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ACOUSTIC EMISSION SIGNAL ANALYSIS
IN FLAT PLATES

C. E. Fitch, Jr.
ABSTRACT

An acoustic emission signal from a deformation or
fracture mechanism is assumed to initiate as essentially a
point source for detection frequencies in the range of a few
megahertz or below. Approximate mathematical expressions for
predicting the number of signal reflections and their time
separations, and thus total expected signal durations, were

derived and studied for flat specimen geometries.

A 1/2-in. thick A-212-B steel plate was used to determine
whether experimental observations could be predicted from
approximate relationships derived. Both artificial and real
acoustic emission sources were tested under a variety of
conditions. Observations of good experimental agreement may
provide a basis for optimizing signal detection in flat
geometries. A preliminary study of pulse shapes and pulse
durations was also conducted in experimental attempts to

determine source depth as well as range.
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ACOUSTIC EMISSION SIGNAL ANALYSIS IN FLAT PLATES
C. E. Fitch, Jr.

INTRODUCTION

An acoustic emission signal from a deformation or fracture
mechanism is assumed to initiate as essentially a point source
for detection frequencies in the range of a few megahertz and
below. The signals are detected with sensors which, due to
their finite size, are simultaneously sensitive to a range of
angles. Because of this angular aperture, signals having ray
paths other than those on a straight line between source and
sensor can be detected. For finite thickness materials, the
total signal from an emission event can be a combination of

many ray path reflections between boundaries of the sample.

For a point receiver, signals are detected having time
delays ranging from a minimum corresponding to the direct rays,
to a maximum corresponding to rays which reflect between
boundaries an infinite number of times. The signal time length
could actually then be infinite if attenuation and spherical
wave spreading did not cause the eventual loss of energy.

As the frequency is decreased, finite size sensors appear
increasingly more like point receivers, and therefore are more

susceptible to signal time spreading.

Conversely as the frequency is increased or the sensor
size is increased (or both), the angular aperture decreases.
For very high frequencies and very large receiver sizes, angle
selectivity could be limited to only direct ray paths. This
limitation, of course, would reduce the signal duration from

one emission event to a minimum value.

The importance, in certailn applications, of accurately
counting acoustic emission events obviously becomes more dif-
ficult when signals overlap in time due to increased duration.

Also, in other applications, it 1s essential to locate the
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emission sites as closely as possible. Since signals from suc-
cessive reflections tend to obscure first arrival information,
the location of emission sites by triangulation also becomes
more difficult.

From the preceding discussion, it is evident that sensors
should be made as large, and detection frequencies as high as
possible. However, as the sensor size is increased, practical
limits and problems with coupling energy out of the specimens
are eventually encountered. Also, as the test frequency is
increased, attenuation becomes so great that emission signals

do not propagate over substantial distances.

In the following discussion, approximate mathematical
relationships were derived which eventually may be used in
optimizing the parameters essential to good emission counting

and source triangulation in flat specimen geometries.
SUMMARY

Approximate mathematical expressions for predicting the
number of signal reflections and their time separation, and
thus the total expected signal duration, were derived and
studied for flat specimen geometries. Simplifying assumptions
were made with regard to the signal ray paths used in the

analysis.

Since the angular aperture of a receiver increases with
decreasing frequency and size, it was assumed that a frequency
as high as possible and a sensor as large as possible should
be used. Sensors much larger than 1 in. in dimension were
considered impractical. Also, due to attenuation, frequencies
much greater than 5 MHz were not considered advisable because
of the desirability of sensing emission signals over long

distances.

A 1/2 in. thick A-212-B steel plate available for studies

was used to determine whether experimental observations could



BNWL-1008

be predicted employing the approximate relationships derived.
Both artificial and real acoustic emission sources were used
in a variety of test conditions. Good experimental agreement
was observed in all but a few situations and the method may
eventually provide a basis for optimizing acoustic emission
signal detection in flat geometries. More studies, however,
will be necessary before general applicability is ascertained.

Curved geometries must also be considered.

