of a materials character- 
ization procedure, typically rely on one or two piezo- 
electric transducers operating as source and receiver, 
attached to a specimen to launch and detect ultrasonic 
waves in the object to be characterized. In the procedure, 
measurements of the signal arrival time (or velocity) and 
amplitude (or attenuation), possibly as a function of 
frequency, are then correlated with the composition and 
the macro- and microstructure of the material, which may 
include voids, flaws and inclusions distributed through a 
region of the material. It is known that the propagation of 
acoustic signals from a source to a receiver point is 
influenced not only by the geometry of the specimen, but 
also by the material 's macrostructure, specified in terms of 
its size, shape and for composite materials, the ply configur- 
ation. In addition, the wave propagation is strongly 
affected by the specimen material's microstructure, 
including its anisotropy, heterogeneity, elastic, inelastic 
and viscous properties, and its wave attenuation charac- 
teristics. Absolute ultrasonic measurements with plane 
waves present serious measuremement challenges, many of 
which are overcome with the PS/PR method. Although 
the geometric characteristics of the wave propagation may 
be more complex than those for the case in which plane 
waves are used, the existence of a theory for PS/PR signals 
permits these effects can be accounted for in the detected 
signals to recover the material-related wavespeeds and 
attenuation properties of the propagating medium. A 
limitation of the existing method is that the results will be 
applicable to materials whose heterogeneity is on a scale 
much smaller than the wavelengths of the probing 
ultrasonic pulse. 

Measurement  system 

A P.S/PR testing system, consisting of a well-characterized 
point source and point receiver, is analogous to that used 
in exploration geophysics. An actual PS/PR measurement 
system is shown schematically in Figure 2. It resembles a 
typical system used to make quantitative AE studies. The 
new feature is the presence of the input source element 
which may or may not have a sensor attached to it to 
generate a synchronization pulse with the excitation 
signal. In the PS/PR method, the excitation and detection 
regions are small, hence the extent of  the required 
specimen surface preparation is minimal and, further- 
more, specimens of arbitrary geometry can be easily 
tested, in particular those which are neither planar nor 
flat. 

SOURCE. S( t )  

R, 

R2 

L AMPLIFIER(S) 

MONITOR ] 
OSCILLOSCOPE I 

5ync i TRANSIENT 
RECORDER 

Signol 

, 

Figure 2 Schematic of the system for point-source/point- 
receiver ultrasonic measurements 
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The ideal point source and point receiver with perfect 
impulse response can only be approximated with real 
sources and receivers. However, to achieve acceptable 
signal-to-noise ratios, it is possible to use transducers with 
a small but finite aperture, provided that the generated 
and detected acoustic fields in the specimen are uniform 
and resemble those expected from a point source and 
point receiver. Equally important is that the transduction 
characteristics of the source and receiver are known. This 
includes both the primary and secondary quantities being 
generated and detected. The temporal transfer character- 
istics of both source and receiver must be known a priori 
or determined in a calibration experiment, and they must 
possess an appropriate frequency response relative to the 
material property being investigated. There are, however, 
many measurement situations in materials in which the 
viscous dispersion and wave attenuation are sufficiently low 
so that only a measurement of the first arrival of a signal is 
required and a complete characterization of the sensor is 
not needed. Obviously, in all cases the source and the 
receiver must possess an adequate signal-to-noise ratio to 
permit signal identification and subsequent processing 
operations to be performed reliably. A discussion of 
various point sources and receivers and their operating 
characteristics is found in Reference 8. 

