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Foreword
When Vary fIrst introduced acousto-ultrasonics (AU). it was met with skepticism. Some
observed that AU was neither acoustic emission nor ultrasonics. Vary's intent may have been
misread because he was not trying to introduce a hybrid NDE method. Instead. he was
attempting to work with a viewpoint that was already gaining currency. This viewpoint was that
NDE must go beyond flaw detection and add materials characterization to its objectives. Vary
thought that AU was simply a practical way to assess material property changes. He felt
confident that theory and good science would follow, once the practicability of the AU
"approach" had been demonstrated.
The AU approach was devised primarily to assess the effects of diffuse flaw populations on
mechanical properties of composites. In this sense AU, also known as the stress wave factor
(SWF) method, evaluates the relative quality of fiber reinforced composites, adhesive bonds.
lumber, paper and wood products, cable and rope, and also human bone. AU has been shown
sensitive to variations in interlaminar and adhesive bond strength and effects of composite
microcracking due to fatigue cycling.
The tenn acousto-ultrasonics denotes a combination of certain aspects of acoustic emission
and ultrasonics. Unlike AE, AU is not concerned with source location and characterization.
And, unlike conventional ultrasonics, AU is not concerned with detecting, imaging, or
characterizing individual flaws. Instead, AU deals with assessments of the integrated effects of
diffuse flaws or populations of subcritical flaws. These collectively influence AU measurements
and mechanical properties.
The original incentive for introducing the AU approach was the recognition of NDE needs
peculiar to composite structures such as fiber reinforced composite laminates and filamentwound composite pressure vessels. AU was seen as a means for assessing factors that
influence strength properties in principal load directions in these structures, e.g.• "in-plane"
parallel to fibers.
Another incentive was the need to go beyond detection of oven flaws, Le., cracks.
delaminations, inclusions. The idea was to deal with large populations of minute flaws where it
is both impractical and unnecessary to image each individual flaw. AU recognizes that when a
test piece has no dominant flaws, the objective should be global collections of subcritical flaws
and material anomalies that diminish strength, stiffness, toughness, dynamic response,
durability, etc.
It is instructive to compare the progression and trends in AU and AE science and
technology. The synergistic interrelationship between AU and AE is providing incentives and
means for improving each technology. AU is designed to evaluate the characteristics of the
material in the signal path between transmitter and receiver. In contrast, AE attempts to evaluate
• the characteristics of the event, often with limited (and sometimes no) knowledge of the path or
path characteristics between the event source and the AE transducer. An exception to this occurs
during calibration of the AE system using. for example, lead or capillary breaks at fixed point (a
repeatable source analogous to using an AU pulser). This is essentially an AU technique for AE
calibration. Another exception is the AE source location technique pennitting to some degree an
inverse solution or inference of the characteristics of the AE event.
A particular area of increasing correspondence between AU and AE is signal processing.
Initially, AU used AE signal processing techniques to determine changes in wavefonns. The
first methods used for AU signal processing were the measurement of RMS (root-mean-square)
signal strength and determination of the number of threshold crossings (analogous to AE
ringdown counting). More recently, as NO converters became available with adequate data

sampling rates, digital processing of AU signals has become a standard practice. This has also
permitted signal averaging to increase the signal-to-noise-ratio. Now, a number of researchers
in the AE field are also using signal captme techniques that permit greater accuracy and more
options in signal processing.
Most of the initial AU research was done with resonant transducers as transmitters and
receivers, especially with highly attenuating materials such as composites. By using techniques
such as tone burst substantially higher levels of energy can be injected into materials. This,
combined with signal averaging, has reduced the need for resonant receivers permitting the use
of broadband transducers with a relatively flat response in the frequency range of interest. With
these transdUcers, it is now possible to process signals in frequency ranges that relate to event
characteristics in AE and to path, i.e., material characteristics in AU.
AU measurements rate the relative efficiency of stress wave propagation in a material. The
basic attribute measured is stress wave energy loss. For many fiber reinforced composites less
stress wave attenuation means better stress wave energy transfer and better transmission and
distribution of dynamic strain energy.
The working hypothesis is that more efficient strain energy transfer and strain redistribution
during loading corresponds to increased strength and fracture resistance in composites. This is
based on the concept that spontaneous stress waves at the onset of fracture will promote rapid
macrocracking unless their energy is dissipated by other mechanisms, e.g., plastic deformation
or microcrack deflections. Prompt, efficient dissipation of stress wave energy away from crack
nucleation sites is needed to assme that the energy is nOl localized in a way that causes
catastrophic fracture. An important implication of the hypothesis is that the wave attenuation
properties of a material are pivotal. For composites, low attenuation will usually indicate high
strength and impact resistance.
Examples of successful applications of acousto-ultrasonic to composites, bonded joints and
composite-like materials are legion. see the AU bibliography in this issue. The method has wide
applications to automotive. aerospace, and many industrial composites. Numerous finns,
government agencies, and university researchers are studying and applying AU.
The American Society for Testing and Materials (ASTM) has adopted and published a
"Standard Guide for Acousto-Ultrasonic Assessment of Composites, Laminates. and Bonded
Joints" (E-1495-93). Additional ASTM Standard Practices for AU assessment of filamentwound pressure vessels. wood products. and truck tire casings are in preparation. Several U.S.
patents incorporate AU for monitoring adhesive bond quality, polymer composite curing, and
bond strength in wood composite panels and wood structures.
Over 350 technical papers, journal articles. and several books on AU have appeared. Two
international conferences on AU have been sponsored by the American Society for
Nondestructive Testing (ASNT). The AU method is featured in the ASNT Nondestructive
Testing Handbook, Vol. 7, Ultrasonic Testing, Section 12, "Material Properties
Characterization." 1991. pp. 383-431. The May 1991 issue of the ASNT journal Materials
Evaluation was dedicated to acouslO-ultrasonics as is this issue of Journal of Acoustic
Emission.

Frank C. Beall and Alex Vary
Topical Co-Editors
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Nondestructive Evaluation of Adhesively Bonded Joints
by Acousto-Ultrasonic Technique and Acoustic Emission
H. Nayeb-Hashemi and J. N. Rossettos
Abstract

1. Introduction

Reliable applications of adhesively bonded joints
require an effective nondesuuctive evaluation technique for
their bond strength prediction. To properly evaluate factors
affecting bond strength, effects of defects such as voids and
disbonds on stress disuibution in the overlap region must
be understood. At the same time, in order to use acoustoulttasonic (AU) technique to evaluate bond quality, the
effect of these defects on dynamic response of single lap
joints must be clear. The sttess disuibution in a single lap
joint with and without defects (void or disbond) is analyzed.
A parameter which contains adherend and adhesive thickness and PfO.PCrties is introduced. It is shown for bonded
joints with e ~ 10, that a symmeuic void or disbond in
the middle of overlap up to the 70% of overlap length has
negligible effect on bond strength. In contrast frequency
response analyses by a fmite element technique showed that
the dynamic response is affected significantly by the presence of voids or disbonds. These results have direct implication in the interpretations of AU results. Through transmission attenuation and a number of AU parameters for various
specimens with and without defects are evaluated. It is
found that although void and disbond have similar effects on
bond strength (sttess disuibution), they have completely
different effects on wave propagation characteristics. For
sreel-adhesive-sreel specimens with voids, the attenuation
changes are related to the bond strength. However, the
attenuation changes for specimens with disbond are fairly
constant over a disbond range. In order to incorporate the
location of defects in AU parameters, a weighting function
is introduced. Using an immersion system with focused
transducers, a number of AU parameters are evaluated. It is
found that by incorporating weighting functions in these
parameters better sensitivities (AU parameters vs. bond
strength) are achieVed.

Over the past decade, much research effort has been
expended and numerous test insuuments have been developed in seeking a solution to the problem of nondesuuctively inspecting adhesively bonded joints (Williams and
Zwicke, 1982; Rose, 1984; Dickstein et al.• 1989, 1991,
1992; Rose et aI., 1983; Subramanian et aI., 1991;
Williams et al., 1984). Several nondestructive evaluation
(NDE) methods are recommended for the inspection of adhesively bonded joints, in addition to the well established
methods for detecting localized flaws. voids. or delaminations. However. neither of these approaches nor more
sophisticated ultrasonic methods (using frequency and time
domain information), have been shown capable of absolutely assessing joint strength. This is due, in part, to the
fact that no single ultrasonic measurement is a unique function of a single bond property; each ultrasonic measurement
is sensitive to changes in several bond properties. However.
the strength of the bond mayor may not depend on these
properties. A multidisciplinary approach is required that
combines NDE, adhesive technology, and solid mechanics
analyses to form a basis for a comprehensive quality assur·
ance solution.

e

Many attempts have been made to advance the state-ofthe-an in flaw classification analysis by using techniques
and concepts from pattern recognition. The underlying
premise is built upon linear system analysis. which
assumes that the ultrasonic input energy, as it varies with
time, is modified by the bond structure. The theory then
asserts. that if one has the system input and output (echo).
then the modifying mechanism can be found and characterized. Rose et al. (1983), using this concept. evaluated adhesively bonded aluminum-to-aluminum specimens by defining an "a" parameter as the ratio of received signal to the
transmitted signal in immersion scanning experiments. The
feature "a" was defined and was of known value for bond
quality discrimination (Meyer and Rose, 1974; Rose and
Meyer, 1973). A low value of "a" indicates good transmission of the stress wave energy. while the high value of "a"
indicates most of the energy is reflected at the interface. The
values of "a" at several locations of the bond area were
evaluated and the feature "W' based on the surface integration
of the "alt parameter was defined as

Acoustic emission (AE) activities of steel-adhesivesteel specimens with = 3.4 are monitored. Two different
formats of energy vs. time have resulted, each corresponding to the perfect specimens or the specimens with void or
disbond. The relative acoustic energy and the number of
events at failure are found to be a means for predicting the
bond strength.
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technique and as a tool for materials research. AE signals
can take many forms depending upon the material and the
failure mechanism in the material. AE signals from defects
in composites and geological materials generally contain
information at low frequencies. 0.5-100 kHz, since attenuation is relatively high due to the complexity of these
materials. Signals of significance in metals and brittle
materials contain information between 100 kHz and 2 MHz.
In this nmge a good compromise is found for most testing
applications because ambient noise is low. A number of
techniques are employed to isolate valid signals fonn noise
in the time domain. Times of arrival can be used to pennit
geometric elimination of obvious noise through gating, and
acceptance of only those signals which arrive from a
particular region of the structure. At the present time. one
can find many presentations of AE data in the literature. In
time domain, these include: AE (ringdown) counts, nns
voltage. number of events. energy rate, rise time. event
duration, amplitude distribution, and numerous others.

(1)

=~~
wiai(x.y)+R
~l:cl
where h is the distance between scan points (square bond
area). and Wj are the weighting factors. The surface integral
values and log weighting function (Rose et al•• 1983) from
the center of each coupon were used to construct the feature
data. These were related to the bond strength. The above
equation and features can be modified by considering which
area of adhesive is more responsible for the bond strength,
and by proposing a weighting function which brings this
factor into consideration.
The initial signature techniques were based on the analysis of ultrasonic signals in the time domain, and by making use of the arrival time and amplitudes. Gericke (1963)
suggested that a source of additional discriminating characteristics might be found in the frequency spectrum of the
returned echo. He indicated that if a short pulse, rich in
spectral content, were used, the size, nature, and shape of
flaws could be more readily detennined from the frequency
domain. He also proposed a method involving the use of
two widely separated frequencies for inspection. The change
of the returned pulse shape from ODe frequency nmge to the
other could possibly yield information concerning the defect
size, shape and orientation characteristics. Henneke and
coworkers (Henneke et al., 1983; Duke et al., 1984, 1986;
Sarrafzadeh-Khoee et al.• 1986; Talreja et al., 1984; Govada
et al., 1985) introduced several moments of the frequency
spectrum as a means of damage evaluation in composite
materials. A variety of additional signature techniques for
ultrasonic examination both in time and frequency domains
are introduced (Dickstein et al., 1990; Vary, 1987;
Williams and Lee. 1987; Vary and Bowles, 1979; Vary and
Lark. 1978; Nayeb-Hashemi et aI., 1985). However. these
parameters may not be effective when used in interrogation
of the bond quality without understanding the effects of
defects on both the received ultrasonic signature and bond
strength.

It is also possible to analyze the frequency content of
both burst and continuous types of AE. Relating such measurements to the source mechanism is an extremely complex problem, not only because of the specimen and transducer resonances and frequency dependent absorption effects.
but also because of effects caused by the methods of analysis employed. Indeed, some investigators would argue that
the information required to distinguish between different AE
sources, or to describe the nature of operation of particular
sources, is simply not available in the frequency content of
the AE signals. particularly using piezoelectric transducers.
Other investigators believe that spectral analysis can be of
great value and that with proper methods of averaging and
smoothing of data. spectral analysis can be used to identify
and discriminate AE sources (Heiple and Carpenter, 1983:
Egle et aI., 1981).
As it was pointed out above. nondestructive evaluation
of adhesively bonded joints requires comprehensive studies
of the effects of defects, sizes. and their locations on the
stress distribution and dynamic response of bonded joints.
These analyses provide bases for more effective interpretation of various AU data. The purpose of this paper is to
present our efforts toward understanding factors affecting (l)
the bond strength and dynamic response of adhesively
bonded joints. and (2) bond strength prediction by conducting various AU experiments. AE activities of steel-adhe·
sive-steel. and graphite epoxy composite-adhesive-graphite
epoxy composite specimens with various defects were also
monitored during destructive tensile tests. The results of
these investigations are presented in the following sections.

The higher order crossing (HOC) method for signal
analysis. often called the zero-crossing or level-crossing
method. has been recently developed and applied in bond
quality assessments (Dickstein et al.. 1989. 1992). Ultrasonic echo signals were obtained from several specimens
representing various adhesive or cohesive bond properties.
HOC features were calculated from these signals and used to
characterize the various conditions of the sample joints.
However, no correlation between HOC parameters and bond
slrength were presented.

2. Stress Distribution in Bonded Joints-Theory

Acoustic emission is another nondestructive evaluation
technique which has been projected to have potential of
predicting structural integrity. AE has developed rapidly
over the last two decades as a nondestructive evaluation

There are various bonded joint configurations. Most of
the joint configurations are designed to transfer load in
shear. Of all the various joints. the single lap joint is most
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Fig. 1 Schematic diagrams of a step lap joint with a void. and a differential elemenL
commonly used in design. Also. theoretical and experimental investigations of the bond strength are less complicaled
with the single lap joint. For this reason. in this paper the
effects of voids. disbond region. poor cohesive strength. and
poor adhesive strength on the strength of the single lap
joints are studied bollt experimentally and theoretically.

layer of adhesive. The problem is fonnulaled under the following assumptions:
a) The thicknesses hOI ht. h2• H are small compared 10 lite
other dimensions of the structure so that the individual
layers may be under generalized plane stress (i.e. O'ly (J2y

=

=0).
b) The thickness variation of the stresses in the plates will
be neglected under the usual assumption that the surface
shear stress transmitted through the adhesive layer acts as a
body force.
c) In the z direction (i.e. ttansverse direction). plane strain
conditions will prevail such that Ez =Elz =E2z =O.
Referring to Fig. 1. let Pl(x) and P2(x) be the resultant
forces per unit width in the x-direction in plates 1 and 2.
respectively. and ul (x) and u2(x) be the displacements in
lite x direction. The elastic properties and thermal expansion
coefficient of isotropic material 1 are donated by E1• Vt and
(l1' and those for isotropic material 2. are ~. v2 and ~.
The shear modulus of the adhesive is given by O. The joint
is divided into three regions. The following variables are
defined as:
Xi =beginning of each region (XI =O. x2 =al.
x3 =a2 in region 1.2.3, respectively).
region 1: 0 S x Sal
region 2: 81 S x S ~ (void)
region 3: a2 S x S L.

The strength of 8 given type of joint depends on the
shear and peel stress distributions in the bonded area. These
stresses depend on lite adhesive and adherends' properties and
geomeuies. Assuming the adhesive layer 10 be homogenous
and free of defects Volkersen (1938) derived the shtw stress
distribution in single lap joints. using shear lag model assumptions. Ooland and Reissner (1944) modified Volkersen's analysis by considering the bending momenl and peel
stresses in the theoretical analysis. Other researchers have
also obtained the shear and peel stresses in the bond joints
by finite element analyses (Ishai et al.• 1977; Adams and
Peppiatt. 1974; Hart-Smith. 1985. 1987; Cooper and
Sawyer. 1979; Allman. 1977). There have been very
limiled theoretical investigations on the effects of defects on
the stress distribution and bond strength in single lap
joints. Since the bond strength mayor may not depend on
the defects. the stress distribution in a single lap joint with
a void is derived in this section. using shear lag model
assumptions. The details of the analyses can be found in
Rosseuos and Z8ng (1993) and Hashemi and Rossettos
(1990). Here. some aspects of these analyses are briefly
described and important conclusions are elaborated.