In order to obtain useful information about pulse shapes
as well as their durations, a preliminary study was conducted.
Attempts to synthesize a pulse by calculation and to compare
the calculation with the measured result were made. An
initially unreflected pulse was measured close to the source
and then added to itself a number of times in the proper
amplitude and phase proportions so as to simulate a pulse
measured at a greater distance. The measured and calculated
signals were of comparable shape. Preliminary evidence that
sources can be located in depth as well as in range was also
provided in these experiments. This technique, of course,
has the possibility of determining crack severity by locating

its tip depth below the surface.
SIGNAL DURATION

ANALYSIS

In order to study the complex behavior of acoustic emis-
sion signals in flat specimens, a simple geometry is needed.
In Figure la, a plate is shown within which a number of ray
paths are constructed. For an emission source located at
either edge of the plate, the first few ray paths arriving
at a sensor positioned at X are shown. The first arrival ray
travels at the 90-degree angle 60, and is parallel and adjacent
to the plate top surface. The ray emerges or is transmitted

into the couplant at an angle 68 equal to the critical
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angle eé. It is assumed here that the couplant velocity V7 1is
less than the material velocity V. The critical angle is

defined in terms of Snell's law as:

-

Sin 67 Sin 6~
o cC _V
- = (1)

Sin ec 1

The nth ray emerges as an angle of e; and i1s also defined in

terms of Snell's law as:

-

Sin 6°
L= = (2)
Vv

Sin 6
n

The bundle of rays enclosed within the angle eé minus eﬁ is of

interest in later discussion.

The emission source can, in fact, be located with equal
probability anywhere across the plate thickness. Figure 1b
shows the first few ray reflections for a source located at
the plate center. It is obvious that the most general picture,
which includes all possible rays for all possible source loca-
tions, becomes complex and difficult to analyze. However, it
can be seen from an inspection of Figure 1 that within the
bundle described by 9; minus e; (in Figure la), the bundle
described by 9; minus e; (in Figure 1b) is also included. This
means that if all possible ray paths orginating at the surfaces
of the plate are detected, then signals from all other rays
will also be included regardless of the location of the emis-
sion source. Therefore, although the results are only approxi-
mate, the analysis can be simplified by using only surface

sources.

With Figure la representing the geometrical situation, the
mathematical expressions predicting the number of reflections
(n-1), the expected total signal duration, Atn, and the spacing
between reflections Atn minus Atn—l are sought. These expres-
sions are to be functions of the plate thickness 1, the distance

from the source to the sensorlx, the velocity of the material
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and couplant V and V”, the sensor diameter D, and frequency f.
The final objective of the following and subsequent analyses
and experiments is then to determine the practical transducer
size and frequency and couplant velocity which will minimize
the signal duration for a given source location and plate

thickness.

Before the analysis proceeds, further discussion about
the actual acoustic emission source is desirable. If the
material under stress emits acoustic waves as the result of
deformation or fracture, it is likely that all types of waves,
the longitudinal, shear, and Rayleigh, could be initiated.
An ultrasonic transducer had been used in previous preliminary
experimental studies as an artificial source of longitudinal
acoustic emission waves. Longitudinal waves were introduced
at the edge of a plate. It was observed that mode conversion
to shear waves produced what was believed to be an intolerable
number of signal echoes following the first arrival signal.
Since all these echoes emerge into the couplant at the same
angle, their elimination by the methods of reducing the angular
aperture of the sensor could not be affected. For this reason,
shear modes were assumed in the following studies to be the

more important of the acoustic emission waves.

Rayleigh waves also require discussion. With an emission
source at or near the sample surface, the generation of
Rayleigh waves 1s anticipated. Since the velocity of these
waves 1s near the shear wave velocity, their elimination, again
by decreasing the sensor angular aperture, is almost impossible.
However, since Rayleigh waves propagate with large surface
particle displacements, it is relatively easy to damp them out
and yet not appreciably affect the shear waves. Assuming that
the Rayleigh waves can be essentially damped out, confining of
the analysis to shear waves, as previously mentioned, can also

be assumed,
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Returning to Figure la, the bundle of rays between the

angles 67 and 67 will be designated as:
c n

B =8l - 8’ (3)

It is further assumed that any receiver under consideration
will be sufficiently close to the sample to intercept all the
rays emitting from the sensor position X shown in Figure 1.
Since the sensor has finite size, it will also detect rays
emerging at positions other than X. However, since X 1s
almost always large compared with the sensor diameter D,

not much error is encountered in assuming all rays to emerge

from the point located at X.