Signal identification and waveform analysis 

According to the convolution equations, Equations (3) 
and (4), for a source of known type and time function and 
for a specified source-receiver separation, only the time- 
dependent input source function and output displace- 
ment signals are required to be able to invert these 
equations to recover the dynamic Green's function 
corresponding to the particular testing geometry and 
specimen material. For a source corresponding to a force 
normal to the specimen surface, one obtains 

Gzz(t) = "z * [Fz(t)]-1 (8) 

where the z-direction is normal to the surface of the 
specimen. If the source function is a perfect step, the 
deconvolution can be made with the successive substitu- 
tion algorithm~t For cases in which a conventional 
piezoelectric transducer is used to detect the signals whose 
transfer function is given by R:(t), Equation (8) 
becomes 

Czz(t) = v ( 0  * [ & ( 0  * R~(t)]  - '  (9) 

where V(t) is the transducer output signal. Solutions for 
this case and that of a finite step excitation have been 
obtained by a least-squares deconvolution algorithm 2°. 
Equations (8) and (9) can also be written in the frequency- 
domain; however, it is often advantageous to perform the 
deconvolution in the time-domain since no windowing is 
needed and the processing can be halted after any 
particular ray arrival. 

If the measurement system consists of a source whose 
excitation is an impulse or a Heaviside step and the 
receiver is a high fidelity displacement or velocity sensor, 
then, according to Equations (3) and (4), the detected 
signals will correspond directly to the dynamic Green's 
function of the specimen, thus requiring no further signal 
processing. This observation emphasizes the significant 
advantage realized when a source and a receiver possess- 
ing ideal characteristics are used. An example is shown in 
Figure3. This corresponds to the normal velocity signal in 
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Figure 3 Measured epicentral normal velocity signal from a 
normal force step source with 7090 AI /20% SiC whiskers. The 
wave arrivals are indicated 

a 7090 A1/SiC metal matrix composite resulting from the 
fracture of a capillaD which is a step function in time. 

Once the Green's function has been determined, the 
ultrasonic wavespeeds can be recovered by identifying the 
arrival times of the P- and S-wave signals. If tile instant of 
excitation is known, only the first arrivals of these signals 
need to be determined. When this is not known, the arrival 
times of additional signals propagating through the 
specimen are needed. The 3P and 5P signals correspond- 
ing to the longitudinal wave propagating three and five 
times, respectively, through the specimen are also identi- 
fied in the actual waveform shown in Figure 3. The 
longitudinal and shear wavespeeds of the material can be 
recovered from the measured arrival times according to 
the formulae shown in the figure. Many measurements in 
which only the determination of the arrivals of the P-wave 
and S-wave signals is required are possible with conven- 
tional piezoelectric point sensors, which are principally 
sensitive to the wave motions normal to the surface of the 
specimen. In these cases, a direct evaluation of the 
material's longitudinal and shear wavespeeds can be 
evaluated in a simple test. 

The frequency-dependence of a particular wave arrival 
is determined by properly windowing that portion of the 
waveform containing the signal amplitude and trans- 
forming this amplitude to obtain the Fourier phase 
function of the signal. Once this function is found, it is 
substituted into Equation (6) which, in turn, is solved 
numerically to obtain a solution for the dispersion 
relation of the wave in the material. It is noted that a valid 
solution is only obtained for frequencies f >  c/[rrL(2)l"~'l 
but this suffices for most applications. Once the disper- 
sion relation has been found, the phase and group 
velocities, c and v, for the material can be evaluated as a 
function of frequency from the following: c(o~) = m//, and 
v(oJ) = Oo~/Ok. 

Since the computed, ideal waveform corresponds to the 
propagation in a non-attenuative material, the attenua- 
tion of either the P- or the S-wave amplitude in a real 
material can be determined by making a comparison of 
the measured and computed waveform amplitudes of the 
corresponding wave arrivals. It follows that the frequency 
dependence of the attenuation can be determined by 
processing the windowed signal amplitude in the 
frequency domain to form its magnitude spectrum, V(f), 
and evaluating 

20 I -V(f)  I Idb/length] (10) 
o~ = ~-- log m [Vree(f) 

1 9 8  U l t r a s o n i c s  1 9 8 7  V o l  2 5  J u l y  



where Vref(f) refers to the magnitude spectrum of the wave 
velocity amplitude of the non-attenuated, ideal signal. 