The shear stress distribution in the lap joint can be
obtained by writing the equilibrium equation of an incremental element in plate 2 (see Fig. 1) as

The two dimensional model consists of a simple lap
joint as shown in Fig. 1. made of two plates bonded by a
3

dP2 -'t(x) = 0

The geometric configuration of the step !P joint is
given in Fig. 1 and the three parameters R, 9 and '1',
which appear in the governing equation (6), and influence
the stress distribution, are given by equations (9), (10), and
(11). The close observation of the aforementioned equations
reveals that a change in 9 involves a change in geometry
and material properties of both the adherends and the adhesive. An increase in '9 may be due to any number of possibilities, such as an increase in the length of the joint and/or
an increase in the shear modulus of the adhesive, a decrease
in the thicknesses of the adherend 1 and/or thickness of the
adhesive layer, a decrease of the Young modulus of plate 1
and finally an increase in R.

(2)

dx

where't(x) is the shear stress and P2 is the nonnal force per
unit width in the adherend #2. Assuming the displacements
of the top and bottom of the adhesive layer are u2(x) and
ul(x), and using strain-displacement relations of
dUI
£Ix = dx

and

equation (2) can be written in the fonn of
d 2p
dx

G
l - ho (£211- Elx)=0.

(3)

The parameter, R, itself represents only the geometric
and material properties of the adherends. The decrease of R
involves the decrease of Young's modulus and thickness of
plate 1 or the increase of the properties mentioned but
applied to plate 2. For similar adherends, it is equal to
unity.

Because of the assumptions «fly = (f2y = 0), the stressstrain relations in the adherends are
fix

I-v2
=~[Po-P2(X)]+a)dT,

I-V~
E211 = E h P2(x)+a2dT .
2 2

(4)
(5)

The parameter, 'If, can be seen as a thennal parameter.
It involves the temperature difference between the two
plates and their respective thennal coefficients of expansion.
The parameter, '1', increases if the thermal mismatch
increases, where the two plates have a large difference in
coefficient of thennal expansion. It also increases when the
joint length and shear modulus of the adhesive increases.
Finally, V, is inversely proportional to the thickness of
the adhesive layer and the axial load.

Substituting equations (4) and (5) into equation (3), and
presenting it in a nondimensionalized fonn results in,

where

2

-2

dl;

I+R

d P2 i\2
-9
~-9 P 2 =--+'I'

(6)

;= x/L

(7)

1
(P2,P I ) = -(P2,PI)
Po
2
R= I-V~ Elh)
I-V) E2h2
2
-2 1.; G
2
9 =--(I-vl )(I+R)
hoh l El
L2G
W=--(a2 -al)~T.
Poh o

The effect of 9 on shear stress S(I;) = (L/po) 't distribution is shown in Fig. 2. For an adhesively bonded joint
with the same adherend materials (R=I) the results show,
that the higher '9 value causes very unifonn (almost zero)
stress over the bonded area with the peak shear stresses confined to the small region near the edge. Figure 3 shows the
effect of a symmetric void on the shear stress distribution
for different values of '9. Here again, the peak stress distribution is confined 10 the edge of the bonded joint.

(8)
(9)
(10)
(11)

To evaluate the degree of stress variation as it is
affected by a void and '9, a shear stress factor, SSF, has
been defined as the ratio of peak stress over the average
stress. The SSF has
computed for a set of increasing
symmetric void sizes. Figure 4 shows that the SSF is constant over most of the void size range (up to 70% of the
overlap length) for the higher values of
So it is expected
that the failure load would be independent of a void for this
range of void size. Effects of thennal mismatch between
adherends are reported in detail in Rossettos et a1. (1991).
The stress distribution is significantly changed for adherends
with a large difference in thermal expansion coefficient The
effect of a disband on the shear stress distribution is also
investigated. Here again disbonds up to 70% of the overlap

Equation (6) holds forregion 1 and 3; in the void region 't =
0, so

been

(12)
The solution of equations (6) and (12) along with proper
boundary conditions and continuity conditions between
regions yields the nonnal and interfacial shear stress distribution in the adherends (Rosseuos and zang, 1993; NayebHashemi and Rossettos, 1990).

e.

3. Theoretical Results of Void Effects on Shear
Stress Distribution in a Single Lap Joint

4

.......

10

....,

. - _. a=5
---,<:>=10
--_.. a=20

(/)

III
III

...
.(/)

8

CD

...0

15

-(3=3

~

,
,
,
,

CD

~

(/)

"0

4

2u

9
8
~ 7
~ 6
~
.::; 5
(II
4

j/

./
/I

~

j .'

0
E
... 2
0

z

"

0
0.0

.

.

"~~:,,

0.2

"

0.4

..:~::'.-':

0.6

Normalized Overlap Length

//:
/"

~

./

t

"0

4

CD

~
0

E
... 2

I

\ i,
\I

0.2

0.4

0.6

0.8

1.0

,~

Beam elements are used for the adherends and lateral
stiffness elements are used for the adhesive. Voids are created by removal of lateral stiffness elements. The model is
simple and will indicate the important features 10 be
expected. The NASTRAN code has been used. Material
properties are for similar aluminum alloy adherends (E =69
GPa and adherend thickness of 3.17 mm) and Hysol
EA9689 adhesive (E = 2.2 GPa and thickness of 0.13 mm).
The overlap was 25.4 mm x 25.4 mm and symmetric and
unsymmetric voids were introduced in the overlap and
dynamic responses for identical input hannonic force were
evaluated.
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region. and a displacement response at several output points
is calculated over a frequency range. The modal analysis and
frequency response calculation is perfonned for a joint with
and without a void in the adhesive to detennine changes in
frequency response patterns caused by the void. The results
indicate clear differences in the response patterns over a fre·
quency range which covers all natural frequencies of the
finite element model. The results presented here focus on
the higher frequencies.
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length were found to have negligible effect on the peak
shear suess for ~ 10.

e

S. Void Effects on Dynamic Response of Single
Lap Joints • Theory

The system equations formed for frequency response
analysis include mass, damping and stiffness matrices and
the system load vector. The equations may be written in
matrix notations as follows:

In order 10 understand the effects of voids on dynamic
response of lap joints. we have studied the linear frequency
response of an adhesive joint with a void. with particular
attention given to the overlap region. This will be useful in
the effective interpretation of ultrasonic data for the bond
quality evaluation.

Mii(f)+ CU(f) + KU(f)

=F(r)

(13)

where f is the discrete frequency value.
The hannonic excitation is frequency dependent and the
solution is obtained for the desired discrete frequencies. Since
all nodal motion is assumed to be steady state. the velocities and accelerations are related to the displacements by

In the analysis. a finite element model is used to represent a simple adhesive lap joint. A hannonic force excitation is applied at one end of the joint near the overlap
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displacement without a void is plotled against void size in
Figs. 7 and 8. It should be borne in mind that for different
void sizes, the Sb'Ucwral configuration changes and the natural or resonant frequencies will change, so that for a fixed
frequency these curves need not be monotonic.

(15)

Equation (15) represents a system of equations and the solution for U(f) can be found for every frequency point.
Proportional damping is used so that
C = CIK + C2M.

0.2

Fig. 8 Ratio of displacements at several locations for
specimens with and without void (l1/tJ.o) versus void size at
frequency of 0.49 MHz. Void starts at 2.5 mm from left end
of the overlap and size is given as percent of overlap length
of 25.4 mm.

The frequency response equation then becomes
[_(21tf)2M + i(21tf)C + K)U(f) =F(f)

NODE 10

0.0
0.0

FREQUENCY (MHz)

0= _(21tf)2 U• U= i(21tf)U

0.5

The results of this analysis indicate that, although there
was little change in the peak shear stress in adhesively
bonded joints with voids up to 70% of the overlap length
(9 ~ 10). the dynamic response may be affected by the
presence of voids significantly. These results have direct
implication in the non-destructive evaluation of the adhesively bonded joints.

(16)

In the present study c2 =0 and cI is given very small values (of the order of 0.001). Typical frequency response
curves are given in Figs. 5 and 6. These are calculaled for
the two configurations indicaled in the figures. For a given
frequency. the ratio of the displacement with a void to the
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6. Experimental Investigations

quencies of 1 and 2 MHz were used both as transmitting and
receiving transducers. Both narrow-band signal (pulse oscillator) and broad-band pulse were used in these experiments.
In the AU experiments, narrow-band Panametric transducer
with center frequency of 1 MHz and an FC-500 AET transducer with a flat sensitivity in the frequency range of 100
kHz-2 MHz, were used as transmitting and receiving transducers, respectively. The experiments were conducted by
using a broad-band pulse with the center frequency of 1
MHz. The received signals were digitized in a Nicolet digital oscilloscope and stored in a PC computer and later analyzed in a SUN work station. Fig. 9. The signals were analyzed in both time and frequency domains.

Adhesively bonded joint specimens were prepared by
using AISI 1018 cold rolled steel, unidirectional graphite
epoxy composite material, and aluminum 6061-T6 as
adherends. Identical adherends were joined together in a single lap joint configuration using Hysol EA9689 epoxy film
of 0.13 mm thickness. For joints with steel as adherends,
the adherend surfaces were prepared according to the ASTM
standard 06251-79. For joints with aluminum as adherends,
the adherend surfaces were either sanded and cleaned with
acetone or were just cleaned with acetone prior to bonding.
The composite adherends were slightly sanded in their overlap areas, in order to remove the residual mold release prior
to their bonding. For metal adherends the overlap area was
25.4 mm x 25.4 mm and adherend thickness was 3.17 mm.
Joints with graphite epoxy composite as adherend, had overlap dimensions of 50.8 mm x 25.4 mm and the thickness
of the composite adherend was 1.07 mm. Various defects
such as voids, disbonds were introduced in the overlap area
in order to change the bond strength. Voids of different sizes
were introduced by cutting the adhesive film. The disbond
was created by spraying mold release agent over the disbond

In the time domain, attenuation, sttess wave factor
(SWF) and AU parameter (AUP) were measured for each

specimen. Assuming the impedance between ttansmitting
and receiving ttansducers and adherends are Ft(ro) and
F2(ro), the amplitude or peak amplitude of the received signal from a perfect and a defective specimens for an input
pulse oscillator or pulse can be expresses as
(Ar)p = F}(ro)F2 (ro)Al exp(-apt)

area.

(Ar)d

Various ultrasonic setups and methodologies were used
measure longitudinal pulse-echo attenuation, through
transmission longitudinal and shear waves attenuation.
using both direct contact and immersion techniques. and
acousto-ulttasonic parameters. In the attenuation experiments. narrOW-band Panametrics transducers with center fre-

=F 1(c.o)F2(w)A

1

exp(-adt)

(17)
(18)

where At is the transmitted signal amplitude, Op and ad are
the attenuation in perfect and defective specimens, t is the
bond thickness, and (Ar>p and (Ar)d are the amplitude of the
received signals from perfect and defective specimens at
angular frequency ro. The change in attenuation can be
obtained from equations (17) and (18) as

to

7

Total gain -

BOdb
Fig. 10 Schematic diagram of the AE dala acquisition SYSlel1l.

1 [(Ar)]
ad-ap=Aa=-in
~
t
(Ar)d

by fiber fracture and delamination. For this reason the correlation of these daIa with the bond strength was not clear.

(19)

For steel-adhesive-steel specimens, two AE lJ'anSducers,
each with a center frequency of 175 kHz (AC 175L), were
utilized to detect the events emitted from the specimen at a
distance of 7.6 cm apart. Each sensor was coupled with the
workpiece through B-type Panametrics couplant and held in
position with the aid of 4 stiff springs as shown in Fig. 10.
The dala were gathered and analyzed using an AET 5500
system. Data collection was focused on the lap joint portion only and all the other AE activities were thus discarded.
For the lap joint, AE event locations were eslablished using
the difference in the arrival times of the signals received by
the two sensors. Some of the parameters measured during
the tensile tests were as follows; peak amplitude in decibels. event duration and rise time in ~, ringdown counts,
slope, and AE energy. Here. the slope has been dermed as
peak amplitudelrise time while AE energy was defined as
lO*log(event duration) + peak amplitude (in dB). It is nolable that nns vohage has also been used as an indicator of
the relative amount of AE energy by some researchers.
Pencil-lead fracture method was used in order to calibrate the
system prior to the actual run. Calibration eliminated the
need to obtain the velocity of emitted waves. The deleCled
signals were initially preamplified 60 dB to a t01a1 system
gain of 80 dB. A floating threshold of 0.5 V was chosen to
eliminate the background noise.

Suess wave propagation efficiency was evaluated by
evaluating SWF values (Vary, 1987; Vary and Bowles,
1979) at several threshold levels. The SWF is defined as the
number of times a signal passes a threshold level. AUP
were also measured for all specimens. This is dermed as
n

AUP= L(Aj -111)

(20)

i=1

where Ai is amplitude of the signal passing threshold level
of Th. and n is equal to the SWF. Dala were analyzed at
different threshold levels including one which was set just
above the noise level and similar conclusions were drawn.
Upon completion of AU experiments, specimens were
broken in an Instron testing machine by applying tensile
load at the rate of 22 N/s. AE activities of steel-adhesivesteel and graphite epoxy composite-adhesive-graphite epoxy
composite were monitored. Here the results of AE activities
of the steel-adhesive-steel specimens will be discussed.
Since the failure load in these specimens were much less
than the load required for yielding adherends. all received
activities were related to the bond failure. However, for
graphite epoxy composite-adhesive-gnaphite epoxy composite specimens. bond failures were sometimes accompanied
8
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the longitudinal transducers and high viscosity couplant
when using the shear transducers). A load of 90 N was
applied to each b'ansducer by using a spring fixture device.
Figure 11 shows the changes in longitudinal wave auenuation vs. bond sb"ength. Similar pattern was also observed
when plouing shear wave attenuation vs. bond strength. At
fllSt glance the data suggest no correlation between bond
strength and attenuation change. However. closer examination of the data shows that, although disbonds and voids
have similar effect on the bond sb"ength. they have completely different effects on wave propagation characteristics.
For specimens with a void. the b'ansmiued wave is reflected
significantly at the adherend void interface. A larger void
results in more reflection and thus higher attenuation.
However, the disbond is a weak bond between adherend and
adhesive. The b'ansmitted wave is not significantly affected
by the presence of this region in the overlap. Furthermore.
the auenuation change may not be very sensitive to the disbond length. Separating the data for specimens with voids
and specimens with disbonds, and plotting attenuation
change versus bond strength results in an excellent correlation between auenuation change and bond strength for specimens with voids; see Fig. 12. There was no correlation
between attenuation change and bond strength for specimens
with disband, and the auenuation change was fairly constant
over the disbond of 3 to 19 mm range. The correlations
between the SWF and AUP, and the bond strength for these
specimens were not clear. This may be explained by considering the dynamic response of the systems for an input
wave at one edge and received wave at the other edge. as
shown in Figs. 7 and 8. Here again. the peak amplitude of
the signal is not an increasing function of disbond and void
size. In contrast. bond strength is an increasing function of
the void and disbond sizes.
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Fig. 11 Changes of longitudinal wave attenuation versus
bond strength, for a pulse oscillator with the center
frequency of 2 MHz, propagating through the lap thickness
in sreel-adhesive-sreel specimens with symmetric void and
disbond in the middle of overlap.
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Fig. 12 Changes of longitudinal wave attenuation versus
bond strength for a pulse oscillator with the center frequency of 2 MHz, propagating through the lap thickness in
sreel-adhesive-sreel specimens with symmetric void in the
middle of overlap.
7. Experimental Results and Discussion

For the sreel bonded joint specimens the value of 9
from equation (10) is found to be 3.4. For this value of
the peak shear stress is affected by introduction of void and
disbond in the overlap. It was suspected that the through
transmission attenuation would be also affected in a similar
way by the presence of void or disbond. Using both
Panamettic longibldinal and shear transducers with nominal
element diameter of 19 mm, the attenuation changes for the
entire overlap length (25.4 mm x 25.4 mm) were evaluated
at frequency of 1 and 2 MHz. Transducers were coupled to
the specimens by using either low or high viscosity
Panamettic couplant (low viscosity couplant when using

e,

In the AE experiments, we expected to find a good correlation between AE parameters and bond strength for all
types of specimens with different defects (steel·adhesive9
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Fig. 14 Plots of the number of events along the lap joint for two typical specimens.