The bundle of rays defined by Equation (3) will next be
expressed in terms of sensor and couplant parameters. The
divergence angle of a sensor is expressed by

Sin g % L22 V7 (4)

where V° is the couplant velocity, f is the frequency, and D

is the diameter (or other controlling dimension if it is not

of circular shape). Actually, B is the angle between the nor-
mal to the sensor and the outermost ray assumed to be detect-
able by 1t. Usually, then, the divergence angle is 28. How-
ever, in the present situation, the normal lies at the critical
angle as defined by Equation (1), and rays emerging from the
sample theoretically do not exceed this angle. Consequently,
Equation (4) adequately represents the bundle of rays described
by Equation (3). Solving for D in Equation (4)

1.22 v°
D= ¥sime (5)

and Sin B must then be expressed in terms of the ray path
angles in the sample as shown in Figure la. A method thus is
provided for limiting B, which limits the detection to a
specified number of ray reflections by choosing the correct

sensor D and f. From Equation (3)
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Sin B = Sin (eé-eﬁ)
= Sin eé Cos eﬁ - Cos eé Sin 6; (6)
Also repeating Equation (1
sin 0] = v- (1)
where V is now the shear velocity of the test sample. From

Equation (1)

1/2
Cos 87 = (1 - Sin? eé)l/2 - [i ] (%-)J (7)

Inspection of Figure la shows that

_X
Tan en = 5T (8)

where n-1 is the number of ray reflections permissible by B
in Equation (4). From (8)
X

Sin 8_ = (9)
n (nZTZ N X2)1/2
and from Equation (2) and Equation (9)
. - A2 X
Sin 87 = (——) (10)
n 1 (nZTZ . X2)1/2
and then
[ V,)z " 1/2
Cos 87 = -(—— (11)
n \Y nZTZ + XZ

Then putting Equations (1), (7), (10), and (11) into (6) and,
subsequently, Equation (6) into (5),

1.22 V2 (%<2 + xH1/2

f{h2m1¥+-ﬂ)- wj?ﬂ]”z-[ﬂxz-(vq?ﬂ]ﬂz}

Equation (12) can, therefore, be used to calculate the sensor

D =

(12)

diameter D needed to limit the received signal to a prescribed

number of reflections (n-1) for a given f, V, V°, 1, and X.
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It is usually handier to assume that a certain diameter
and frequency sensor is available. It is better, therefore,
to solve Equation (12) for n which then calculates the total
number of reflections expected for a given experimental situa-

tion. Solving Equation (12) for n yields

1/2

2.2 . 2 22 \1/2

n= %.{éi_mi.z -1+ 1 > [1—22m+42m ( - sz*§ + 42’? 2) J (13)
((1-¢) 1-9 1-24 (1-29)

where
1.22 V

2= =90 ()

and

ARE
)]

Equation (13) thus calculates the number of expected reflec-

m

tions for the given test conditions.

It is also useful to determine the expected signal dura-
tion for any number of reflections. Referring back to
Figure la, the first arrival ray travels the distance X in an

amount of time

_ X
t, = 7 (16)
The nth ray arrives at a time
1/2
2
ty =g (X° + n%c?) (17)
and the time difference is
1/2
2,2 2
_ _ _ (X tn T ) - X
At =t -t = < (18)

By calculating n from Equation (13), and inserting its
value into Equation (18), the approximate received signal
duration for a single acoustic emission event is obtained. By
choosing different n values, Equation (18) can also be used

to determine the time duration between successive reflections.
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Another useful form of Equation (13), obtained by assuming
that V = V°, expresses the situation, for instance, where the
sensor is coupled directly to the edge of a plate, recessed in
a hole, or in some other way aligned to receive energy at an

emergency angle eé, approximately equal to 90 degrees. When

V=V~
1/2

2
n = §-<§%;;Z) (19)

This is a desirable test condition, since it can be shown for
a given D, f, X, and 1t that n is a smaller number when V* =V
than when V~ <V.

EXPERIMENTS

Experimental studies were undertaken to determine how well
the previously derived expressions predict actual observed
results. A source of real acoustic emission signals as well as
a sample suitable for using artifical signal sources was con-
sidered desirable. An artifical signal source was regarded
useful for checking the analytical results and for eventual

comparison with the actual emission signal behavior.

A 1/2 in. thick A-212-B steel plate having an area of
about 2 ft by 3 ft was available. A "V" groove was cut across
the 2-ft dimension about 6 in. from one end of the plate. This
6-in. section was then cut with a band saw into about 1/2-in.
strips paralleling the 3-ft dimension and extending from the
end to just beyond the "V'" groove. It was then planned that
the bending of these strips to eventual failure would provide

a good source of multiple acoustic emission signals.