Applications 

The normal velocity signal at epicentre corresponding to a 
step excitation on a specimen of a 7090 A1/SiC metal- 
matrix composite was shown previously in Figure 3. 
Measurement of the arrivals of the P- and S-wave 
amplitudes leads at once to the recovery of the longi- 
tudinal and shear wavespeed values, Cp = 0.700 cm/~s-~; 
c s = 0.380 cm/zs - l .  These are w i th in  3% of  the values 
determined by a conventional ultrasonic measurement. 

Since these measurements are made in a low attenua- 
rive material and only the time of arrival of a particular 
wave is sought, a characterization of the receiving sensor 
is not required. It suffices that the successive wave arrivals 
are clearly identifiable in the waveform to obtain results 
similar to those obtained with the capacitive displacement 
sensor. However, with the piezoelectric sensor, the 
measurement is straightforward since no special surface 
preparation of the specimen or critical transducer 
alignment with the specimen surface are required. It is 
also possible to test highly attenuative materials. The 
result obtained in a chopped-fibre/epoxy, wedge-shaped 
specimen having a non-uniform layer of another material 
on one side is shown in Figure 4. The detection region of 
the specimen was left unprepared and hence the piezo- 
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Figure 4 Epicentral waveform from a normal force step source 
detected with a piezoelectric transducer in a chopped-fibre/ 
epoxy composite wedge 

electric transducer with its excess couplant exhibited 
considerable ringing. However, even for this unfavour- 
able testing situation, the first P-wave arrival is easily 
detected and can be used to determine an effective 
longitudinal wavespeed value for this material. 

To determine the orientation depen, '  ;nce of wave- 
speeds in a sample, an array of transducers is required. In 
the simplest configuration, the receiving elements are 
located equidistant about the source point. The sensors 
may be on either side of  the sample and the first P- or 
S-wave arrivals are identified in the detected signals. An 
example of the results of waveform measurements made 
in an elastically anisotropic specimen of graphite-epoxy 
composed of 32 plies whose lay-up was unidirectional is 
given in Figure 5a. The wavespeeds of  the P-wave in 
various directions of the material are shown. To obtain 
this result, the fracture of a capillary was used as a 
monopolar  source with eight point piezoelectric sensors 
placed at various angles around it. The time of the first 
arrival was measured in each of the detected waveforms 
and the wavespeed was computed by dividing the arrival 
time by the source-receiver separation. 
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The graphite-epoxy specimen possesses a four-told 
symmetry, which can be determined from inspection of 
the detected signals or from knowledge of the material's 
fabrication. Recognizing this symmetry, it is possible to 
generate additional pseudo-points by projecting each of 
the measured data values in directions oriented at 180. 90 
and -90 ° to those measured. As the results demonstrate, 
the 24 additional points all lie on the same wavespeed 
surface. This finding verifies the consistency of the 
measurement results. The case of a specimen of 6061 
A1/SiC metal-matrix composite, which is nearly isotropic, 
is shown in Figure 5b. As expected, the longitudinal 
wavespeed surface closely approximates a circle. The 
wavespeed is 0.693 cm #s-L which is in good agreement 
with the results obtained by conventional ultrasonic 
testing methods. 

Application of the Fourier phase analysis method for 
determining the dispersion relation and the frequency- 
dependent phase velocity of the longitudinal wave in the 
6061 A1/SiC metal-matrix composite specimen is shown 
next. The signal resulting from a capillary fracture source 
which was detected at epicentre with a piezoelectric point 
transducer whose response approximated a velocity 
sensor, is shown in Figure 6a. Also indicated is the 
windowed, first arrival of the P-wave signal. From the 
magnitude spectrum it is found that the signal contains 
little energy above 8 MHz, reflecting the frequency 
response of the transducer and amplifier used to detect the 
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F igure 7 Wave attenuation measurement in 7 0 9 0  AI /SiC 
metal -matr ix  composite. (a) Magni tude spectra (scaled): - -  
ideal material; . . . . .  real material. (b) Derived attenuation 