5000

e

steel specimens, with =3.4). This is due to the nature of
failure location and mechanism, and energy released during
failure. Since for symmetric voids and disbonds in the cenler of the overlap, stress distribution is almost identical, the
bond SlI'ength and energy released can be assumed to be the
same for specimen with identical void or disbond size.
Furthennore, all detected released energy is associated with
the high sII'ess areas. which are the two edges of the overlap, which also control the bond strength. Figure 13 is a
plot of a typical load-time curve of an adhesively bonded
joint specimen along with its corresponding mean ringdown
counts (number of threshold crossing) vs. time. There are
three prominent peaks. the last of which corresponds to the
time of failure. Having a lower amplitude. the first two
peaks can be associated with crack initiation and preliminary crack growth. The source of these prominent peaks.
recorded in real-time. was found to be near the end of the lap
joint where the failure was originated. Furthennore. most of
the AE activities were confined to the edges of the overlap;
see Fig. 14.
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exhibited high peak energy and shon emission duration after
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higher rise time was associated with the crack (damage)
propagation.

$7

cQ)
~6

load (bond sttength)2 endmed.

For the graphite epoxy composite-adhesive-graphite
= 10. For this value of O. it was
epoxy composite,
expected that symmelric void or disbond up to 70% of the
overlap length, to have a negligible effect on bond strength.
Indeed there was little change in the bond strength for specimens with void up 10 70% of the overlap length in the
centtal region of the bonded joint (Nayeb-Hashemi and
ROSse11OS, 1990). The peak amplitude of the received signal
in an SWF setup experiment (Fig. 9), was found not 10 be
very sensitive 10 lhe bond strength and showed a trend similar to the one exhibited by the dynamic analyses (Fig. 8).
Other AU factors also failed to show any sensitivity to the
bond suength.

the maximum load than ductile materials. This may be due
fracture behavior in brittle materials and crack tip
blunting (crack arrest) in ductile materials. For perfect specimens. fast fracture may have been prevented by having
effective adhesive in the entire overlap. This is not ttue for
specimens with void or disbond. Figure ISb depicts energy
released for perfect specimens. Energy emission and the
number of threshold crossings were sustained at a low level
for some period after the time of the maximum peak of
energy. This can be due to the crack or damage growth
period in perfect specimens which is generally greater for
the perfect specimens than specimens with a defect.
Regression analyses of the total energy released and number
of events at and after maximum peak energy show that
these parameters can be related 10 the bond strength for all
type of specimens; see Figs. 16 and 17. Analysis of the AE
data further showed that the events with lower rise time
were associated with the crack initiation while the one with

To address more effectively lhe effects of disbond.
improper adherend surface preparation, over cured and under
cured adhesive, and deficient pressure during manufacturing
of these specimens on bond strength. we set up an immersion experiment (Nayeb-Hashemi and Rossettos, 1993). As
was described above, through transmission experiments utilizing a contact transducer resulted in little change in attenuation data for specimens with disbonds. Furthermore, disbands or voids may not result in any change in bond
strength as shown for composites. Disbands right at the
edge and a disbond in the middle of the bond have completely different effects on the bond strength. However, using contact transducers may not be a sensitive means 10
evaluate any changes in attenuation. To incorporate the
location into attenuation, peak amplitude, SWF and AUP
measurements, a weighting function w(x) =exp(Ox) was
introduced. Here x is measured from the center of the overlap. Using focus transducers with center frequency of 2
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overlap (void < 70% of overlap length). In contrast a finite
element analysis shows that the dynamic response of a
bonded joint is significantly affected by the presence of
voids or disbonds in the overlap region. These results show
that the measured ultrasonic parameters are affected by the
defects. However, these measured values mayor may not be
related to the bond strength.

MHz and adjusting ttansducer specimen distance, such that
the focal point lies on the adhesive adherend interface, the
peak amplitude, SWF and AUP at several locations of the
overlap were measured, using a pulse with center frequency
of2 MHz. New ultrasonic parameters were introduced as
Peak* = ±eXP(9Xi)Peak(Xi)

(21)

i=J

Through uansmission longitudinal and shear wave
attenuation changes in steel-adhesive-steel specimens (9 =
3.4) with and without defects (symmetric voids and disbonds in the middle of overlap region) were measured using
pulse oscillators with the center frequency of 1 and 2 MHz.
The experimental results showed that the specimens with a
larger void exhibited higher attenuation. These specimens
also had lower bond strength. In contrast, specimens with
disbonds in the same range size as voids exhibited little
variation in the measured attenuation change. However their
strength was affected in a similar way as those with voids.
Various other AU factors also failed to show good sensitivities to the bond suength.

j

SWF*= LexP«(}Xi)SWF(Xi)

(22)

i=l

AUP*= ±exP(9Xi)AUP(Xi)

(23)

i=l

These parameters were also evaluated by considering the
weighting function to be equal to unity. These parameters
were either evaluated for the entire overlap or the over lap
was divided in half and these parameters were evaluated for
each half. The bond strength was assumed to be conuolled
by the section with a lower specific parameter value. For a
variety of aluminum-adhesive-aluminum specimens with
many surface defects, minimum AUP* produced an excellent correlation with bond suength (Fig. 18). However, the
correlation of the same data with the bond suength without
incorporating weighting function (minimum of or total of
LAUP(Xj) vs. bond strength) was not good.

Since the location of defects has an important effect on
the shear stress disUibution and subsequent bond strength, a
weighting factor w(xi) = exp( (} Xi) was suggested. Using an
immersion system with focused ttansducers many AU factors were evaluated. New ultrasonic parameters based on
measured values and weighting function were proposed. It
was shown that some of the new parameters produced a
good sensitivity for bond quality prediction. However the
sensitivity of the same parameters without weighting function was somewhat poor.

The results presented in this paper clearly show that the .

quest for an effective procedure for nondestructive evaluation
of the adhesively bonded joint requires multidisciplinary
approach. We believe that the immersion technique using
focus ttansducers and incorporating the proper weighting
function is the most effective method for bond quality interrogation. This procedure may be applied by using echo
transducers. Further research has to be performed to substantiate the new parameters.

AE activities during the tensile tests were monitored
and several time-domain variables were gathered for steeladhesive-steel specimens. Two different formats of energy
vs. time were observed. The specimens with a perfect bond
showed an abrupt energy release at failure, followed by a
shon period of continuous AE activities. However, specimens with voids or disbonds also showed abrupt energy
release, but followed with no additional activities. This
behavior was related to the crack initiation and propagation.
AE parameters were found to be a means for bond quality
prediction.

8. Conclusions

Defects such as voids, disbonds, improper adherends
surface preparation and manufacturing procedures, may
affect the bond strength of adhesive joints. In order to
develop a proper acousto-uluasonic method for bond quality
interrogation, effects of defects such as void and disband on
(I) the suess distribution over the overlap, (2) the dynamic
response, and (3) uluasonic wave propagation must be
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The stress distribution in a single lap joint with and
without voids is analyzed. For identical adherends, the stress
distribution depends on a nondimensionalized parameter, 9.
This parameter incorporates adherend and adhesive thicknesses and properties. The analyses show that for joints
with (} ~ 10 the maximum shear stress is not affected by
the presence of symmetric voids or disbond in the middle of
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Acousto-Ultrasonic Nondestructive Evaluation of
Porosity in Polymer-Composite Structures of Complex
Geometry
Henrique L. M. dos Reis
Abstract

~.

tW'a1 integrity and service life of composite parts. These
nondestructive evaluation techniques are also usually timeconsuming and operalOr-dependenL Clearly. a better pr0cedure 10 quantify porosity and other defects such as delaminations in structural components with complex geometry is
needed

Acousto-Ultrasonic (AU) nondesttuetive evaluation of
gmphile fiber reinforced panels has been conducted 10 investigate a functional relationship between AU measurements
and porosity CODlent in flange radii components. which are
usually encounlered in sttuetures of complex geometry. AU
measurements of calibrated seeded defects were also conducted 10 investigate the deleCtability of small delaminations. All panels were nondestructively inspected using a
through transmission ultrasonic method 10 quantify porosity conlent and 10 verify the location of seeded defects. It
was observed that higher values of the stress-wave-factor
(SWF) measurements correspond to lower values of the
porosity COnlenL Furthennore. it was also observed that the
presence of defects significantly affect the waveforms.
Therefore. these results show that the AU approach has the
potential of being used 10 characterize porosity content and
10 monilOr the presence of potentially damaging defects.

Analytical ultrasonics imply the measurement of material microstructure and associated factors that govern me·
chanical properties and dynamic response. It goes beyond
flaw deaection. flaw imaging and defect characterization and
includes assessing the inherent properties of material environments. in which the flaws reside. Acousto-ulb'asonics
(AU) is an analytical ultrasonic nondestructive evaluation
technique. which provides an integrated bulk measurement
of the relative efficiency of energy transmission in the specimen. When applied to composites. this approach allows
perturbations in the material structure to be identified by
measurement of perturbations in specific waveform featureS.
commonly referred as suess wave faclOrs (SWF). An ultrasonic pulse is injected with a transmitting transducer
mounted on the surface of the specimen. see Fig. 1. A
larger amount of damage (i.e.• flaws. changes in the microstructure. etc.) in the specimen produces a higher signal
attenuation. resulting in lower stress wave factor (SWF)
readings. Traditionally. the SWF has been evaluated as lhe
number of oscillations higher than a chosen threshold in the
ring down oscillations in the output signal from the receiving transducer. The SWF does not yet have a standard definition. In this study. a SWF is any stress wave parameter
in any domain. such as the time and frequency domains,
that help to characterize the AU signal. The reader can fmd
in detail all the SWF used in this study in Reis et al.
(1989), Reis and Sesek (1990) and Reis (1990). The SWF
has already been correlated with the mechanical strenglh of
composite materials by Vary and Lark (1978). Williams and
Lampert (1980), Kautz (1985) and Govada et al (1985).
SWF measurements have also been correlated with damage
in wire rope (Reis and McFarland. 1985). with swelling of
wood products (Reis and McFarland. 1986). with the adhesive bond strength between rubber and steel by Reis el al
(1986) and Reis and Kautz (1986). with the adhesive bond
strength of connections in wood strucwres (Reis et al,
1990). and with porosity in polymer composites by Reis
(1993). A good review of analytical ultrasonics in materials
research and testing is given in Vary. ed.• (1984. 1993),
Duke. ed.• (1989). and Reis. ed.• (1990). The purpose of
this study is to demonstrate the feasibility of the AU

1. Introduction

Porosity has been a persistent quality problem associated with the processing of composite parts. An increase in
porosity can result in reduced mechanical properties. rejected
pans. and extra costs. Although porosity problems are often
solved through a combination of experience and trial and
error. these solutions usually result in non-optimized layups and cure processes (Thorfinnson and Biermann. 1989).
Furthermore. in some complex structural components
(Duke. 1990). sharp radii cross sections. which are typical
of flange joints. are usually locations of high stresses in the
structure. These are areas of concern because they are difficult 10 manufacture successfully. and present unique problems for quantifying defects such as porosity and delaminations. The integrity of such structural areas is vital.
However. mainly because of geometric effects and fiber
architecture. current nondestructive evaluation techniques
ranging from immersion ultrasonics to radioscopy are not
providing the feedback needed to confidently predict struc
Received 24 June 1993. The author is affiliated with Depannent
of General Engineering. University of Illinois at UrbanaChampaign. 117 Transportation Building. 104 S. Mathews.
Urbana, Illinois 61801. This article is based on a paper in the
Proceeding of the Second International Conference on AcoustoUltrasonics held June 24-15. 1993 in Atlanta. GA and
published by ASNT.
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mm wide. and have a flange 64 mm high at each end as
shown in Fig. 2 (note lhat Fig. 2 only shows one flange at
the end of the panel). The nominal inside radius between the
panel and the flange is 3.6 Mm. The laminates, wilh the
following founeen ply staking sequence of woven prepreg
fabric [0,+45.0.0.-45.0.-45.+45,0.+45.0.0,-45.0], were
manufactured with six zero plies added on each side of the
flange radii for machining. The panels contained a variety of
simulated delaminations between various plies and porosity
conditions as well as nominal "defect free" conditions.
Delaminations were simulated by grafoil inserts and by 25
~ thick brass shims of 3.2 Mm. 6.4 Mm. and 12.7 mm
diameter. Panels were labeled as foUows:
Ml - medium porosity with no delaminations,
M2 • high porosity with no delaminations.
N - low porosity with grafoil inserts. and
low porosity with brass shims.
Panels with low porosity were less than 2% porous. The
medium porosity panel contained regions with porosity
varying from 2 to 6%. The high porosity panel was over
6% in porosity contenL Ultrasonic C-scans showed lhe
locations of the seeded defects (i.e.• delaminations) and were
color-coded Cor relative porosity assessmenL

OSCILLOSCOPE

TRIGGER
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PREAMPLIFIER

AND
FILTER
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°-

WAVEGUIDE

TEST SPECIMEN

Fig. 1 Typical insbUment arrangement for AU measurements.

A schematic diagram of the acousta-ultrasonic measurement system is shown in Fig. 1 where both the transmitting and the receiving transducers are mounted on the
same side of the test specimen. In Fig. 2. two types of
tranSducer configurations are shown: Type I transducer configuration was used for the characterization of the basic material response and Type II transducer configuration was
used for the material response characterization of the flange
(inside) radii. The pulsing transducer was the AET model
FC-SOO with a flat sensitivity of approximately -85 dB
(relative to 1 VI~bar) from 0.1 to 3 MHz. The receiving
ttansducer was the AET AC-37S with an approximate sensitivity of -65 dB (relative to 1 V/~bar) at the resonance frequency oC 375 kHz. Both the transmitting and the receiving
ttansducers were mounted on waveguides as shown in Fig.
1. A thin layer of silicone rubber, with a thickness of 0.4
mm attached to the end of the waveguide, was used as a dry
COuplanL The area of contact between the waveguide and the
laminated panels was a circle with the diameter of 6.4 mm.
The center-IO-center spacing between the waveguides was 76
mm for Type I transducer configuration and 89 mm for
Type II transducer configuration. respectively. For both
Type I and Type II transducer configurations, the contact
pressure between the transducers and the panels was increased until the saturation pressure was reached.
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Fig. 2 Acousto-ultrasonic transducer positioning arrangements: Type I for basic material response characterization
and Type II for flange (inside) radii material response
characterization.
approach as a quantitative nondesbUctive evaluation aechnique for porosity content in laminated composites. In particular. it is of interest to evaluate porosity and defect con·
tent in composite sbUctural components with flange radii.

2. Experimental Procedure
To detennine the feasibility of using the AU technique
nondestnlctively evaluate the porosity content and the
seeded defects, four panels with different porosity and seeded
defects were manufaclUred. All panels were inspected nondestnlctively using an ultrasonic through transmission
method to quantify porosity content, and C-scans were ob·
tained to verify the location of simulated defects. The panels
were made ofPMR-15 resin reinforced with T-300 graphite
fibers. Nominally. the panels are 600 mm long and 380
to

For Type I configuration. regions of the panels were
marked with a polar coordinate system with the diameters
varying from 51 mm to 102 mm in 13 mm increments.
The angular dimension was marked in len degree increments. For panels Nand 0, which contained areas of simulated delaminations (seeded defects), regions with no delam16
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inations were chosen. The panels were sampled by keeping
the distance between the aransducers fixed, while changing
the angular dimension. After several test trials, a distance of
76 mm between transducers was chosen and five wavefonns
were conected at each angular position as a check for
repeatability. The distance of 76 mm was maintained
throughout the experiments for sake of consistency and
validity of comparisons. For Type II configuration. the distance between transducers was chosen to be 89 mm and
three wavefonns were collected at each 13 mm increment
along the flange. Again, the distance of 89 mm between
transducers was maintained throughout the experiments for
sake of consistency and validity of comparisons.
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The transmitting transducer was excited by an ultrasonic pulser/receiver (panametrics, Model 5055 PRM)
which was set at a pulsing rate of 200 pulsesls with the
energy setting at 1. The output signal from the receiving
transducer was amplified 60 dB by the AET preamplifier,
model 160B, with a plug-in filter with a passband between
30 kHz and 2 MHz. The pulse/receiver, Model 5055 PMR.
amplified the signal another 40 dB for a total signal gain of
100 dB. The variable attenuation on the 5055 PRM was set
at 48 dB. A synchronous trigger, as well as the received
signal. was also sent to an 386 Zenith computer equipped
with an analog to digital converter (Sonix. Model
STR*81oo) board. The Digiscope software package developed by Sonix. Inc. was used to display the signal on the
Zenith computer monitor and to store the signal on a
floppy diskette. To stabilize the signal and to further reduce
noise effects. Digiscope was set to average sixteen AU
wavefonns. Each AU signal was saved using 1024 points.
Once the AU signals were stored on a diskette, they were
quantified, using the SWF approach. by the Wavefonn
Measurement and Analysis Program (W AVEMAP) which
is described in Reis et al. (1989). The WAVEMAP program
stored these parameters in a me which can be imported into
a LOTIIS 1-2-3 spreadsheet
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Fig. 3 Typical time domain representation for Type I transducer configuration and zero degrees orientation of an AU
signal: (a) Panel N (Low porosity: p < 2%); (b) Panel 0
(Low porosity: p < 2%): (c) Panel M-I (Medium porosity:
2% < P < 6%): (d) Panel M-2 (High porosity: p > 6%).
porosity content and presence of seeded defects. In this sWdy
the SWF is assumed to be any useful ultrasonic parameter
in any domain such as the time and frequency domains
(Reis el aI.. 1989).