Prior to the emission signal studies, artifical sources
were studied. A small ultrasonic shear wave transducer was
mounted on the end of the plate opposite to where the strips
had been cut. A section of this edge had been machined flat

10
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and smooth for good transducer coupling. The pulsing of this
small transducer with a short, repetitive burst signal trans-

mitted shear waves into the plate.

As mentioned earlier, use of the highest possible fre-
quency for detecting acoustic emission signals is desirable
for good counting and triangulation. Most industrial steels
and stainless steels have high shear wave attenuation due to
grain scattering for frequencies of 5 MHz and above. Since 1t
is also desirable to be able to detect emission signals as
far from the source as possible, the detection frequencies
should not be too high. At the present time, only limited
attenuation data are available for A-212-B steel. It is
anticipated, however, that, for frequencies in the range of
a few megahertz, only a few dB/ft of signal attenuation will
occur. The major loss mechanism, of course, is due to the
inverse distance loss by the spreading out of waves from a

point source.

Frequencies of 2 MHz and 4.5 MHz were, therefore, chosen
for studies since sensors were also available. The expected
number of reflections and signal durations were calculated for
these frequencies, assuming transducers were located at X
distances from the source of 5, 15, and 30 inches. It was
convenient, in most of the experiments, to use water to couple
energy out of the plate into the sensors. For water
V- = 0.587 x 10° in./sec and for A-212-B steel
V= 1.28 x 105 in./sec. The transducer diameters available for
frequencies of 2 MHz and 4.5 MHz were 0.215 and 0.75 in., and
0.1875 and 0.75 in, respectively. Table 1 shows the number
of reflections n-1, with n determined by Equation (13), and
the expected signal durations At, as determined by Equa-
tion (18). Also as an aid to determining the total signal
duration (At) from the total number of reflections (n-1), a

graph was prepared in Figure 2 to show the three X positions.

11
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TABLE 1. Signal Reflections and Durations

V=1.28 x 105 in./sec
V® = 0.587 x 105 in./sec

T = 0.5 in.

f, MHz D, in, X, in. n - 1 At, usec
2 0.215 5 8.4 14.4
2 0.215 15 27.3 44,5
2 0.215 30 55.6 88
2 0.75 5 3.3 3.5
2 0.75 15 11.9 10.5
2 0.75 30 24.7 21
4.5 0.1875 5 4.8 6
4.5 0.1875 15 16.5 18.5
4.5 0.1875 30 33.9 36.5
4.5 0.75 5 1.9 1.6
4.5 0.75 15 7.6 4.8
4.5 0.75 30 16.1 .4

V=V =1.28 x 10° in./sec

0.1875 30 26.4 23.5
4.5 0.1875 30 10.3 4

This graph can also be used to determine the time between
successive reflections (e.g., At for the second reflection

minus At for the first, etc.)

The measured pulse lengths using the artificial source of
shear waves corresponding to those calculated in Table 1 are
shown in Figures 3 and 4. As mentioned previously, the small
shear transmitting transducer was mounted at the plate edge
and the receiving sensors were placed at the various X loca-
tions. The calculated At values are seen to be approximately

representative of the measured signals.

An important aspect of the measured signals has not yet

been discussed. The shear waves were mode converted to

12
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D = 0.215 inches, X =5 inches D =0.75 inches, X =5 inches
Calc. At =14.4 pusec Calc. At =3.5 usec
Time Scale = 10 pysec/cm Time Scale = 10 pysec/cm

D =0.215 inches, X =15 inches D =0.75 inches, X =15 inches
Calc. At =44.5 usec Calc. At =105 usec
Time Scale = 10 pusec/cm Time Scale = 10 ysec/cm

D =0.215 inches, X =30 inches D =0.75 inches, X =30 inches
Calc. At -88 usec Calc. At =21 psec
Time Scale = 10 ysec/cm Time Scale = 10 psec/cm

FIGURE 3. Measured Signals for Artificial Source
at Frequency of 2 MHz

14
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D =0.1875 inches, X =5 inches D =0.75 inches, X =5 inches

Calc. At =6 psec Calc. At =1.6 psec
Time Scale = 10 psec/cm Time Scale = 10 psec/cm

D = 0.1875 inches, X = 15 inches D =0.75 inches, X =15 inches
Calc. At =185 pusec Calc. At =4.8 usec
Time Scale = 10 psec/cm Time Scale = 10 ysec/cm