signals. Because the low frequency correction is only 
significant at frequencies o f <  0.5 MHz, it is omitted from 
the dispersion relation of the derived phase velocity 
shown inFigure6b. It is seen from the latter, that the phase 
velocity between 3 and 10 MHz is nearly constant at 
0.690 cm #s -1. At lower frequencies there is a decrease to 
lower wavespeed values which is due principally to the 
response of the piezoelectric transducer used to make the 
measurements and the omission of the low frequency 
correction. 

To demonstrate an attenuation measurement, the 
velocity signal resulting from a step force applied to a 
specimen of 7090 A1/SiC metal-matrix composite, shown 
previously in Figure 3, is analysed. The first P-wave is 
windowed and compared to the computed response for 
the ideal case of a non-attenuating material shown in 
Figure la. The Fourier magnitude spectra of  the measured 
and ideal P-wave amplitudes are shown in Figure 7a, while 
the result obtained from applying Equation (10) is shown 
in Figure 7b. In this example, only a relative measure of the 
attenuation of the longitudinal wave is determined, since 
the vertical scale in Figure 7a was not calibrated absolutely 
and the magnitude of the force drop of the source used to 
generate the signal in this experiment was not measured. 
In waveforms detected in extremely absorptive materials, 
only the lowest frequencies can propagate and, hence, an 
unambiguous identification of the particular wave 
arrivals may be difficult. For such materials, other 
techniques may need to be developed. 
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The few examples shown here were used to illustrate 
the various signal analysis procedures described in the 
previous section. Numerous additional examples 
obtained in a variety of different materials are contained 
in another paper2L 

Quantitat ive acoustic emission source 
characterization 
The characteristics of  an AE source refer to its location in 
a structure and its source type and time characteristics. 
According to Equations (3) and (5), the latter can be 
specified in terms of time-dependent forces or moment  
tensor components. The procedures by which a source of 
AE can be located in a structure have been discussed 
elsewhere 22 and are omitted in this Paper. The develop- 
ment of reliable source location procedures applicable to 
highly anisotropic materials are still under develop- 
ment. 

An investigation of failure processes in materials via 
quantitative AE source characterization relies on several 
elements including: 1, a mechanical or thermal loading 
system to reproducibly activate various failure processes; 
2, a load, deformation measurement system; and 3, a 
broad-band AE system consisting of elements similar to 
that used to make point-source/point-receiver measure- 
ments. While a solution to the general source characteri- 
zation problem requires an inversion of Equation (1), in 
most cases one has sufficient information about the 
loading method or source mechanics or from an inspec- 
tion of the generated AE signals to be able to select 
whether the source can be represented by a monopolar  or 
dipolar model so that the appropriate Green's functions 
can be used in the inversion procedure. When the source 
is represented by several force or double-force compo- 
nents, Equation (3) or (4) can be written in simplified 
form according to 

U(t) = S(t) * [ct Gl(t)  + c2G2(t) + caG3(t) + . . . ]  (11) 

where the cs correspond to the magnitudes of  the various 
components used to model the source. 

The solution to the inverse source problem then 
involves determination of the source-time function, S(t), 
and the source strength magnitudes given by the cs from 
the measured displacement signals. A number  of pro- 
cessing algorithms have been developed for this. These 
include several algebraic schemes, least-squares methods, 
double-iterative and frequency-division algorithms. A 
detailed description and a comparison of these processing 
procedures is summarized in another paper ~3. An alternative 
approach by which the ratios of  the moment  tensor 
components can be recovered involves measurement of the 
radiated field of  the AE signals from the source. This 
procedure is very useful for analysing real AE signals. The 
amplitude of the emitted signal measured by a set of  
transducers at a distance R and at various angles from a 
dipolar source, such as the formation of a Mode I crack, 
can be written in terms of the normal displacement 
amplitude, u z, which is expected to be of the form 