During the study of defects. a 76 mm distance between
transducers was assumed constant with b'ansducers in Type I
configuration. All the instrumentation parameters used in
the porosity study (i.e., Type I transducer configuration)
were used in the sWdy of the seeded defects. Here, for purpose of comparison. the average of three wavefonn (or
SWF) measurements, which were collected with the seeded
defect at the center of the line joining the receiving and the
pulsing transducers. was compared with the average of other
three wavefonn measurements. which were collected with
the line joining the two transducers 13 mm away from the
defect

For the Type I transducer configuration. five waveforms were collected every 10' from O' to 360'. Each stored
wavefonn is an average of sixteen wavefonns. Figure 3
shows the AU time domain signal for Type I transducer
configuration and O' orientation for the four panels with different porosity content. Figure 4 shows the corresponding
frequency spectrum of the wavefonns shown in Fig. 3.
Figure 5-a shows the area under the spectral density curve
versus the transducer pair angular position. Figure S-b
shows the corresponding average area under the spectral density curve (area under the curve) versus the transducer pair
angular position. In Fig. S-b, because of the exisrence of
two axis of symmetry. each data point represents an average
of twenty measurements. Figure 6-8 shows the area under
the specb'al density curve versus the transducer pair angular

3. Experimental Results
AU-SWF measurements have been conducted on four
panels with different porosity and seeded defects. SWF measurements were recorded and the results discussed regarding
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position in polar coordinates. Figure 6-b shows the corresponding average area under the spectral density curve versus the lJ'a11sducer pair angular position in polar coordinales.
As in Figure Sob, each data point in Figure 6-b also represenlS an average of lWeDlY measuremenlS. In Figs. 6-a and
6-b. the area wilhin each polar envelop is an excellenl
parameler 00 quantify porosily conlenl because it is independent of lhe relative position between lhe transducer pair
configuration and lhe malerial principal axis of lhe lest panels. This is significant because the location of the material
axis of the test panels may be unknown.
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Fig. 5 (a) Area of lhe power spectrum density curve of lhe
AU signal vs. transducer pair angular position (Type I
arrangement) in lhe frequency domain. (b) Corresponding
average area under lhe power speclnUn density curve.
menlS. The higher variance in lhe test data shown in Figs.
7-a and 7-b (when compared wilh lhe variance shown in
Figs. 5-a and 5-b) is a consequence of lhe nonuniform
porosity along lhe flange and of the presence of seeded
defects in lhe flange.
Regarding lhe detection of seeded defects using the AU
approach, it was observed that the 3.2 mm diameter shims
were not detected. The presence of the shims did not produce
significant change in the waveform. and therefore lhe stress
wave factors remained relatively constant. This can be
explained as a consequence of the 6.4 mm diameter area of
contact between the waveguides and the panels. For lhe
transducer-waveguide configuration used in lhis study. lhe
AU approach is blind to the presence of 3.2 mm seeded
defeclS. However, for olher types of transducer-waveguide
configuration. lhis conclusion may not be true. It appears

For Type II transducer configuration. lhree waveforms
were collecled every 13 mm along lhe flange as shown in
Fig. 2. but 64 mm at each end of lhe flange were disregarded 00 avoid boundary effeclS. Only lhe 2S4 mm long
cenler portion of lhe flange was scanned. Figure 7-a shows
lhe area under lhe speclral density curve (area under the
curve) versus lhe transducer pair linear position. Figure 7-b
shows the corresponding average area under Ihe specual density curve versus lhe transducer.pair linear position. In Fig.
7-b, each data poinl represenlS an average of lhree measure
18
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Fig. 7 (a) Area of the power spectrum density curve of the
AU signal vs. transducer pair linear position (Type II
arrangement) in the frequency domain. (b) Corresponding
average area under the power spectrum density curve.
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referred to the author's technical repon on the AU nondestructive evaluation of composite flange radii (Reis. 1990).
4. Concluding Remarks

Fig. 6 (a) Polar plot of area of the power spectrum density
curve of the AU signal vs. transducer pair angular position
(Type I arrangement) in the frequency domain. (b) Conespanding polar plot of the average area under Ihe power spectrum density curve.

The results of this investigation demonstrate that the
AU approach provides a field adaptable. inside-radius based.
technique for the quantitative measurement of porosity content in composite flange radii. The AU approach allows the
quantitative discrimination of different porosity levels in
flange radii components. which are typical of complex
slructuraJ pans made of advanced composite materials.
While it is not yet clear what is the smallest defect the AU
technique can detect. it appears that the presence of defects
do significantly alter the waveform. Further studies must be
pursued in this area for conclusive results. Figures 5-a and
5·b show that not only is the correlation to porosity clearly

that the detectability of the smallest defect depends upon Ihe
area of contact between the waveguides and the test object:
the smaller the area of contact the more sensitive the system is to smaller defects. i.e.• delaminations. The 6.4 mm
diameter shim caused up to 16% reduction of the area of the
spectral density curve (taken as an SWF). and the 12.7 mm
diameter shim caused up to 24% reduction of the spectral
19

established but the relationship between the SWF and fiber
orientation for a given porosity level is also retained. This
relationship is exhibited as increased SWF along the 0' and
90' fiber directions. Furlhermore. the O· SWF is also higher
than the 90' SWF. This is caused by the presence of more
fibers along the O' direction than along the 90· direction
which is a consequence of the ply stacking sequence and of
the type of woven prepreg fabric. The woven prepreg fabric
used in the panels had more fibers along the 0' direction.

H.E. Kautz (1985). "Ultrasonic Evaluation of Mechanical
Properties of Thick, Multilayered. Filament Wound Composites." NASA TM 87088. NASA Lewis Research
Center. Cleveland. Ohio.

Using Type II transducer configuration. application of
this approach to the flange mdii regions demonslr8led quantitatively similar data as shown in Figs. 7-a and 7-b. Overall. the AU approach proved to be a good quantitative technique for measuring porosity and defect content in composite flange radii. The results clearly demonstmte a functional relationship between several SWF (the area under the
power specb'a1 density curve in panicular) and the flange
mdii porosity and a subset of defects tested. Also, it was
most significant to establish the existing correlation
between SWF measurements and porosity content that extends beyond current ultrasonic technology capabilities to
include levels of porosity greater than 6%. Future extension
of this study to correlate SWF measurements with in-plane
mechanical properties. such as shear suength, for structurally critical regions would provide an added measurement
of structural integrity assurance. with the potential to avoid
major structure disassembly or lear down.

HL.M. dos Reis and D.M. McFarland (1986). "On the
Acousto-Ultrasonic Characterization of Wood Fiber Hardboard," J. Acoustic Emission, 5(2).67·70.
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Wave Mechanics in Acousto-Ultrasonic Nondestructive
Evaluation
Joseph L. Rose, John J. Ditri and Aleksander Pilarski
Abstract
The problem of predicting the strength with which
specific guided wave modes would be excited in a composile
layer when using the acoUS1().ultrasonic (AU) technique has
been examined. The excitation strength of any propagating
mode has been oblBined as the product of an "excitation"
function, dependent only upon ttansducer parameters, and an
"excitability" function. dependent only upon the properties
of the mode which is being excited. The effect of lransducer
parameters on suess wave factors utilizing some feawres of
received RF signals and/or their frequency speclra is discussed.

its size and pressure distribution. The AU technique was
therefore modeled mathematically by the following elasticity boundary value problem: To find a particle displacement field, u(x, t). which satisfies the governing equation,
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uansducers.
As an initial attempt to model the AU technique when
using rectangular transducers, a theoretical model consisting
of a strip source of normallraction on a generally anisotropic layer was investigated as shown in Fig. 2 (Ditri and
Rose, 1994). The goal was to determine how strongly each
of the guided wave modes of the structure would be generated by such a source and also to determine how the mode
strengths were related to the transducer parameters such as
Received 24 June 1993. The authors are affUialed with Engineering Science and Mechanics Department, Pennsylvania
Slate University. University Park. PA 16802. This article is
based on a paper in the Proceeding of the Second International
Conference on AcoUslo-Uhrasonics held June 24-25. 1993 in
Atlanta, GA and pUblished by ASNT.
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Volume 12. Numbcn 112
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at

-

and the boundary conditions,
P(Z)

(J",,(y=b/2,z)= { 0

if IzlS D/2
if Izl>D/2

(J",,(y = -b /2,z) = 1)'& (y = b /2,z)

=tyz(Y =-b /2,z) a 0

1. Problem Statement and Solution
The typical transducer arrangement employed in the
acousto-ularasonic inspection technique utilizes two contact
ttansducers. placed in contact with the specimen. and separated from each other by some Icnown distance. Figure 1
iIIuslrates the set-up for the two types of typical commercially available ultrasonic transducers, rectangular and disk
shaped. In either case, the sending Iransducer generates
waves in the specimen and the receiving aransducer picles up
the wave motion somewhere "downstream". A certain characteristic of the received waveform is then used to infer the
quality of the material between the two lransducers. For the
repeatability of such a technique it is important to understand what types of waves are generated by the sending
transducer and how they may change from specimen to
specimen or when using different sending and/or receiving

02 U_

p~

(2a)
(2b)

where Cijlc1 denote the elastic moduli of the layer, and p its
mass density. All fields were assumed to vary harmonically
with the time; i.e., as eiCll!. The strip source has a length D
in the z-direction and the layer has thickness b.
ReceIVer

Sender

(a)

Sender

(b)

8

ReceIver

8

Fig. 1 The acousto-ultrasonic experimental arrangement
The stated problem can be solved by several classical
techniques, one of the most popular being the use of integrallransforms. Using such analytical techniques, solutions
have been obtained for specific load configurations and specific classes of anisotropy (Mal et aI., 1990; Green and
Baylis, 1988). The approach employed in Ditri and Rose
(1994) does not employ integral transforms, but rather uses
the so-called normal mode expansion technique. This technique has several advantages, the biggest for our particular
purpose is the fact that the details of the anisolropy of the
material need not be dealt with explicitly as in the integral
0730~S0I94JI2023~
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p(z)

(or an inverse F'FT). The function E±Ji' termed the "excitability" function of mode IJ.. depends only on properties
of abe mode which is being exciled and not on the properties of me source used for excitation. The function E±)
depends only on properties of the transducer used to excite
the layer. The product function.
which is also dependent only on lransducer parameters. is termed the "excitation" function of the source. The ampliwde with which
guided waves are generated is therefore seen to be propertionallO the product of the excitation function.
determined by uansducer parameters. and the excitability function. E±Ji. which depends on which mode is exciled and
where on its dispersion curve it is excited.

fa.

z

Eo..

,,

,,
z - +D/2

z - -D/2
Fig. 2 Sbip source loading of an anisottopic layer.

2. Piston Source

transform techniques. The form of the solution is the same
regardless of the anisouopy of the material. which only
enters when evaluation of the quantities appearing in the
final formulas is performed. In this way, the physics of the
excitation process becomes clear, unobsnucled by the peculiarities of any particular maaerial system.
In the normal mode expansion technique. the fields in
the loaded waveguide are written as a superposition of the
"normal modes" of the layer (i.e.• those modes which can
exist in abe unloaded layer). multiplied by unknown expansion amplitudes. For instance. assuming propagation in the
"z" coordinate direction. the displacement field in abe layer
is written as,

u(y,Z)= LAJl(z)uJl(Y)
Jl

(3)

where uJi(y) denotes the (known) modal displacement field
of mode J.l of the traction free layer. The summation in
equation (3) is over all of the modes (propagating and
evanescent). which can exist in the layer at the particular
frequency of interest and in the particular direction chosen.
The goal is to find the unknown expansion amplitudes.
~(z). Once the expansion ampliwdes are known as a function of frequency. the transient loading problem can be
solved for an arbitrary time dependence source by employing abe inverse Fourier transform.
Denoting by A±Ji(z) the ampliwde with which propagating mode IJ. is generated in the positive or negative "z"
direction by the strip source, it has been shown (Ditri and
Rose. 1994) abat A±Ji(Z) can be written in the form,
~Jl (z) = g. E:l:Jl .E±)exp<+m.az)

IzI>D/2

(4)

The function Q represents a numerical factor, which depends
solely on the output power of the uansducer. For non-harmonic loading. the function represents abe Fourier transform (frequency specuum) of the time variation of the
source. and an integration over frequency must be performed

a

For a uniform pressure distribution across the face of
the sending transducer. the function p(z) (see Fig. 2)
becomes some constant, say Go for -0/2 So Z So D/2 and the
functions appearing in equation (4) become,
A±Jl (z) = g. E:l:Jl •E±)exp(+i8Jlz)
= (Jo(!) v±tly(b /2) sin(BtlD /2) exp(+~z)
4
PIIfI
BJl

(5)

As can be seen. the excitation ampliwdes depend on abe size
of the source. 0, through me function F. BJi denotes the
(real) wavenumber of propagating mode IJ., PJ.IJL denotes the
time averaged power carried by the mode per unit waveguide
widab (Auld. 1990). and v±Jiy(b/2) denotes the "y" component of the modal particle velocity of mode J.l at the upper
surface of the layer. y = b/2.

Examining the excitability function. ~,it can be concluded that for normal uaction loading (i.e., no shear), the
magnitude of the (power normalized) out of plane particle
velocity field at abe surface where abe loading is applied determines how excitable the mod~ is. Since the field distributions of the modes vary with position on their dispersion
curves, the modes are more or less excitable at various
points on their curves. This is particularly true at or near
their cutoff frequencies where the modes have predominantly
in plane or out of plane particle displacement (and velocity)
fields.
The function p(:>. which is dependent on the diameter
of the transducer. determines how effectively the given load
wants to excite modes of a given wavenumber B. For the
normal incidence type load used in abe AU technique, F+> =
E(-) and both approach an absolute maximum as ~O.
which is equivalent to Vph "'00. The AU technique therefore wants to excite modes with high phase velocities,
which occurs at or near abe cutoff frequencies of the modes.
The ability of the source to excite modes over larger portions of their dispersion curves, including the lower phase
velocity regions. depends on the size of the loading region.

O.O~

....•••
-I.'

-:2

1.,,·1.
.~

~

j

.....

00.'

.1.'
·S.I

III ....

l ..·o

~I ...0

• ...1

.IO.S

-I ••'

·It.O

-H.I

-H.O
I
'.2
V...' SI..

I..
II.l

0.'
1t.1

0.'
l..

1.0
,.S

1.2
S.2

I..
••S

I.'
S..

I.'
S.S

2.0
S.I

B

Fig. 3 lEpistonl as a function of wavenumber, B, for two
different size ttansducers.
O. Shown in Fig. 3 is a plot ofF+) versus wavenumber, B,
and phase velocity (for 1.0 MHz) for two different O's:
3.175 and 12.7 mm. Each curve is normalized independently by the respective value of Episton at B =0 which is
fpiston(O) = D. As can be seen, although all sources have a
maximum as B-tO, the smaller sources are more effective at
exciting modes with large wavenumbers (or small phase
velocities) than the larger ones.

3. Parabolic Source
A perhaps more realistic model of the vibration characteristics of actual ultrasonic transducers is the parabolic
source, defmed by,
Izl~0/2

Izl>D/2

(6)

It can be shown that for the parabolic source (Oitri and
Rose, 1994),
F

_

. (B)= 8 (2sin(BO/2)
(BO/2»)
082
BO
cos

-psnlbolic

Figure 4 is a plot of Eparabolic as a function of
wavenumber, 8, and phase velocity (for 1.0 MHz) for two
different size transducers, 0 =3.175 mm and 0 = 12.7 mm.
Each curve is normalized independently by the respective
value of Eparabolic at B= 0 which is Eparabolic(O) =20/3.
Although the shape of the curves for the parabolic
source appear roughly the same as for the piston source,
there are some differences. First of all, for the same size
transducer, the parabolic source has a wider wavenumber
bandwidth than the piston source. Secondly, the parabolic
source has a smoother wavenumber spectrum than the
wavenumber spectrum of the piston source. This is due to
the fact that the pressure distribution of the parabolic source
is continuous whereas that of the piston source is not.