D =0.1875 inches, X =30 inches D =0.75 inches, X =30 inches
Calc. At =36.5 psec Calc. At =94 psec
Time Scale = 10 psec/cm Time Scale = 10 usec/cm

FIGURE 4, Measured Signals for Artifiecial Source
at Frequency of 4.5 MHz

15
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longitudinal waves and received through a water couplant between
the sample and sensor. Thus, longitudinal receivers were used.
The transmission factor between a solid (metal) and a liquid
(water) for shear waves converting to longitudinal waves varies
as a function of shear wave incident angle. A small bundle of
shear wave rays propagating down the plate approximately
parallel to its surfaces without appreciable reflection at the
surfaces has a low transmission factor. The transmission
factor is higher for a similar bundle propagating at a slightly
oblique angle with respect to the surfaces. The first arriving
unreflected signals are, therefore, of smaller amplitude than
subsequent signals from obliquely traveling rays reflected
between the surfaces. The signal thus starts at a low
amplitude and builds up with time until subsequent reflections
at refraction angles eventually exceeding B in Equation (4)
finally initiate decay. These rise and decay effects are
illustrated in Figures 3 and 4.

In Figures 5 and 6, measured signals are shown for
actual acoustic emission sources. The sensors were positioned
at the various locations corresponding to those in Figures 3
and 4. The sensors were always placed in a straight line
extending from the particular single edge notch tab being bent.
A separate shear wave critical angle sensor was placed as near
as possible to the notch to supply a signal for triggering
the display oscilloscope. Because each acoustic emission
event is expected to be unique, comparison of signals at
various distances required the simultaneous observation of the
same signal at two locations. This comparison was accomplished
with a dual beam oscilloscope, and the traces shown in Fig-
ures 5 and 6 were adjusted with independent time delays to
present the signals simultaneously.

In comparing the signals in Figures 5 and 6 with those
of Figures 3 and 4, the actual acoustic emission signals appear

16
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D =0.215 inches, X =5 inches
Calc. At = 14.4 psec
Time Scale = 10 ysec/cm

D =0.215 inches, X =15 inches
Calc. At =44.5 usec
Time Scale = 10 usec/cm

D =0.215 inches, X =5 inches
R e o < Calc. At=144 upsec
' Time Scale = 10 psec/cm

¥ D = 0.215 inches, X =30 inches
*! (L8, i oo Calc. At =88 psec
Time Scale = 10 ysec/cm

D = 0.75 inches, X =5 inches
Calc. At =3.5 psec
Time Scale = 10 pysec/cm

D =0.215 inches, X =15 inches
Calc. At =44.5 usec
Time Scale = 10 psec/cm

ity TSR R D =0.215 inches, X =5 inches
o 1N v Calc. At = 14.4 usec

kTime Scale = 10 psec/cm
4D -0.75 inches, X = 15 inches

Calc. At =10.5 usec
 Time Scale = 10 psec/cm

FIGURE 5. Measured Signals for Actual Emission
Source at Frequency of 2 MHz
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D =0.1875 inches, X =5 inches
Calc. At =6 psec
Time Scale = 10 pysec/cm

D - 0.1875 inches, X =15 inches
Calc. At =18.5 psec
Time Scale = 10 usec/cm

Calc. At =6 psec
Time Scale = 10 usec/cm

D =0.1875 inches, X =30 inches
Calc. At = 36.5 usec
Time Scale = 10 usec/cm

{D = 0.1875 inches, X =5 inches

D =0.75 inches, X =5 inches
Calc. At = 1.6 psec
| Time Scale =10 psec/cm

D =0.1875 inches, X =15 inches
Calc. At =185 psec
Time Scale = 10 psec

D - 0.1875 inches, X =5 inches
Calc. At = 6 usec
| Time Scale = 10 psec/cm

s 1O 1) Y40 MBI s s J D = 0.75 inches, X =15 inches
Calc. At =4.8 pusec

(Time Scale = 10 usec/cm

FIGURE 6. Measured Signals for Actual Emission
Souree at Frequency of 4.6 MHz

18
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to also be approximately represented by the previously
derived expressions. Differences, however, should be
expected between signals from artificial as opposed to real
emission sources because an emission burst can occur randomly
at any time or position (near the notch), whereas the
artificial source has periodicity and a fixed position.