Uz(O, t) = a(t) [b + cos2(0 - 0c) ] (12) 

where 8 is the orientation of the receiving transducers in 
the polar-cylindrical co-ordinate system and Oc is the 
orientation of the normal to the crack plane. For a single 
horizontal dipole source, aligned parallel to the normal of  
a Mode I crack, the term b is expected to be zero. For 
another crack modeP °, given in terms of three orthogonal 
dipoles of  strength h+2~,X and h (X and # are the Lam~ 
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constants), the term b is expected to be ~ 0.28. 
Recently, Netravali et al. 24 fabricated composite model 

specimens consisting of glass fibres imbedded in an epoxy 
matrix. Using indentation techniques to selectively cause 
failure in the fibre, matrix or interface, they observed in 
preliminary experiments particular AE waveforms cor- 
responding to various failure modes. Analogous experi- 
ments with real composite specimens are still underway. 
In this Paper several source characterization examples 
are presented in which the source can be adequately 
represented by just one component In that case, Equation (9) 
can be easily inverted, such that the source function is 
given by 

S(t) = U(t )*  [G(t)] -1 (13) 

where [G(t)] -~ is the inverse function of that Green's 
function of the source component  appropriate to the 
particular test configuration ~'4. 

Appl ica t ions  

The measurements were made in the 7090 AI/SiC metal- 
matrix composite whose wave surface was similar to that 
shown in Figure 5b, indicating that this material is essentially 
elastically isotropic for waves at low megahertz frequen- 
cies. The computed dynamic Green's function for this 
material, corresponding to a force normal to the surface of 
the specimen, was shown previously in Figure la. Appli- 
cation of Equation (13) has been made to characterize the 
normal force sources obtained by breaking a glass 
capillary and a pencil lead and impacting with a 1/16in 
diameter sphere on the surface of the specimen. Shown in 
Figures 8a and b are the results for the impact source. For 
the capillary break, a step source function was recovered 
whose rise-time was ~ 0.25 bts, while, as shown in Figure 8b, 
the impact source is 11 /xs in duration. All the source 
characterization results are in agreement with those 
obtained previously in conventional materials ~,2°,25. 

W.hile these first source characterization results are 
encouraging, there remain several unresolved problems. 
These are related to procedures for reproducibly acti- 
vating various failure modes in real composite materials 
and methods for analysing AE signals which have 
propagated through a composite specimen which is 
highly anisotropic and attenuative. However, even when 
quantitative information about a source is recovered from 
the AE signals, the interpretation of these results in terms 
of a failure model relevant to composite materials needs to 
be developed. In metals, the magnitudes of  the recovered 
moment  tensor components have been used to delineate 
between various failure modes 2~. Whether an analogous 
procedure will be applicable to composite materials 
remains to be seen. Furthermore, in brittle, isotropic 
elastic materials the characteristics of a source may be 
interpreted in terms of a displacement-discontinuity 
model to recover the crack jump of the source 1°. With the 
Dugdale-Barenblatt  thin-zone model, and assumptions 
regarding the microstructural linkage distance and failure 
stress, the time-dependent size of  a crack can be obtained 
from the time function of the source recovered from the 
AE signals ~3. What  the appropriate failure model is for a 
particular failure process in a composite material is still 
unknown at present. 

Conclusions 
This Paper has described the elements of  quantitative AE 
systems for measurements in composite materials. When 
used with a simulated AE point source, one obtains a 
powerful materials testing system in which the ultrasonic 
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Figure 8 AE source characterization measurement in 7090  
AI/SiC metal-matrix composite with 1 /16 in  ball impact. (a) 
Detected displacement signal; (b) recovered impact source 
function 

wavespeeds and attenuation can be determined as a 
function of frequency and propagation direction in 
composite materials. When the material's properties are 
known, quantitative information about a source of 
emission can be recovered from the emitted signals. Key to 
both systems is a theoretical basis for analysing the 
propagation of transient elastic waves through a bounded 
structure, a broad-band sensor whose transduction charac- 
teristics are known a priori or which can be determined in 
a calibration experiment and signal processing algor- 
ithms for recovering the characteristics of the source or the 
medium from the detected signals. 