~ 0.2
V.... SI..

•••
IS.l

•••
10.S

•••
l.'

I.'
• .1

1.2
1.2

I.t
••S

I.'
S..

I.'
S.S

2.0
S.I

8
Fig.4 lEparabolicl as a function of wavenumber, B, for
two different size transducers.
4. Discussion
As shown by equations (5) and (7), the amplitudes of
the wave modes generated using the acousto.u1trasonic (AU)
technique are very dependent upon the size, frequency content and pressure distribution of the transducer used.
Therefore, stress wave factors (SWFs) which are features of
the RF waveform or its frequency spectrum will also be
very dependent upon the transducer used in the experimenL
Moments of the frequency specbUm of the received RF signal are particularly transducer dependent SWFs for two
main reasons. First of all, the frequency content of the sending and receiving transducers directly affect the SWF and
therefore, different results will be obtained from different
sets of transducers. This effect can, however, be at least partially compensated for by deconvolving the actual received
frequency spectrum with that obtained from a signal sent
directly from lhe sending transducer to the receiver. In this
way, the frequency "filtering" of the sending and receiving
probes are accounted for. A second reason why spectral
moments are transducer dependent is the fact that the size of
the transducer will affect the received frequency spectrum.
The size of the transducer affects the received frequency
spectrum because it determines what portions of the disper·
sion curves of the structure can be excited. Large sized
transducers generate efficiently only modes with very large
phase velocities. i.e. at or near their cut-off frequencies.
Smaller transducer on the other hand, can effectively generate modes at lower phase velocities and therefore, poten·
tialIy at frequencies other than cut-off. This effect has been
experimentally demonstrated (Rose et aI., 1993) as is
shown in Fig. S.

The experimental arrangement of the sending transducers was as in Fig. la. The specimen was made of a
[0/±20,u] arrangement of graphite epoxy layers. Approximately 80% of the fibers were in the O· direction. The
dimensions of the panel were approximately 3.1 mm by
305 mm by 305 mm and the transducers were separated by
approximately 100 mm along the O· direction. Experi-

,.,

phase velocities due to their vibrational characteristics.
Figure 5 clearly demonstrates the fact that the size of the
transducer greatly affects the moments of the frequency
spectra of the received RF signal.
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Due to the normal incidence nature of the acouslOu1uasonic inspection technique. it excites most efficiently
guided waves with large phase velocities. The extent to
which modes with lower phase velocities can be generaled
is dependent upon the size of the transducer used; the
smaller the size, the wider the specttum of phase velocities
that can be generated. For transducers of the same size, one
with a parabolic pressure distribution has a wider and
smoother wavenumber specttum than one with a piston
type pressure disbibution.
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Because the received RF signal (and hence the frequency
spectrum) is dependent upon the transducer used in an exper·
imenl, stress wave factors oblained from either the RF or
its specuum will also be transducer dependenL In order to
choose SWFs which are not influenced by transducer
parameterS, they should be based on properties of lIle specimen itself, such as an elastic stiffness coefficient or a
(phase or group) velocity in a particular direction.
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A.K. Mal, 5.-5. Liu and M.R. Karim (1990), "Response of
a unidirectional composile laminate to localized dynamic
surface loads," Impact Response and Elastodynamics of
Composites, ASME AMD, vol. 116, ASME. New York,
pp. 173·188.
J.L. Rose, JJ. Ditri and A. Pilarski (1993). Source influ-

ences on the excitation of guided elastic waves in anisotropic layers," Proc. 9th Internat. Conf. on Composite
Materials (lCCM·9), Madrid. Spain. July, pp. 811·818.
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Laser-based Techniques to Resolve Mode Propagation
of Lamb Waves in Plates
R. Daniel Costley, Jr. and Yves H. Berthelot and Laurence J. Jacobs
Abstract
Experiments have been conducled with a Q-SwilChed
ruby laser 10 Sbldy thennoelastic generation of Lamb waves
in plates. The objective of this study was 10 resolve experimentally the various modes that propagate in the plate after
absorption of a short laser pulse at its upper surface. This
was accomplished with two separate experiments. The rust,
referred 10 as dispersion curve analysis, involved sampling
the laser generaled waveforms in a plate both temporally
and spatially. The data was then processed with a twodimensional fast Fourier transform to reveal the Lamb
modes which had been excited. In the second set of experiments. called the Fresnel array method. an array of thermoelastic sources was created on the surface of the sample by
passing the laser beam through a Fresnel lens. The array
spacing produces a/orcing wavelength for which only a few
specific frequencies can propagate. These frequencies are
determined by the dispersion relation. For both techniques,
good agreement was obtained between theoretical and
experimental dispersion curves, especially for the lower
modes.

1. Introduction
Stress waves can be generated by directing a very short
pulse of laser light onto the surface of a solid. The frequency spectrum of these waves tends to be very broadband,
and at frequencies in the MHz range, thus the term laser
ultrasonics. By exploiting certain of its properties, such as
its bandwidth and directivity, laser ultrasound can be a useful tool in nondestructive testing (NOT) (Scruby and Drain,
1990).
Several researchers have investigated the laser generation of ultrasound in plates. Most of the quantitative work,
however, has been performed in very thin plates. or foil, so
that only the two lowest Lamb modes were excited
(HulChins et aI., 1989; Nakano and Nagai, 1991; Spicer et
aI., 1990). In thicker plates, the waveforms are more complicaled because more modes can propagate. The use of
laser-generated Lamb waves would be greatly facilitated by
Received 24 June 1993. R. D. Costley, Jr. is affilialed willt
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(1) knowing which modes are excited by the laser
source and
(2) being able to conuol which wavenumbers and fre

quencies are excited.
In order to address these two issues, two sets of experiments
are performed in thicker plates. The rust one is referred to as
dispersion curve analysis and the second one as the Fresnel
array method. The results of each experiment are interpreted
using dispersion curves.

The technique referred to as dispersion curve analysis
allows one to visualize the modes that are exciled by the
laser source. This signal processing technique is commonly
used in structural acoustics (and often referred to as waveveclOr analysis). Alleyne and Cawley (1991) used this tech·
nique to analyze the propagation in plates of various Lamb
modes generated and detected with conventional piezoelectric
wedge b'ansducers. They were able to produce from their
data two-dimensional spectra which represented the magniwde of the signal as a function of frequency and wavenumber.
It is demonstraled in Sec. 4 that this signal processing
technique can be successfully applied to laser-generaled
Lamb waves. Typically, the laser source is a short pulse in
time and a small spot on the surface of the specimen.
Therefore. it produces a thermoelastic source that is broadband in both the frequency and wavenumber domains and, in
general. several modes are excited simultaneously. In this
sWdy, the technique is used 10 analyze laser-generated Lamb
waves in plates thicker than those of previous studies. It is
shown that the broadband laser spot source generates signals
over quite a broad range of frequencies and wavenumbers.
This technique addresses issue (1) in that it allows one 10
determine which modes have been excited.
The technique described above requires a manual scan of
the specimen, which is slow and ledious. Similar information is acquired in the second set of experiments. but the
method is easier to implement and quite cheap. The laser
source is modified by a Fresnel lens to illuminate the sur·
face of the plate with an array of confocal arcs. The array
spacing produces a/orcing wavelength, for which only a
few specific frequencies (those which satisfy the dispersion
relation) can propagate. The dispersion curves can be traced
by measuring the frequency content of the received signals
for a range of wavenumbers. Because of the narrowband
natme of the technique, and because of the confocal geome0730~S0I94/12027~38
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Two different sensors were used to detect the laser-generated ultrasound. The first was a small piezoelectric pinducer (Valpey-Fisher) that had an active area of PZT of 1.35
mm in diameler and a broad frequency response from de to
1.2 MHz. The effects of averaging across the sensor face
were minimized since most of the disturbances had wavelengths that were at least twice the pinducer diameter.
During an experiment, the pinducer remained at a fixed
position on the plate. This had the advantage of avoiding
any variability in the coupling between the pinducer and the
specimen. The source-receiver distance was changed by
moving the plate and pinducer as a single unit with respect
10 the acoustic source.

tty of the source distribution, the method offers a relatively
high signal-lO-noise ratio. The Fresnel lens offers an alternative 10 other methods for creating arrays of laser sources.
These include fiber optics (Vogel et aI.• 1987; Berthelot and
JarzynsJd, 1990), lenticular arrays (Wagner et aI., 1990),
diffraction gratings (Huang et aI., 1992), or masks (Ash et
aI., 1980). Besides being able to uace the dispersion curves,
the Fresnel array method was able 10 address issue (2). The
wavenumber and frequencies that were excited could be conuolled by conuolling the array spacing.

2. Experimental Arrangements
The experimemal equipment is described briefly in this
section. For more detailed descriptions, consult Brutlomesso et aI. (1993), Costley et aI. (1994). Costley and
Berthelot (1994) and Costley (1993).

The signals recorded by the pinducer suffered from a
certain amount of ringing. It becomes apparent that the
measurements made with such a detector are affecled by its
frequency response. However, the limitation imposed by the
frequency response of the pinducers did not invalidale the
experiment because no erroneous frequency components
were introduced in the output signals. This can be shown
by modeling the pinducer as a linear system and considering
the effect of its frequency response on the measurements
leading to the dispersion curves (Costley, 1993; Costley et
al" 1994).

The u1uasound was generated with a Q-swilChed. pulsed
ruby laser. The laser produced pulses with durations of
approximalely 30 ns, measured at full width at half-maximum intensity. The pulse energy was approximately 115
mJ with a sumdard deviation of 14 mJ. As shown in Fig. I,
the laser beam passed through (a) several neuual density fillers 10 attenuate the laser intensity and remain in the thermoelastic regime, (b) a glass slide 10 deflect a small fraction
of the laser pulse IOwards a pholOdeteclOr for calibration and
triggering purposes, and (c) a mirror and a system of lenses
10 collimate the beam and conuol the spot size on the sample. In the second set of experiments. described in Sec. 4,
the laser beam also passed through a Fresnel lens in order 10
create a thermoelastic array on the sample's surface.
PULSED RUBY
LASER

Fillers

Glass
Slide

C:==:J-ff-~~
I
Fillers

To avoid these limitations, some of the measurements
were repeated with a laser-heterodyne interferometer. referred
to also as an optical detector. The interferometer had a
bandwidth from dc to 10 MHz and a noise limit of approximately 0.1 nm. Also, a microscope objective was used to
focus the probing beam onto the surface of the specimens
so that it was essentially a point deteclOr at the wavelengths
being detected. More details about the interferometer can be
found in Bruttomesso et al., (1993).

Mirror

As previously mentioned, a Fresnel lens was used to
create an array of thermoelastic sources on the surface of the
sample in the experiments described in Sec. 4. The Fresnel
lens used in these experiments had a spacing of 3.94
Iines/mm and a focal length f = 25.4 mm. A schematic of
the setup is shown in Fig. 2(a). The array of sources can·
sisted of a set of concentric arcs, which are depicted in Fig.
2(b) for the case in which the pinducer was used as the
receiver. The spacing between these arcs, D, was adjusted
by changing the distance L between the sample and the
Fresnel lens. The relationship between these two variables

e=
I

Photodetector

Digital

Oscilloscope

Trigger
Signal

was

OPIB

o d
--=L-f f
COMPUI'BR
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where d is the line spacing of the Fresnel lens and f is its
focal length. Data was acquired for arc spacings from 1.35
mm to 2.75 mm. This was achieved by varying the distance, L, between the lens and the specimen from 160 mm
to 300 mm. The size of the illuminated area varied from 16

Argon·Ion Laser
.....--1lnlerferomeler

Fig. 1 Experimental arrangement.
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transform (2-D FFI') of a series of wavefonns recorded at
various positions on the specimen. The lime/frequency and
position/wavenumber FFTs allow the visualization of the
signals in the frequency-wavenumber domain. Alleyne and
Cawley (l99I) first demonsuated this technique using conventional wedge transducers to excite a Lamb mode using
the coincidence effccL It will be shown here that this
melhod can be used in conjunction with the more broadband
thermoelastic laser source, in which several modes are
excited at once over a broad specttum of frequencies
(COSlIey, 1993; Costley and Berthelot, 1994).

Sipal
A -oo-!on Laser
Out 4---1 ""6
Interferometer

,/
,/

,/

Sipal

,/

Out 4--+----.1

,/

L-f

,-:71

,/,//1

f

+-i-+o-l-_Fresnel Lens
:
100 lineslinch = 3.94lineslmm = lid
. Axis or Fresnel Lens

3mm

~

Collimated
Beam

(b)

•

D

Fig. 2 Fresnel arrays: (a) Geometry for calculating the arc
spacing; (b) array projecled onlO the face of the specimen.
32 mm in diameter, depending on the diswnce from the
Fresnel lens to the specimen.
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The received signals were plagued by noise caused by
the suong electromagnetic pulse, which the laser produced
when firing. Thus, the receiver was placed far enough from
the source so that this noise would not interfere with the
acoustic signal. From the geometry in Fig. 2(a) and by
measuring the time of the fll'St arrival, it was confumed that
the distance between the receiver and the nearest point on
the source was at least 30 mm. Therefore, the distance
between the receiver and the nearest arc of the array was
much more than several plate thicknesses and the receiver
was in the farfield. This consideration is important in eslablishing that the disturbances were indeed Lamb waves and
nOl multipath transients. It is also unlikely that any
evanescent modes, i.e. modes with imaginary or complex
wavenumbers, were detected at these separations.

3. Dispersion Curve Analysis

3.1 The Two-dimensional Fast Fourier Transform
In this section it is shown that the modes in a plate can
be determined by taking a two-dimensional fast Fourier

In order to take a 2-D FFT of a signal, one in time and
one in the spatial dimension the signal needed to be sampled both temporally and spatially. Temporal sampling was
achieved directly with a digital oscilloscope. Care had 10 be
taken so that the sampling rate was high enough so that
aliasing would be avoided, the record length would be long
enough so that the digitized signal contained all of the
waveform, and any reflections from the sides or edges of the
specimens would not be contained in the signal of interest.
Spatial sampling was achieved by recording a series of remporal waveforms at a series of source-receiver separations.
Thus, the separations were incremented by an amount that
would satisfy the Nyquist criteria. In the examples discussed
here approximately 50 signals were recorded. This procedure
was possible because the waveforms produced by the laser
source were very repeatable.
A matrix was created with this data in which the
columns represented the waveforms sampled in time while
the rows represented the wavefonn as a function of the spatial variable. A Hamming window was applied 10 the rows
of the rnattix 10 reduce leakage in the wavenumber domain.
A 2-D FFT was perfonned on this matrix 10 detect the temporal periodicities (frequencies) and spatial periodicities
(wavenumbers) of the propagating signals. The resuh of
this operation was a complex valued matrix of the same
size as the original. Then, the magnitude of each of the values in this rnattix was calculated and plotted as a conlOur
plot in the frequency-wavenumber domain. This 2-D specIJ'Um is in fact a direct representation of the dispersion
curves of the plates.

In order to verify the procedure, a preliminary experiment was performed on an aluminum block 20.3 em by
15.2 cm by 10.2 cm deep. Care was taken to avoid detecting any reflections off the sides of the block. In such a
block, essentially only Rayleigh waves propagate on the
surface of the sample at the source-receiver separations for
which these measurements were made. Since Rayleigh
waves are nondispersive, there should be a linear relationship between frequency and wavenumber. A total of 45 signals was recorded over a total travel distance of 22.0 mm in
increments of 0.5 mm. The temporal sampling rate was
100 MHz with a record lengtli of 2500 points. Each temporal wavefonn was averaged over 5 signals to improve the

signal-to-noise ratio. This procedure produced a 2500 by 4S
mattix. The resulting contour plot in the frequencywavenumber domain revealed thatlhe dispersion relation for
Rayleigh waves was indeed linear. A linear least squares fit
to the peaks in magnitude of the contour plot revealed a
Rayleigh wave speed of 2870 m/s wilh a saandard deviation
of 38 mls (Costley, 1993; Costley and Berthelot, 1992).
This is indeed very close to the accepted value of 2900 m/s
(Vilctorov, 1967). The procedure was thus validated and
experiments were performed on two plates of different
thicknesses.