In some instances, emission signals are not shown in
Figures 5 and 6 for the 30-in. critical angle sensor positions
for the reason that the emission signals were not visible
most of the time above the noise at the 30-in. position.

Those few that were larger in amplitude were only barely
perceptible above the noise. This result is not surprising
since the acoustic emissions are essentially from point
sources. The major loss in energy then is due to the spreading
out of the spherical waves. Since the sensors are pressure
sensitive, the loss of signal amplitude varies inversely with
distance from the source. For instance, a sensor placed at
30 in. would show only 1/100th the amplitude measured at

0.3 in. Additional losses occur due to attenuation, and
amplitude losses in the first arrival wave fronts occur due
to the transmission factor variations mentioned previously.

A1l of these effects makes it difficult to detect acoustic
emission signals at distances much beyond a few feet from the
source. The amplitude of the signal can be increased somewhat
by an increase in angular aperture (B) due to the increase in
the net transmission factor. However, as has been shown in
the preceding examples, the time increase in signals may
make difficult the accurate location of sources by triangu-
lation methods. Accurate measures of crack propagation rate,
as determined by signal count rate, may also be difficult.
Higher detection sensitivity would make triangulation and

counting easier in most applications.
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One notable improvement in sensitivity was achieved by
using shear wave sensors in place of the critical angle
sensors. About an order of magnitude increase in signal was
observed by mounting the shear sensors on the edge of the
1/2-in. plate. The signal also decreased in time duration
because of the smaller angular aperture as calculated by
Equation (4). An example of the signal for an edge-mounted
2 MHz shear sensor having about 1/2-in. dimensions is shown
in Figure 7. In Table 1, At was also calculated for X = 30 in.
and V = V7, and the result was compared to the observed signal
in Figure 7. The corresponding signal at X = 30 in. for about
the same size (D = 0.215 in.) critical angle sensor is also
shown.

The question arises as to how such shear sensors can be
mounted in practice if the additional sensitivity is desirable.
Since the sensors can be dimensionally quite small, a shallow
hole or indentation enabling the sensor to be recessed may be
permissible. Also, the geometry of the test sample may pro-
vide natural corners for attaching shear sensors in desirable
locations and orientations. Other ways of increasing sensi-

tivity may also be possible.
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Edge Mounted Shear Sensor

D =0.1875 inches, X =30 inches
Calc. At =23.5 usec

Time Scale = 10 pusec/cm

Critical Angle Sensor

D =0.215 inches, X =30 inches
Calc. At = 88 psec

Time Scale = 10 usec/cm

FIGURE 7. Edge Mounted Shear Versus Critical
Angle Sensor
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SIGNAL PULSE SHAPE

In analyzing acoustic emission wave behavior, the signal
pulse shapes as well as their durations must be determined.
Knowledge of pulse shapes as a function of sample thickness,
receiver distance from the source, etc., are important for
obtaining source location by triangulation and for properly
devising counting systems capable of determining crack growth.
When the previously discussed pulse duration studies were under-
taken, information about reflection factor amplitude and phase
and the shear wave attenuation coefficients for A-212-B were
not known. The partial determination of these quantities has
made possible the preliminary study of pulse shapes.

In order to determine actual signal pulse shapes from
acoustic emission events, knowledge of the failure mechanism
would be necessary in describing the initial disturbance. Then,
since a wide band of frequencies will be likely in the initial
disturbance, attenuation coefficients must be known over the
range of frequencies in the pulse. This knowledge would be
necessary in determining pulse shape changes due to excessive
high frequency scattering which removes higher frequencies from
the pulse in greater amounts than the lower frequencies. It
would be necessary, finally, to have accurate knowledge of
receiving transducer transfer functions and other acousto-
electrical quantities to obtain the eventual pulse shape
estimates. These quantities are not entirely available at the

present time and some would be difficult to obtain.

Another approach requiring only a limited knowledge of
these effects is available. In most practical applications, the
propagation of acoustic emission signals over substantial
distances, as mentioned previously is desirable. Many of the
higher frequency components in the initial disturbance are
quickly removed in a short path length due to scattering. For
example, the attenuation coefficient in Figure 8 is plotted as
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a function of frequency for shear waves in small grain 304L
stainless steel. Scattering losses increase beyond the knee
in the curve in approximate proportion to the fourth power of
frequency. It is evident then that frequencies beyond a few
MHz do not propagate more than a few inches before they are

much smaller in amplitude than the lower frequencies.