PS/PR measurements require a minimal amount of 
surface preparation and they can be made on composite 
specimens which are neither planar or parallel. Infor- 
mation regarding the propagation characteristics of both 
longitudinal and shear wave components is possible from 
a single waveform. It is also possible to select an excitation 
source whose time characteristics result in signals posses- 
sing high energies at low frequencies facilitating 
measurements in ultra-attenuative composite materials. 

A signal processing procedure was demonstrated for 
recovering from the emitted AE signals, the characteristics 
of  several simple sources active in metal-matrix com- 
posite specimens. Results similar to those found in 
conventional materials are obtained. Additional work 
with real sources needs to be undertaken. With the 
continued development of non-contact point sources and 
receivers and signal processing procedures, the measure- 
ment techniques described in this Paper show great 

promise as powerful tools for characterizing micro- as 
well as macro-structural features, and investigating the 
dynamics of failure processes in composite materials. 

Acknowledgements  

We acknowledge the specimen materials we have received 
from D. Divecha. The initial phases of this work were 
supported by the Naval Research Laboratory under 
contract No. N00014-84-C-2350. This work is currently 
supported by the Office of  Naval Research under contract 
No. N00014-85-K-0595. Dr Y. Rajapakse is the project 
monitor. Use of the facilities of the Materials Science 
Center at Cornell University, USA, which is supported by 
a grant from the National Science Foundation is also 
acknowledged. 

References 
l Hsu, N.N., Simmons, J.A. and Hardy, S.C. An approach to 

acoustic emission signal analysis - theory and experiment Mat 
Eval (1977) 35(10) 100-106 

2 Pao, Y.H. Theory  of acoustic emission, in: Elastk" Waves and 
Non-Destructive Testing ofMawrials Vo129 (Ed Pao, Y.H.) Am Soc 
Mech Eng, New York, USA (1978) 107-128 

3 Scruby, C.B. Quanti ta t ive acoustic emiss ion  techniques,  in: 
Research Techniques in Non-destructive Testing Vol VIII (Ed 
Sharpe, R.S.) Academic  Press, London,  UK (1985) ( 'h  4, 
141-210 

4 Sachse, W. and Kim, K.Y. Applications of quantitative AE 
methods: dynamic fracture, materials and t ransducer  charac-  
terization, in: SolM Mechanics Research ~or QNDE (Eel 
Achenbach .  J.) Mar t inus  Nijhoff  Publishers,  Dordrecht,  The  
Ne the rhmds  (1986) 

5 Proc Second lnt 5)wlp ,4¢'ou,stic Emi.~'ion fi'om Rein/breed Pla.~tic~ 
SPI, New York. USA (1986) 

6 Madhkar,  M.S. and Awerbuch, J. Monitoring damage  pro- 
gression in center-notch b o r o n - a l u m i n u m  laminates  through 
acoustic emission, in: Composite Materials. Testing and Design 
(Seventh C),![erencO(Ed Whitney,  J.M.) Special Technical  
Publication, STP 893, Amer ican  Society for Test ing Materials. 
Phi lade lph ia ,  USA (1986) 337-363 

7 Henneke, E.G. Non-destructive evaluation of  liber-reinfl~rccd 
composi tc  laminates,  in: Proc 1/th Worm ('oq/brcm'c on Nml- 
Destructive Te.~ting ASNT Colombus ,  USA (1985) 1332-1343 