3.2 Thin Plaze
The real value of this technique is to determine the dispersion relations in plates which are waveguides that are
highly dispersive. To show this, the experiment was
repeated in a 1.02 mm thick plate. Fifty-one waveforms
were recorded with a spatial sampling interval of 1.0 mm.
The temporal sampling rate was 25 MHz with a record
length of 4096, with each waveform being averaged S
times. This resulted in a 4096 by 51 matrix. One of these
waveforms is shown in Fig. 3. Both the lowest order symmetric (s) and antisymmetric (a) modes can be identified in
this figure. The antisymmetric mode is clearly dispersive
and it has a higher amplitude than the symmetric mode. The
2-D FFr was applied to this matrix. Since the two modes
have considerably different amplitudes, it is appropriate 10
use a logarithmic scale 10 plOl the results. Thus, the conlOurs plotted in Fig. 4(a) (and also in Fig. 5(a» were determined from the values of IOg10(1 + 1Mijl), where the Mij's
represent the components of the Iransformed matrix. One
was added to each magnitude before taking the logarithm to
ensure that the conlOurs would be always positive. The contours serve as an indication of which modes have been
excited and their shape in the wavenumber-frequency plane.
The absolute height of the contours, while potentially useful, was not exploited in this study. Two modes can be
loS . . . - - - - - - - - - - - - - - - - - - ,
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clearly identified in Fig. 4(a). They correspond to lhe flISt
antisymmetric and symmetric Lamb modes.
The local maxima in each column were found and plotted with the theoretically determined dispersion curves in
Fig. 4(b) (Viktorov, 1967; Achenbach, 1973). ~ese curves
were calculated using the values of 6300 mls for the compressional wave speed and 3100 mls for the shear wave
speed. The solid and the dashed lines in the figure represent
the theoretically determined, lowest order antisymmetric and
symmetric modes, respectively. The symbols "+ represent
the local maxima from the conlOur plot in Fig. 4(a). There
is exceUent agreement between theory and experimenL
It

33 Thick Plate
This technique was repeated in a 3.18 mm (1/8 inch)
thick aluminum plate. As should be expected, more Lamb
modes were excited in this thicker plate. The record length
had to be shortened to 2500 points so that reflections from
the edge could be gated out. Fifty-one waveforms were
recorded with a spatial sampling interval of 1.0 mm. The
temporal sampling rate was 25 MHz, with each waveform
being averaged 5 times. This resulted in a 2500 by 51 matrix. The waveforms were contaminated by low frequency
noise. In order to alleviate this problem, each column in the
matrix was operated on with a digital, 100 kHz high-pass
filter. The data was processed with the 2-D FFT procedure
discussed previously. The resulting conlOur plOl is shown
in Fig. 5(a). The data was sampled in such a way that the
resolution was about 20 mol in wavenumber and 10 kHz in
frequency. However, when the contour plots were compared
with the theoretical dispersion curves, one could easily recognize the lowest Lamb modes for this plate. The local
maxima of the resulting 2-D spectrum contours were plotted with the theoretical dispersion curves in Fig. 5(b). The
theoretical dispersion curves were calculated using the same
values for the compressional and shear wave speeds that
were used in the thin plate. Clearly, the data shows that the
three lowest symmetric and anusymmetric modes can be
resolved by this frequency-wavenumber technique. Figures
4(a) and 5(a) indicate that most of the energy is in the lowest antisymmettic mode. This result is probably due to lhe
fact abat abe pinducer that detected abe signals is sensitive 10
normal displacement and not to tangential surface motion.
4. Fresnel Array Method
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4.1 Validation with Rayleigh Waves
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Fig. 3 Laser generated Lamb wave detected 81 mm from the
source in a 1.016 mm thick aluminum plate. The lowest
order symmettic mode is denoted •s' and the lowest order antisymmettic mode is denoted by 'a'.

A Fresnel lens was used to create an array of sources on
several aluminum specimens (Costley et al., 1994; Costley
and Benhelot, 1994). The lens created an array of arcs,
whose spacing was controlled by adjusting the distance
between the lens and the illuminated surface of the sped-
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men, as described in Sec. 2. This technique was validaled by
using the Fresnel array 10 generar.e narrowband Rayleigh
waves on an aluminum block. The signals were detected
with a pinducer and recorded for several different arc spacings. The amplitude specaa were computed using a fastFourier b'ansform (FFI') and plotted for each of these signals. Each of the spectra contained a narrow peak at the frequency that could be predicted by assuming that the wave.
length was the same as the arc spacing. The specaa also
contained a smaller peak that corresponded to the first harmonic.
One of these signals is shown in Fig. 6(a}. For this
example. the Fresnel lens was placed 22 em away from the
surface of the block so that the spacing between the arcs on
the specimen was about 1.95 mm as calculated from equation (I). The specuum of the signal is shown in Fig. 6(b).
As expecled. the signal exhibits a sb'Ong periodicity in time
with the peak frequency occurring at f = 1.48 MHz.
Assuming that the array spacing is the same as the
"forcing" wavelength. the Rayleigh wave speed was calculated 10 be CR =Af =2886 mls. This value is very close to
the accepr.ed value of the Rayleigh wave speed in aluminum. 2900 m/s (Viktorov. 1967). This gives us confi-

4r-----------------.
3

dence that the underlying assumption of this method. that
the array spacing is the same as the "forcing" wavelength.
is correcL
However. Fig. 6(a) shows that the cycles corresponding
the signals coming from the third and seventh arcs of the
array are clearly au.enuaaed. This suggests that the energy
dislribution across the diamer.er of the laser beam was not
uuly Gaussian. This was coniumed by inspecting bum
marks produced by the laser on photographic ftlm. These
marks indicated a "doughnut" shaped energy distribution. It
has been shown that this undesirable signal characteristic.
along with others. was caused by the laser not operating
purely in the Gaussian TEMoo mode (Costley. 1993;
Costley and Berthelot. 1994).
to

The Rayleigh wave experiment described in this section
was repeated for several values of the spacing between the
arcs of the may. The frequencies at which the most prominent peaks in Ibe specaa occmred were plotted against their
corresponding wavenumbers. The end result was a plot of
the measured dispersion curves. As expecled. the dispersion
curve for Ibis experiment wilb Rayleigh waves foUows the
linear frequency-wavenumber dependence predicted by 'btf =
kCR' This preliminary experiment with nondispersive Rayleigh waves propagating on the surface of an aluminum
block shows that the Fresnel array technique is indeed a
valid way to generar.e dispersion curves. The method was
then tested with dispersive Lamb waves propagating in two
plales of different Ibicknesses.
4.2 Thin Plale
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Fig. 6(a) Rayleigh wave on an aluminum block deaected
with a pinducer. The signal was generated with a Fresnel
array with D 1.95 mm. (b) The magnitude of the Fourier
aansform of the signal in (a).
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Two separate series of measurements were made with
Fresnel arrays on a 1.02 mm thick aluminum plate. In the
f1l'St series. a pinducer was used as the detector on the same
side of the plate as the array. In the second. the optical detector was used but in this case the point being probed was
on the opposite side of the plate from the array. In each case
the detector was placed at the cenr.er of the concentric circles
defined by the arcs of the Fresnel array. as suggested in Fig.
2(b). In both cases. the frequencies at which the peaks
occurred were recorded along with the arc spacing. The
wavenumber was calculated assuming that the arc spacing
was the same as the wavelength. Then these results were
plotled with the theoretical dispersion curves as shown in
Fig. 7. The dashed lines represent the first two symmetric
modes. and the solid lines represent the first two antisymmetric modes. As in Sec. 3. these modes were calculated
from the characr.eristic equation of a plar.e using the values
of 6300 m/s for the compressional wave speed and 3100
m/s for the shear wave speed.
The measurements deaected with the pinducers were
made for 6 different arc spacings from D = 1.75 mm to D =
2.75 rom. The recorded waveforms were averaged over 5
signals and digitized at 50 MHz with record lengths of 5000

Where they overlap in Fig. 7, the interferometer
deleCted data agrees very well with the pinducer deleCled
data. However, only the lowest antisymmeUic mode was
deleCted at each array spacing. It is interesting to note lItat
the interferometer clearly captures the lowest symmeUic
mode, So, whereas the pinducer does noL The peaks at frequencies higher than those corresponding to the sl mode
were ignored since their interpretation was uncertain. The
dispersion curves above lite SI curve were so close togellter
that it is doubtful that these peaks could have been determined with enough resolution. Thus, it would have been
difficult to leU if a frequency peak cmresponded to a certain
mode at that wavenumber, or if it corresponded to a lower
mode at the wavenumber of a higher hannonic. However,
the two different SelS of measuremenlS establishes that this
IeChnique is very successful at determining the lower modes
of lite thin plate.

poinlS. The frequencies corresponding to these peaks were
ploued with "+" symbols in Fig. 7 for various values of
wavenumber corresponding to the anay spacing.
This experiment was repeated using the laser interferometer as the deleCtor. As indicated above, the interferometer was probing the smface of the plale opposile to the side
being illuminaled by the laser. One of the opticaUy deleCled
signals, produced by an arc spacing of D = 1.55 mm. is
shown in Fig. 8(a). The waveform was low-pass fIllered
(cut-off frequency of 5 MHz) and averaged over 10 signals.
It was digitized at SO MHz with a 2500 point record length.
lIS specaum was plotted in Fig. 8(b). For claritY,lIte spectra were smoothed willt a 7 point moving average. The
wavenumber calculated using this value of arc spacing was
n = lID = 645 m-t. The peale at 1.60 MHz corresponds to
lite 80 mode while the peale at 2.54 MHz corresponds to the
So mode. The peaks at 3.54 MHz and 3.74 MHz probably
correspond to lite at and SI modes, respectively. All the
ollter peaks were considered to be too small to be significanL This procedure was repealed for 9 separ&le arc spacings
ranging from D = 1.15 mm to D = 2.75 mm. These data
poinlS were plotled willt "0" symbols in Fig. 7.

43 Thick Plale

The measuremenlS were repeated for a 3.18 mm lItick
plate. As in lite case of lite lItin plate, measuremenlS were
taken with bollt lite pinducer and the laser inlerferometer as
defeCtors. The measurements made with the pinducer were
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Fig. 8(a) Lamb wave in the 1.02 mm thick plate detected by the interferometer. The signal was generated with a Fresnel array
with D = 1.55 mm. (b) The specb'Um of the signal in (a).
taken for arc spacing ranging from 1.75 mm to 2.75 mm in
the Fresnel array. The record length was 5000 points, the
sampling rate was 50 MHz and the waveforms were the
averages of 5 signals. The data was ploued against the
theoretical prediclion for the dispersion curves as indicated
by the '+' symbols in Fig. 9. The most prominent peaks
followed the fust antisymmebic mode, 80. However, in
each case, there were also two much smaller peaks below
the io peak, at about 0.72 and 0.95 MHz. These data points

are also plotted in Fig. 9. Initially, it was believed that
these peaks were caused by resonances in the pinducer.
So the experiment was repeated with the laser interfer·
omerer. The array spacing was varied from D = 1.35 mm lO
D = 2.15 mm. The record length was 2500 points, the
sampling rate was 50 MHz. and the signals were averaged
over 10 waveforms. The results of this set of measurements
is plotted in Fig. 9 with the symbols '0'. One of the
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Fig. 9 Dispersion curves for the 3.18 mm thick aluminum plate from the data coUeclCd with the Fresnel arrays. Solid lines:
anlisymmebic modes, Dashed lines: symmetric modes. '+': the pinducer data. '0': the interferometer data.
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Fig. 10(a) Lamb wave in the 3.18 mm lhick plate delected by the interferometer. The signal was generated wim a Fresnel
array with D = 1.75 Mm. (b) The spectrum of lhe signal in (a).
cleaner waveforms of lhe set. plotted in Fig. 10. corresponds to Fresnel array spacing D 1.75 mm and wavenumber 571 mol. The prominent peak at 1.66 MHz in Fig.
10(b) corresponds to the 8olSo mode. Indeed. for wavelengths of A= 2.75 mm and shorter. or wavenumbers of n
= 365 m- l or larger. the lowest symmetric mode. So. and
the lowest antisymmetric mode. 80. converge to the
nondispersive Rayleigh mode. This can be seen from the
predicted dispersion curves shown in Fig. 9. The merging
of lhese two modes into the Rayleigh mode should be
expected since for lhese points the plate is lhicker than a
wavelength. Indeed.lhe peak at 1.66 MHz in Fig. 10(b) is
excited by a fDICing wavenumber of 571 m- l which implies
a Rayleigh wave speed of 2907 mls which is very close to
the accepted value of 2900 mls.

sibility that modes associated with complex or imaginary
wavenumbers could have been excited. A complex
wavenumber would represent a propagating disturbance that
is decaying exponentially. But the imaginary part of the
wavenumber would have to be very small in order for the
signal to be detectable at lhese separations. The complex
roots were published several years ago by Potter and
Leedham for a Poisson ratio of 0.3 (potter and Leedham.
1967). However. the roots (wavenumbers) corresponding 10
the frequencies of the 3 spurious peaks had imaginary parts
that were 100 large to be detectable.

=

It is interesting to note that similar ridges appear in the
data of Alleyne and Cawley (Figs. 13(b) and IS(b) of
Alleyne and Cawley. 1991) even though they generated and
detected Lamb waves with wedged piezoelectric transducers.
Also. these ridges appear only in the results of the thicker
plates that they investigated.

In all the specttal data obtained with the laser interferometer. one could detect a small peak at 1.22 MHz. These
peaks are reponed in Fig. 9 even lhough lhey were quite
small compared with the main peaks present in the signal.
These points have a horizontal slope which suggests the
possibility of a nonpropagating mode. such as an evanescent mode or a vibration in the thickness direction. It is
interesting to note that the unexplained (non-modal) peaks
of constant frequency measured wiIh lhe pinducer were at a
lower frequency (0.72 and 0.95 MHz). A satisfactory explanation of mese spurious peaks has not yet been found.
Since the waveform were averages of 5 or more signals. the
peaks were probably nOl caused by an external noise source.
such as an AM radio station. This was confirmed by
inspecting the second half of some of the waveforms. which
contained mostly noise and little signal. The spectra of
these waveforms did not have these spurious peaks. One
possibility could be that the peaks are associated with the
electromagnetic pulse that accompanies the laser pulse.
However. why did the pinducer detect this noise at 0.72
MHz and 0.95 MHz while the interferometer detected it at
lZlMHz?

Fortunately. these spurious peaks were at frequencies
below that of the 80150 modes so that they did not interfere
with lhe interpretation of the prominent modes. Also. these
peaks were of a much smaller amplitude so that. despite its
shortcomings. the Fresnel array method was very successful
in determining the ao and So modes in the thicker plate.
One suggestion for improving me these results in
future experiments. for both the thin and mict plates.
would be to adjust the width of the arcs of the array. and the
spacing between me arcs so that only the fundamental
wavenumber. and no higher harmonics. would be excited. It
has also been demonstrated that using a laser beam that had
a Gaussian energy distribution. i.e. one mat operated in
primarily in the TEMoo mode. would also improve the
quality of the data (Costley et at.. 1994; Costley and
Berthelot, 1994).
5. Summary
The results of two distinct. but related experiments
were presented and discussed. In the first, referred 10 as dis-

Another possibility could be that die spurious peaks
are actually part of the acoustic signal. This leaves the pos3&

persian curve analysis, the dispersion curves were experimenraIly detennined for two aluminum plates of different
thicknesses. These curves were in good agreement with the
theoretical dispersion curves. This technique allows one to
identify the modes that propagate in the structure. and to
some extent. their relative amplitudes. However, as pointed
out earlier, both the in-plane and out-of-plane displacements
would have to be measured to conclusively detennine the
magnitude of the conuibution of each mode. In addition, the
response of the detectors would have to be flat with respect
to frequency. Such de1e':tion, both in-plane and out-ofplane. can be accomplished with laser interferometry
(Monchalin et al., 1989). Even without using such detectors this technique has the potential to give quantitative
infonnation. The theoretical dispersion curves shown in
Figs. 4(b) and 5(b) depend on the plate thickness and the
ratio of the compressional wave speed to the shear wave
speed (or equivalently to the Poisson ratio). These parame·
ters could be accurately detennined by adjusting their values
to obtain a best fit between the theoretical and experimental
dispersion curves. This could be considered a generalization
of the method used by Huachins et aI. (1989) to detennine
the thickness and material properties of very thin plates.
The second experiment was referred to as the Fresnel
array method. Fresnel lenses offer a convenient way to produce an array of concenuic arc sources at the surface of the
sample. The spacing between the illuminated arcs produces
a "forcing wavelength" for which only a few specific fre·
quencies (those which satisfy the dispersion relation) can
propagate. The dispersion curves corresponding to the lower
modes of the two aluminum plates were traced by measuring the frequency content of the signals for a range of
wavenumbers. However. the results from the thicker plate
were more ambiguous. Several possible explanations were
presented for these results. Two recommendations were
made to improve the method. One was to adjust the array
spacing and the width of the individual elements to avoid
exciting higher hannonics. Secondly, the interpretation of
the spectral peaks could be facilitated by making the laser
intensity cross-section more Gaussian. Another recommen·
dation not mentioned previously is to use a Prony algo·
rithm instead of the FFT to compute the spectra of the
waveforms. As indicated in Glandier et a1. (1992). the
Prony algorithm would greatly enhance the sharpness of the
spectral peaks thus improving the accuracy of the compari·
son with the predicted dispersion curves. The Prony algo·
rithm is well suited to this class of signals since they are
relatively narrowband. Further work along these lines is
needed before the Fresnel array technique can be applied successfully to some practical problems of nondestructive
evaluation.
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Adhesive Bond Evaluation Using Acousto-Ultrasonics
and Pattern Recognition Analysis
A. Fahr, Y. Youssef and S. Tanary
Abstract

more uniform stress distribution, higher strength-lO-weight
ratio, beuer fatigue behavior and lower cosL However, there
are a number of disadvantages that limit the use of adhesives in primary SDUC1Ure. A major problem is that the
ultimate bond strength is very dependent on the preparation
of the adherend surfaces, properties of the adhesive and the
curing conditions and it is difficult 10 make an accurate
measure of bond quality or potential performance after the
joint has been assembled. Also, petformance of the adhesive
during service can be adversely affected by environmental
conditions or service loads.