Although the curve shown in Figure 8 applies to 304L stain-
less steel, a similar situation is expected in the small grain
A-212-B carbon steel used for the present studies. Therefore,
emission events initially having a wide frequency band become
filtered so that their dominant frequencies are essentially less
than a few MHz after traveling a few inches. Signal frequencies
below 1 MHz can often be assumed undesirable in practical
applications because of hydraulic noises, etc. These lower
frequencies, moreover, have the effect of excessively increasing
received signal durations. For these reasons, it appears that
relatively narrow band receivers with center frequencies of
1 to 2 MHz should be used in field tests. Actual optimum band
widths, although apparently in the range of 0.5 to 0.75 MHz,

should be determined.

It was therefore decided in the pulse shape studies to use
a narrow frequency band width less than 1.5 MHz so that only
the attenuation at the center frequency is 1.5 MHz. The
attenuation factor for shear waves in A-212-B at this frequency
was measured to be about 1.3 dB/ft. Also because of the narrow
band width and this low attenuation, no appreciable pulse
distortion due to the aforementioned scattering effect was
effected.

As mentioned previously, the initial emission pulse shapes
within the A-212-B plate and transducer transfer functions
should be determined. However, it was assumed in testing
the feasibility of signal synthesis methods that the signals

could be measured near to the emission site so that no
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interference from reflections within the plate could occur.
Then, by using the same receiver and electronic system, the
signal could be measured again at a greater distance from

the source to include the effects of many reflections. The
number of reflections, their reflection factor amplitudes and
phases, and their differences in attenuation (because of dif-
ferent path lengths) and the pulse shape at the closer dis-
tance are known. It was thought possible, therefore, to

predict the pulse shapes at greater distances.

This method of determining pulse shapes does not require
actual acoustic disturbances within the plate or transducer
transfer functions to be known. Provided that the emission
signals for a particular test application can be measured
before reflections occur, and assuming the test sample
geometry is known, it should then be possible to predict
pulse shapes in most of the field test applications encountered

in practice.

Preliminary pulse shape synthesis experiments were con-
ducted on the 1/2-in. thick A-212-B carbon steel plate used
in previous studies. A small point source shear wave trans-
ducer was used as the signal source. The receiver was also a
small shear wave sensor mounted at the plate edge as in the
previous experiment shown at the top of Figure 7. The unre-
flected signal transmitted through a small distance (%1 in.)
was detected by the edge-mounted receiver and recorded. Using
the same transmitter source and receiver, the signal with
many reflections present was then detected at a distance of
30 in. from the source. These two signals are shown in

Figures 9a and 9b.

The unreflected pulse was also recorded on an X-Y recorder
at the output of a sampling oscilloscope. This X-Y recording
permitted accurate determination of amplitudes incrementally

along the pulse. The pulse was then added to itself in
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amplitude with phase shift information determined for the dif-
ferent ra} paths reflected within the plate. These reflection
factors and phase shifts were available using an EDPM program
called "Snell Detail" previously set up at BNW. Attenuation
differences for different ray paths were found toc be small,
since the attenuation was only about 1.3 dB/ft at the fre-

quency used (about 1.6 MHz).

In Table 2, the total time delays (in usec) of the first
20 reflected ray paths are given in Column 7. In addition,
Columns 1-6 give the ray path reflection n-1, the reflection
angle 6, the phase delay per reflection A¢ (from "Snell
Detail"), the total reflection phase delay (n-1) A¢, the total
reflection phase delay in usec LE%%%QQE, and the time dif-
ference At, in usec due to geometric differences in ray paths.
The frequency f and the period P for the pulse are also given.
The total delays were then used to displace in time each of the
first 20 reflected ray paths. The 8 values of all rays were
such that the reflected ray amplitudes were within less than
0.1% of being totally reflected as calculated by '"Snell Detail."
The resulting synthesized signal is shown in Figure 9c, and its
similarity to the measured signal at 30 in. is apparent.