8 Saehse, W. and Kim, K.Y. [ lhrasonic  point-source/point  - 
receiver materials  tcsting.1,4ppl Phy.~ in prcss 

9 Ceranoglu, A.N. and Pao, Y.H. Propagat ion of elastic pulses and  
acoustic emiss ion in a plate: Part 1, theory: Part II. epicentral 
rcsponse; Part I11. general responses  ASME ,l,4ppl .,/Itch ( 19,',; I ) 
48 125-147 

10 Aki, K. and Richards, P.G, Quantitative Seismoh~gy: Theoo' amt 
Methods Vol 1, Freeman,  San Francisco.  USA (1981)) 

11 Stump, B.W. and Johnson, L.R. The  determinat ion of source 
properties by the l inear inversion of se i smogram Bull Sei,~ Soc 
Am (1977) 67 1489-15{)2 

12 Scruby, C.B. Laser generat ion of u h r a s o u n d  in metals, m: 
Re,search Tec/mique,~ in ,\"on-Dc.~tructive "li'.stinj,,, Vol V (Ed 
Sharpe, R.S.) Academic  Press. London.  I!K (1985) Ch S. 
281-327 

13 Kim, K.Y. and Saehse, W. Characterist ics  of  an acoustic 
elnission source from a thermal  crack in glass lnt ,l l')'aclurc 
(1986) 31 211-231 

14 Hsu, N.N. D y n a m i c  Green ' s  Funct ions  of an infinite platc - a 
compute r  program, Report NBSIR 85-3234, Nat ional  Bureau of 
Standards, Gaithersburg, USA (1985) 

15 Knopoff, L. Surface mot ions  of  a thick plate.l,llV~l Phy,~ (195~) 29 
661-67(I 

16 Weaver, R.L. Frequency dcpcndence  of  generalized ray arrivals 
at epicenter in a viscoelastic plate. T and  AM report, University 
of Illinois, Urbana, USA (19851 

17 Pao, Y.H. and Sachse, W. On the determination of  phase  and 
group velocities of dispersive waves in solids JAppl  Phys ( 19781 
48 4320-4327 

18 Weaver, R. and Sachse, W. Viscoelastic general ized rays: thcop,: 
and experiment, manuscript in preparation 

19 Ko, H.Y. and Scott, R.F. Deconvolut ion techniques  lot linear 
system s Bull Seism Soc A m { 1967) 57 1393-1408 

202 Ultrasonics 1987 Vol 25 July 



20 Michaels, E., Michaels, T.E. and Sachse, W. Applications of 
deconvolution to acoustic emission signal analysis Mat Eval 
(1981) 39 1032-1036 

21 Sachse, W. and Kim, K.Y. Applications of ultrasonic point- 
source/point-receiver measurements, Materials Science Center, 
Report No. 6016, Cornell University, Ithaca. USA (1987) 

22 Sachse, W. and Pao, Y.H. Locating and characterizing sources 
of acoustic emission, in: Quantitative NDE in the Nuclearlndustry 
(Ed Clough, R.B.) Am Soc Metals, Metals Park, USA (1982) 
326-331 

23 Chen, C.P. and Sachse, W. Comparison of signal processing 
algorithms for AE source characterization, manuscript in 
preparation 

Quantitative acoustic emission: W. Sachse and K Y. Kim 

24 Netravali, A. and Phoenix, S.L. Experiments and micro- 
mechanical models for creep-rupture in polymer matrix 
composites, M. and AE Report, DOE/ER: 45112-3, Cornell 
University, Ithaca, USA (1986) 

25 Hsu, N.N. and Hardy, S.C. Experiments in acoustic emission 
waveform analysis for characterization of AE sources, sensors 
and structures, in: Elastic Waves and Non-destructive Testing of 
Materials Vol 29 (Ed Pao, Y.H.) Am Soc Mech Eng, New York. 
USA (1978) 85-106 

26 Ohira, T. and Pao, Y.H. Microcrack initiation and acoustic 
emission during fracture toughness tests of A533B steel Metal 
TransA (1986) 17A 843-852 

Ultrasonics 1987 Vol 25 July 2 0 3  