The use of adhesively-bonded joints in strucwral components, particularly in aerospace applications, requires
nondesDUctive evaluation methods for the qualification of
bond integrity. The majority of NOE methods used in practice for adhesive bond inspection are only capable of detecting gross bond defects such as disbond or voids and the
detection of poor bond quality due to surface comamination
or environmemal degradation still remains a problem.
In this paper, experimental results of a feasibility study
using acouslO-ultrasonics on bonded specimens containing
different types of bond line defects are presented. The results
obtained in the laboratory on single-lap joint specimens
made from either metallic or composite adherends and
commercial adhesives indicale that. generally, the degraded
or defective specimens were less effective in transmitting
the AU stress waves as compared with the good quality
specimens. Subsequent destructive shear tests of the specimens resulled in shear strength values that correlated well
with the AU signal characteristics representing the efficiency of the bond line in transmitting the AU stress
waves. When pattern recognition analysis was used for the
classification of AU signals, it was possible 10 separate
defective samples from well bonded specimens with good
recognition rates.

The effective use of adhesive bonding in primary structure requires the use of nondestructive evaluation techniques
10 ensure satisfactory bond quality both after manufacture as

well as in service. The majority of NOE methods used in
practice for bond inspection are only capable of detecting
gross physical discontinuities such as large voids or total
disbond. However, in many cases, the development of disbond can immediately lead to catastrophic failure. Therefore,
there is a need 10 detect poor bond quality, known as a kissing bond, before the appearance of disbond. A kissing bond
may be caused by adhesive aging, ineffective surface preparation or contamination of adherends. Additional causes
include problems in mixing, attachment or cure conditions
and degradation due 10 moisture. temperature or service
loads. Under such conditions. only the NDE methods that
are sensitive to minute changes in bond physical and chemical properties and the presence of diffused micro-defects
may have potential.

1. Introduction

Adhesively-bonded joints are used extensively in aircraft airframes in many different forms. Figure I shows
examples of typical aircrafl bonded structures (Han Smith,
1980). In many respects, adhesively-bonded joints have
advantages over mechanical fastening techniques for aerospace applications. Bonded joints allow greater design flexibility and provide a superior aerodynamic surface finish,

It has been reported that the propagation of stress
waves, generated using the acouslO-ultrasonic (AU) technique, is affected by gross defects as well as diffused flaws
or material degradation (Vary, 1987; Phani and Bose, 1986).
For this reason, as well as for the other unique advantages
offered by the AU technique such as the need for access to
one side only, the possibility of interrogating the material
along the direction of stress and large area coverage, the AU
technique was sWdied. The objective was to determine the
feasibility of using acousto-u!trasonics to detect poor quality bonds caused by adhesive or interface flaws or degradation. Many different types of problems which are expected
in adhesive bonds, including physical discontinuities such
as voids and disbond as well as adhesive degradation due to
aging or high temperature exposure and contamination of
adherend surfaces. were studied.
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Fig. I Typical examples of bonded struewres used in aircraft
Table I Specimens used for AU correlation with bond quality
Group

Adherend Material

Adhesive Type

Specimen
Description

No. of Specimens

(I)
Aged

Carbon Fiber
Composite (Narmco
IM6/5245C) [0·]24,
Cured at 1740 C.
600kPa

FM-300 Film
(American Cynamid)
aged at RT for O. 3,4,
5.6, 7, 8 weeks
Cured at 1780 C. 310 kPa

Single-lap Shear
2.5x 12.5xO.3 cm

5 for each condition

Same as Group I
except that the
adherend surfaces
were partially
contaminated
with grease

FM-300 Film
cured at 1780 C. 310 kPa

Same as Group I

10 specimens
in total

Carbon steel. surfaces
sand blasted

FM-3OO Modified
Film. cured at
177°C. 600 kPa

Single-lap Shear
25.4xO.3xl2.7 cm
Exposed
repeatedly to
ISO·C for 3 hrs

6 specimens
in total

Adhesive

(2)

ContaminaJed
Interface

(3)
Exposed
to high
temp.

Although the bulk of the work was carried out on simple single lap joint coupons, other materials and geometries
such as aluminum/foam core sandwich panels were also
investigated (Fahr et al.• 1989). Due to the highly auenuative nature of this material, conventional low frequency
ultrasonics failed to detect a disbond between the aluminum
skin and the foam core. However, the AU method was
found to be quite suitable in this application. The investigation was carried out in two parts by two graduate students.
The first part was concerned primarily with the design and
optimization of experimental procedures and the correlation
of AU signals with bond quality, which is characterized by
its ultimate strength. In the second Part. pattern recognition
techniques were used to identify defective bonds by analysis
of their AU signatures. This paper presents a summary of
the AU tests performed and the results obtained on singlelap joint specimens with defects or degradation caused by

adhesive aging. high temperature exposure and adherend
contamination which simulate kissing bond conditions and
result in degraded bond quality. Flaw free specimens were
also used as controls.

2. Experiments and Results
2.1 AU Correlation with Bond Quality

A series of single-lap joint shear specimens. adopted
from ASTM standard 01002-72. were made using either
metallic or composite adherends and commercial adhesives.
In the first group of specimens, carbon fiber composite
plates were attached using FM300 adhesive films. The
adhesive was aged at room temperature for periods of 0
(control) to 8 weeks in order to deliberately degrade its
properties. In the second group of specimens made of com-

1.2 . . - - - - - - - - - - - - - - - . - - .
Average and Standard Deviation

!

1.0
0.8

II\---~':JI"-'=--I-~----r-----I

~g 0.8 I~----i-"i_-_1_1

Motor Oil

i

O.s

!

i

'a 0.4

AETSC·6

E

(f)

0.6

iE

0.4

~

<I:

0.2
0.2

o

20

40

60
80
lime (SlICOnds)

100

0.0 ol--L-....L.-...L....---JI-~-~-~7--:!8L.--!.9
2
3
4
5
6
Aging llme (Weeks)

120

(a)

Fig. 2 The change in AU signal amplitude with respect to
time for different coupling fluids.

1.2

posite laminates and FM300 adhesive. the adherend surfaces
were partially contaminated with grease before bonding to
create weak interfaces. In the third group, specimens were
made using new FM300 adhesive and steel adherends and
then exposed repeatedly to a temperature of 150 °C, the
adhesive's maximum service temperature. In all cases, the
bonded specimens were inspected using ultrasonic C-scan
techniques which showed no indication of flaws or differences among the specimens. The specimens were then evaluated using AU and destructive shear testing in comparison
with the control specimens. Table 1 provides a more
detailed description of specimens used in the first part.
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For the AU measurements, a parameter which takes
into account both the ring-down counts and the amplitude
of AU signals was defined initially (Fahr et al., 1989). This
parameter was designated as the acousto-ultrasonic parameter or AUP and is related to the Sb'eSS wave propagation
efficiency. For repeatable AU measurements, the test conditions and configuration such as instrument settings, transducer orientation and spacing, and type of coupling fluid
were optimized and kept constant. Figure 2 shows a comparison of the different coupling fluids evaluated. Other factors such as the pressure applied on the transducers and the
amount of coupling medium, which are not as easy to control, were kept as uniform as possible. For this purpose. a
specially designed fIXture with a spring loading ammgement
was used. After completing the AU measurements, specimens were loaded in tension to failure and the ultimate bond
strength was calculated by dividing the failure load by the
overlap area. After failure, the fracture surfaces were examined with an optical microscope to determine the failure
modes.

(b)

Fig. 3. The change in acouste-ultrasonic parameter (a) and
bond slrength (b) with adhesive aging time.
evidence of adhesive failure due to aging. Similarly, steel
specimens subjected to cyclic thermal exposure at elevated
temperatures generally showed lower AUP and strength values as compared to the as-fabricated specimens (Fig. 4). The
fracture surfaces of these specimens showed more evidence
of interfacial failure whereas those of the unexposed specie
mens was predominantly of the cohesive type. In the case
of composite specimens with partially contaminated surfaces. a good correlation was observed between the AUP and
the bond strength. i.e. the weaker bonds generally resulted
in lower AUP values (Fig. 5). The examination of fracture
surfaces revealed a mixed mode failure consisting of cohesive failure in the adhesive, interfacial failure at the edges
and at the contaminated area and fibber pull-off and interlaminar failure in the first few plies of the composite
adhesend.

As shown in Fig. 3, both the AUP and the sb'ength
showed a decreasing b'end_with increase of the adhesive
aging period. The examination of fracture surfaces showed
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Fig. 6 Sequential (a) and simultaneous (b) approaches to
pattern recognition.
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2.2 Application of Pattern Recognition

o

~ 1.0~
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Pattern recognition analysis is essentially a two step
process which consist of fust establishing a classification
rule and lIten applying iL A preliminary step, of course, is
to generate and store the signals and select important
parameters characterizing lite signal. The determination of
lite classification rule can be performed either sequentially
or simultaneously. In lite sequential procedure. shown in
Fig. 6(a), a set of known observations are used to formulate
a classification rule. The classifier, which is fixed in this
case, is lIten used to classify unknown observations. In the
simultaneous approach. iIIusttated in Fig. 6(b), the classification rule is modified and improved with each positive
identification. The Statistical Analysis System (SAS) software package was employed for pattern recognition analysis
using the simultaneous approach. The flow chan, illustrated
in Fig. 7, shows the different steps in SAS pattern recognition analysis; the procedures are described in SAS Institute
Inc. (1987) and Youssef et aI. (1990).
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Fig. 5 Correlation of AUP with average shear suength for
specimens with contaminated areas.
In all cases, lite correlation between the AUP and bond
suength indicates lItat lite adhesive and inlerfacial conditions
Ihat affect the bond suength also influence the propagation
effICiency of AU stress waves. Therefore, it was concluded
lhat, under controlled laboratory conditions, it is possible 10
use the AUP to infer information about lite bond quality.
However, since lite AUP is very dependent on test conditions, it was necessary to consider other signal analysis
options. Pattern recognition (PR) techniques were investigated in order to identify features of the AU signals which
are more sensitive to bond flaws and less sensitive to the
test conditions and also determine if defective specimens
could be identified on the basis of their AU signature.

Tests were carried out using specimens fabricated from
2024-n aluminum and a room temperature cure adhesive
(Hysol 9320). In addition to conuol specimens which were
made using the ASTM Standard 2651 (Method A) recommended surface Ueatment (Group A), other specimens were
fabricated with different joint lItickness (Group B) or without surface ueatment to create poor adhesion (Group C) as
well as specimens which were cooled 10 -18°C for 24 hours
after cure to degrade the adhesive (Group D). Also. tenon
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Table 2 Specimens used for pattern recognition analysis of
AU signals. Adherend Material: Al 2024-T3, Adhesive
Type: Hysol 9320, RT Cure

Stepwise
Discriminant
Analysis

Group

canonical
Discriminant
Analysis

(A)
Single-lap Shear, ASTM STD
Reference Dl002-72, 2.5xl9xO.2 cm,
1.27 cm overlap

Fast Cluster
Analysis

Specimen Description

No. of
Specimens

5

(8)

Same as A but different joint
thickness

10

(C)

Same as A but no surface
etching

5

(0)

Same as A but frozen for 24 hrs
at -18°C

5

(E)

Same as A but adherend
surfaces sprayed willi Teflon,
different size and location

Frequency
Tables

Fig. 7 Flow diagram showing steps used in the pattern
recognition analysis of AU data.
spray was used to partially cover adherend surfaces to simulate inlerface contamination (Group E). Table 2 provides a
description of specimens used in this pan of the study. All
the specimens were inspected in an automated ultrasonic Cscan system which did not show any significant differences
between specimens.
Of lIle large number of parameters that were initially
considered, several parameters or features of lIle AU signals
contributed most to the identification of different groups.
These parameters are listed in Table 3. The important features were eilller related to the efficiency of lIle joint in
uansmitting suess wave energy (i.e. mean amplitude,
energy, area under the frequency specuum) or the suess
wave propagation speed (i.e. location of the maximum and
minimum peaks, time to first crossing of a threshold).
Using lIle Canonical Discriminant Analysis procedure of
SAS, which replaces a large set of features with a smaller
set of canonical variables, the different groups were classified and projected on a plane consisting of two canonical
variables. Although groups C, D and E, which all were
defective, showed overlap in the two dimensional plane,
they were separable from each other in the multi dimensional space. More imporlanLly, the defective groups, even
on a two dimensional plane, were subslantially apart from
lIle defect-free control group as illusuated in Fig. 8.
3. Summary

In summary, the results on single-lap joint specimens
under controlled experimental conditions indicated that, in
many cases, the degraded specimens demonsuated poor
stress wave uansmission and had low bond strength values.
However, the signal parameters which indicate the stress

10

Table 3 Important features of AU signals retained for pattern recognition.
Time Domain Features
Mean amplitude
Slandard deviation (STD)
Peak-to peak amplitude
Time to maximum amplitude
Time to minimum amplitude
Maximum slope between two successive points
on the signal
Energy of the signal
Time to rust crossing of STD threshold
Ring down counts at STD threshold
Frequency Domain Feawres
Area of the power spectrum
Frequency of peak amplitude in lIle spectrum
Maximum amplitude in the power specuum

wave uansmission efficiency are not only influenced by lIle
bond quality but are also affected by test conditions includ·
ing the material and geometry of lIle adherends, transducerspecimen coupling and instrument seuings. Pattern recognition analysis was employed to extract features of lIle AU
signals which were more sensitive to bond defects and to
classify defective bonds. Using optimal features, it was
possible to classify different defect groups and differentiate
defective test coupons from well bonded ones. Hence, lIle
AU technique, along with pattern recognition, may have
potential for quality assessment of adhesive bonded joints.

Group:

A. Vary (1987), The Acousto-Uhrasonic Approach, NASA

A· Reference (no flaw)
B • Different Joint Thlckner
C • No Surface Etching
D • Frozen Adhesive
E • Teflon Spray

5
4

TM89843.
Y. Youssef, A. Fahr and C. Roy (1990), "NDE of Adhesively Bonded Joints Using Acousto-U1ttasonics and Pauem
Recognition", Proc. 4th International Con/. Nondestructive
Characterization o/Materials, Annapolis, MD, June 11-14.
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Fig. 8 Classification of AU signals from different bonded
specimens.
The technique is likely 10 be suitable for such applications
as aluminum lap joints or composite patches, however,
proper calibration procedures and reference components of
the same material and geometry as the test piece may be
required. Further work has been planned to study the application of the AU method for inspection of large aluminum
lap joints with interface corrosion, degradation and disbond.
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Acousto-Ultrasonic Signal Classification to Evaluate
High Temperature Degradation in Composites
A. Maslouhi, H. Saadaoui, S. Beland and C. Roy
Abstract

ing. poor fiber/matrix bonding and similar factors that may
be intermixed in varying degrees. In this method. a broad-

Overheating of composite materials may change either
the morphology. microstructure. state of cure and porosity
of the matrix or result in a profusion of microscopical
defect that are not easily detected by conventional NDT
methods. Neat resin and unidirectionnal carbon epoxy composite panels exposed to either constant high temperature or
thermal cycling were evaluated using acousto-ultrasonic
(AU) techniques. Advanced signal processing together with
pattern recognition approaches were employed ftrstto decipher the acouslO-ultrasonic signals. Neural classifier coupled to conventional statistical methods were then employed
to classify AU signals according to the state of deterioration
of the composite panels after exposure to high temperature.

band ultrasonic transducer injects repetitive pulses inlO the
test material, which propagate as stress waves. These, after
interacting with the material microstructure and the bondline. are captured by an acoustic emission sensor. The AU
technique needs access to only one side of the tested structure.
The acousto-ultrasonic measurements consist in collecting the stress wave energy resulting from wave interactions with the damaged material or diffuse micro-flaw
within composite. The prevailing problems in AU measurements in composite material panels have been reported
previously (Kierman and Duke, 1990). They are related to
multiple reflecting waves and mode conversion that create
the dislOrtion in AU signals captured by the receiver. This
results in a highly modulated complex signal that usually
includes numerous super-imposed waves. Other factors
influencing the AU measurements are. the characteristics of
the emitting and receiving transducers, spacing between
them, and their frequency bandwidths (Vary, 1990). In earlier work, Tang and Henneke (1989) demonstrated that the
wave interactions with plate boundaries and with plies in
laminates produced various dispersive wave modes. When
laminate or ply thicknesses in composite structures are
comparable to the ultrasonic wavelength. several Lamb
modes with different speeds propagate simultaneously.
These are additional factors influencing the AU signals.
Vary (1990) has proposed rules that further the success of
the AU technique; for example, if the objective is to measure the effect of defects in composite on the stiffness or the
global variation on its mechanical properties, then the
wavelength-to-thickness ratio must be greater than one.