Several other items are worthy of discussion. The shear
wave receiver used in the measurements was about 0.15 in.
across its face. From Equation (19) in the previous section,
the value of n is 47 for the 1/2-in. A-212-B plate thickness,
when the distance is 30 in. from the source, and the frequency
is 1.6 MHz. These values make the calculated number of reflec-
tions, n-1, equal to 46. Inclusions of the additional reflec-
tions in Figure 9c would add further structure in the signal
beyond about 16 us. However, the addition of these many reflec-
tions by hand calculation appeared too time consuming, and
only the first 20 were added. Also, hand calculations are

easily subject to errors which may be accumulative. It appears

26



BNWL-1008

a) Source near same side of
Plate edge as Receiver

[ I
il AT
b ﬂ;ﬂ_“' W M b) Source at Center and
|hfﬂ"ﬁm_mﬂ e Receiver at one side of
i 1 Plate Edge

c) Source and Receiver
Located near Opposite
Surfaces of Plate edge

FIGURE 10. Signals as Recetived from Various
Source Elevations
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that pulse synthesis could best be done in future studies
electronically with laboratory equipment or with EDPM
calculations.

It should be noted that, in adding subsequent ray path
signals, all of the first 20 were inadvertently used. Inspec-
tion of Figure la shows that the original assumptions permitted
location of the source at either surface, but not both.
Therefore, if the edge-mounted transmitting source and receiver
had been located near the same surface of the plate, only
the odd ray path reflections should have been used. With
source and receiver located near opposite surfaces, only the
even reflections should have been used. However, all reflec
tions representing the unlikely occurrence of identical sources
at both surfaces were used in the calculations.

The situation in Figure 1b, although including all
reflections, is only approximately represented by the equations
derived earlier. Since corrections in the hand calculations
would be excessively time consuming, transmitting sources
were used at both surfaces and the receiver was located at one
surface. While this arrangement used in obtaining the measured
signal (Figure 9b) is considered impractical, it effectively
represents the possibilities of the signal pulse synthesis
me thod.

Following completion of the previously described experi-
ments, photographs of other signals were taken with the trans-
mitting source located at only one elevation position. The
source was located first at the same side as the receiver, then
at the center of the plate, and then at the side opposite the
receiver, as shown in Figure 10a, 10b, and 10c, respectively.
This experiment illustrates an effect important to practical
test applications. Substantial differences in the three
signals prove the feasibility of determining not only the range
of an acoustic emission source but also its distance below
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FIGURE 8. Measured Constructed Ultrasonic Signals

28



L2

Ray Path Reflections, n-1

Direct Ray from Top
Direct Ray from Bottom

]

=t
o

P—‘
=

N I = e G S
[ts} ~ ES

48]
o

1.62 MHz
0.617 us

1

O o - O U B W

(90 N o]

o

oo

TABLE 2. Total Time Delays

Total

Ap/360° At, Delay,
gy ° Ap, ° (n-1)4¢, ° (P) (us) us us
90 0 0 0 0 0
89.05 173.6 173.6 0.298 0.0325 0.330
88.1 167.4 167.4 0.287 0.13 0.417
87.15 161 322 0.552 0.293 0.845
86.2 154.7 464 0.796 0.52 1252
85.2 148.2 594 1.0%2 0.812 1.83
84.3 142.4 712 1,22 f P [ 2.33
83.35 136.4 819 1.40 1.51 2.91
82.4 1305 914 1.565 20 3:57
81.5 125 1000 I.71 2.49 4,20
80.5 119 1071 1.84 3:23 5:07%
79,6 1%, 1137 1.95 3.7 5.65
78.7 108.5 1193 2.045 4.4 6.45
77.8 103.5 1242 2.13 5.2 7.33
76.85 98.2 1277 2.19 6.05 8.24
75.9 052 1305 2.24 7 9.24
75.05 88.8 1331 2.285 8 10,29
74.2 84.52 1350 2.315 9 11,32
73.35 80.34 1365 2.34 10 12.34
72.45 76.03 1370 235 11.2 13,55
71.55 71.83 1365 2.34 127 15.04
7647 67.98 1360 2.33 13.6 15493

(n-1)A¢P
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the surface. In making possible the practical use of this
capability, it will probably be necessary to generalize the
ray reflection studies and perform more elaborate calculations

and demonstration experiments.

CONCLUSIONS AND RECOMMENDATIONS

The studies reported herein indicate that acoustic emission
test problems for a variety of situations encountered in
practice can eventually be simulated in the laboratory. Prior
to actual field applications, test parameters should be investi-
gated and optimized. The pulse synthesis analysis should be
mathematically generalized and made easier to use through EDPM
calculations or suitable laboratory electronic equipment. The

methods should also be extended to curved shells and pipes.
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