1. Introduction
Carbon fibers and epoxy resin based composites are
widely used in aerospace applications. These composites are
often exposed to elevated temperatures. The type of atmosphere and the duration of exposure to elevated temperatures
may drastically influence the mechanical properties of the
matrix and the interface between the matrix and reinforcing
fibers (Springer. 1981). Overheating of composite structures in service is often revealed by either the discoloration
or blistering of paint. However, it is difficult without
removing parts of the structure so that mechanical tests can
be carried out 10 determine whether the underlying composite has been damaged. and if so, to what extent the mechanical properties of the structure have been affected. There is
obviously a need for an effective non-destructive inspection
procedure that can assess the degradation of a composite
structure resulting from overheating of a composite. Since
the strength loss is primarily associated with diffuse matrix
degradation rather than to an isolated flaw, the acoustoultrasonic (AU) method (Vary, 1982) could be appropriate
to evaluate the material state of the composite. It has been
shown (Vary, 1990) that the AU methods have the potential
to evaluate the collective effect of diffuse flaw populations,
such as porosity, matrix crazing, fiber breakage, poor cur-

This work emphasizes the global effects of overheating
of laminates on the AU signal characteristics. The study is
based on the digital signal analysis of the receiving AU
waves and the description of the AU signals in terms of
numerical parameters (Beland et at, 1992; Roy et aI.,
1988). The determination of the AU parameters involved
calculating the characteristics of the signal in the time
domain. the moments of the spectral density and the global
parameters that reflect more accurately the possible distribution of signal energy across its frequency band. The resulting data base was then classified using two different pattern
recognition approaches; the statistical multivariate analysis
(discriminant analysis), and, the artificial neural network

Received 24 June 1993. A. Maslouhi and H. Saadaoui are aeflliated with School of Engineering, Universit~ de MoncIOn, NewBrunswick, Canada EIA 3E9, S. Beland is with Institute for
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Canada.
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Considering each member in me training set as a representation point, the algorithm can determine the distance
from an unknown x to every pattern in me training set.
Thus. for an arbittarily chosen constant k, me algorithm
finds the K-nearest pauerns to the unknown x. The pattern
x is then assigned to the class to which the majority of the
K-nearest neighbors belong.

10 TllUilL "rolUll

3. The Neural Network Approach
The use of artificial neural networks to classify and
recognize thermal degradation in composite materials offers

a potential alternative to traditional classification techniques
based on statistical memods (Maslouhi and Roy, 1992;
B~land

et al., 1993; Maslouhi et al., 1993). The neural network approach is a relatively recent technique, which was
inspired by me functioning of me human brain. Neural
networks have an ability to learn, even from ambiguous or
contradictory information, which bears a resemblance to the
human brain in the sense lhat knowledge and experience are
acquired through learning rather than programming. This
ability may be the most important advantage in using neural networks in AU signal processing. Thus, the main purpose in using neural networks is to develop trained networks capable of recognizing forms, or providing an appropriate response to data sets.

Fig. 1 Overview of me experimental and analytical
procedures

analysis based on a back-propagation algorithm. A flow
chart summarizing me main steps used in this study is
shown in Fig. 1.

A neural network consists of many processing elements joined together. The output path of a processing
element is connected to input paths of other processing
elements through connection weights. which correspond to
the synaptic strength of neural connections. Then, a composed summation is applied and used as the input to a nonlinear b'anSfer function to obtain the output activation for
the processing element. Figure 2 illustrates the composition of one processing elemenL The output path Y of processing elements is connected to input paths (Xo' X1....Xn)
of other processing elements through connection weights,
Wij' Outputs of each neuron are calculated from the following equation:

Z. Statistical Pattern Recognition Approach

A pattern class is a group of observations specific to
AU signals lhat have cenain common properties. The objective of pattern recognition is to assign a signal to a
pattern class on me basis of me measurements of me state
of thermal degradation. Generally, a pattern recognition system goes through a learning stage in which a set of decision
rules is developed. Properties which can be used to distinguish signals from known reference samples are identified.
The classifier is said to be trained when it is able to use me
decision rules along wim these properties to identify an
input signal. In this study. the K-nearest neighbor (KNN)
and linear discriminant classifier were used to test the performance of the training data and to generate the discriminant function which was applied to an unknown set of data.
The most familiar form of KNN classification (Lipmann,
1987; Roy et al.• 1988) is to classify a test sample into the
class containing its K-nearest neighbors. Stated explicitly,
this rule permits to classify a test sample x into a class i if:
Pi,k i ~ Prkj
nj

nj

(i

:F;

n
Y = f(L Wjj*X j -9)= f(l)
ieO

where f is the sigmoid non-linear function. f(z)=l/(l+e- Z).
to be applied to the neuron, a is the bias and Y is the output of the jib neuron.
The multi-layer network training is based on a backpropagation algorithm such as the one suggested by
Lipmann (1987). It is an iterative gradient algorithm designed to minimize the mean square error between the actual
output of the network and the desired output (class of degradation). As its name suggests. this algorithm which uses
the composed derivative of the transfer function, back-propagates the output error toward the intermediate layers in
order to adjust the values of the connection weights.

j)

where ni is the total number of samples from class i, Pi a
priori probability of class i, and ki the number of samples
from class i in volume V which contains the K-nearest
samples. K = I.~, being the number of samples in V.
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There are two main phases in the operation of a network; learning and testing. Learning is the process of
adjusting the connection weights in response to the amount
of error that the network is generating. Testing refers to
how a network responds to input stimuli where no adjustment of the weights takes place. In its simplest form. backpropagation learning (training) begins by presenting an
input pattern vector to the network, and sweeping forward
through the system to generate an output response. The
desired output and the actual output of each processing elements in the output layer are used to calculate an error
(desired minus actual). This error is then included in the
formula to calculate the back-propagation error of each processing elements. Thus the main mechanism in a backpropagation network is to forward propagate the input
through the layers to the output layer. determine the error at
the output layer. and then propagate the errors back through
the network from the output layer to the input layer using,
generally. the following equation:

tUIl1

I'

u

...

'flrthU•• ,

"'"l1tlll I

"
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II

II

It

Fig. 3 Typical multi-layer back-propagation network.
used for classification of AU data. It is made up of the input

layer. hidden layer. output layer. and the inter-layer connections.
4. Experimental Procedures
4.1 Malerials

where Ejs is the local error at the jth neuron in layer s and

Il is the weighted summation of inputs to jth neuron in

layer s. The multiplication of the error by the derivative of
the transfer function scales the error. The error term can
then be computed at each neuron and the weights can be
adjusted with the following formula known as the delta
rule:

where Lcoef is a learning coefficient, typically between 0.1
and 1. In this work. a so-called momentum term was added
to preserve the direction and magnitude of a trend in movement of the weight vector during optimization. One should
note that back-propagation provides a good learning tool,
using gradual weight adjustments to minimize error. The
disadvantage of this algorithm is that a desired output must
be learned for each sample training. The value of a network.
however, remains in its capacity to respond to an input
value which was not included in the sample training. Such
a capacity is known as a network's generalization. Figure 3
illustrates the typical multi-layer back-propagation network

A high temperature epoxy (Dow Tactix 742) was used
to produce non-reinforced resin panels. Unidirectional composite panels with a nominal fiber volume fraction of 60%
were fabricated from carbon/epoxy (AS4/3S0I-6) prepreg
materials. Resin and composite panels were cured according
to the manufacturer's recommended curing cycle which
included in both cases two hours at I77'C. Materials and
dimensions of different panels used in this study are presented in Table 1.
4.2 Thermal Conditioning

For thermal exposure. the panels were placed 2S mm
apart on an aluminum rack that was insened into a preheated programmable furnace. The temperature was monitored by a thermocouple located in the center of the panels.
A number of these panels were subjected to constant tern·
perature exposures (composite panel A) or to thermal fatigue exposures (composite B and resin panels). The resin
experienced a total 21 cycles at 23S·C. This maximum
temperature is slightly above the service temperature but
insufficient to initiate visibl~ ~mage or discoloration. After

Table 1 Material specifications
Sample

A

B

Resin

Material

AS413S01-6

AS413S01-6

DOW Epoxy Resin

Size(mm)

ISOxlS0x3.3

300xI40x3.3

300x140x3.2

No. plies

24

24

Nanue ofThennal
Exposure

Constant temperature
24S·C. UO"C and 27S"C

Thermal cycling
40 cycles at2SS·C

Lay-up

unidirectional

unidirectional

Quantity

4

3

=
B
;:::::1 &I

=~

ID

Thermal cycling
40 cycles at 23S·C
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Fig. 4 Experimental selUp.

o(virgin), S. 11. 16 and 21 thermal cycles. the resin panels

The AU measurements were carried out with the system shown schematically in Fig. 4. A pulse generator
(Tektronix liS) was used to produce the repetitive inpul
signals. which excited a broadband aransmitting transducer
(AET FC-SOO) with 500 kHz center frequency. At a fIXed
distance. an acoustic emission receiver (B&K 8312), with
flat frequency response over the range 0.1 to 1 MHz, was
used to intercepl the suess waves. The location of the emilting transducer was selected to avoid the reflection of the
waves. Both ttansducers were coupled to the panel surface at
normal incidence using coupling fluid, and they were held
by a special fIXture to maintain the orientation and relative
positions of the ttaIlsducers constant. The received signals
were amplified and flItered using a 2 MHz bandpass flIter,
then digitized using a signal acquisition and processing system.

were subjecled to AU measurements .
The unidirectional composite panels were subjecled to a
total of 40 thermal cycles at 2SS"C. After 0 (virgin). 10,
20. 30. and 40 thermal cycles, the composite panels were
subjected to AU measurements parallel to the fibers and
perpendicular to the fibers. Constant temperalure exposure
effects have also been sludied. Three composite panels were
exposed for 30 min to 24S·C, 260·C. and 27S·C. respectively. The composite panels were C-scanned before and
after heat Ireaunent, and subjecled to AU measurements
paraUel and perpendicular to the fibers.

4.3 Acousto-Ultrasonic Measurements

48

Essentially, the parameters are the number of elements in
the input layer (which is also the number of parameters
used in the analysis), the number of processing elements in
the output layer, the number of intermediate layers (hidden
layers) and the associated processing elements, and finally,
the transfer function for the processing elements. The number of input and output processing elements is fairly easy to
determine, which is not the case for the hidden layers. There
is, in facl, no empirical function which would allow one to
dimension a network appropriately and determine the number of intermediate layers and their processing elements
according to the problem submitted to it. One must therefore proceed by trial and error, until an acceptable level is
reached. The first operation is to define the data set containing the values for both inputs and desired outputs. Then, a
number of networks are created and tested for each composite. It then became necessary to perform an optimization in
order to keep only those which give the optimum root
mean square error.
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Fig. S Measurement setup of fiber direction effect on AU
signals.
For repeatable AU measurements, the test conditions
and configuration such as instrument settings, transducer
orientation and spacing, and type of coupling fluid were
optimized and kept constant.

Once the architecture of the network had been developed
and the parameters chosen; momentum value at (0.6-0.9)
and learning coefficient value at (0.3-0.5), the training could
begin. Training involved changing the values of the
weights until the error at the classifier output was as small
as possible. After training was accomplished, half of the
data was presented to the network. without changing the
value of the weights, for signal recognition.

Software routines were developed to facilitate a rapid
da!a b3DSfer, ASCII code conversion, and feature eXb'aCtions
from the signals in the time and frequency domains. The
parameters evaluated from each signal should describe as
faithfully as possible the original signal by keeping a wide
variety of information. A list of 36 parameters was defined
and most of them were adopted from preceding studies
involving pattern recognition and NDT data (Maslouhi et
a1., 1993).

5. Results and Discussion
Figure 6 illustrates typical AU signals in the time and
frequency domains for the composite A unexposed and after
exposures to 24S·C and to 27S·C (AU measurements taken
parallel to the fiber direction). In this example, there is a
transformation in the AU signal amplitude in both the time
and frequency domains for the exposed specimens. However,
for many other measurements it was more difficult to pick
out the variations in the pauern of the AU signals. It is for
those cases that signal processing analysis and pattern
recognition were especially helpful.

For example, the unidirectional composite panels were
3.3 mm thick and the velocity (v) in graphite/epoxy composite is roughly 2.7 mm/~ (Vary, 1990); therefore, the
O.S MHz transducer produced a principal wavelength (A. =
v/f) of about S.4 mm, giving wavelength-thickness ratios
of approximately I.S. This ratio satisfies the rule that specifies that wavelength-thickness ratio should be greater than
one for appropriate AU measurements.
In order to evaluate the effect of the position of the
transducers relative to the fiber direction on the changes in
AU signals due to thermal degradation, the AU measurements were taken at different azimuthal angles (Fig. 5). A
total of 25 measurements were taken at the angles 0·, 1S·,
30·, 45·, 60·. 7S· and 90· for unexposed and exposed composite panels at the constant temperature of 27S·C. The
peak to peak mean values were calculated and plotted in
terms of radial position versus angular value in degrees.

As the signal peak-te-peak (P-p) was one of the parameters most affected by changes in material due to thermal
degradation, the signal amplitude (mean pop value) was chosen to evaluate the effect of the azimuthal angle on the AU
signals after thermal exposure. In Fig. 7, the mean Pop values are ploued as a function of the azimuthal angle, for the
unexposed specimen and for the specimen exposed at 27S·C
for 30 min. Figure 7(a) shows that the attenuation in the
perpendicular direction is higher than in the fiber direction
as it was observed by Vary (1990). It appears that in the
longitudinal directions, the fibers transmit the high-frequency wave components at a high velocity while low-frequency components are transmiued by the reinforced matrix
at a lower velocity. This explanation is supported by the
results shown in Fig. 7(a) where the AU signal energy van

The architecture of the neural network used to classify
the signals was developed using Neural Network Professional n software. from Neuralware. Inc. A certain number of parameters and coefficients, associated with the
network architecture and function, must be determined.
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ments perpendicular to the fibers are more sensitive to the
maIrix degmdation than measurements in the fiber direction.
Scanning elecuon microscopy examinations and mechanical
testing results also revealed significant signs of matrix and
fiber·matrix degradation (Beland et al., 1993).

ishes in laler81 transmission due 10 the uansverse fibers.
Figure 7(b) shows the effect of the high temperature exposure on the auenuation of AU signals. Figure 8 shows the
dislribution of the AU signal energy collected during the
measurements perpendicular to the fibers described above.
This energetic dislribution decreases with increasing tem·
perature of exposure. This was expected as AU measure·

Signal features that were found best in characterizing
the state of degmdation of the material were selected 10 form
an optimum data set for each experimentation; i.e., neat
resin, the composite exposed 10 constant temperature and
the composite that had been exposed 10 thermal cycling. In
the present study, only signals from AU measurements
raken perpendicular to the fibers are used for signal classification. For the composite A (constant temperature exposure), four data sets were considered: room temperature
(virgin), 24S'C, 260'C, and 27S'C; for the resin, three
steps of thermal cycling were considered: virgin, 11 and 21
cycles; and finally for the composite B; virgin, 20 and 40
cycles were considered.
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The original AU signals collected from the resin and
composite B panels, which had undergone the same conditioning, were gathered to form data set of 30 signals each.
and for composite A panels, 60 signals were gathered for
each constant temperature to form another data seL Each
data set were then subdivided in half 10 give a subset composed of 15 signals for each step of cyclic thermal degradation (e.g. 15 signals for virgin, 15 signals for 20 cycles of
exposure, and IS signals for 40 cycles of exposure). For the
constant state of exposure (composite A), the subset was
composed of 28 signals for each exposure temperature (e.g.
28 signals for virgin, 28 signals for 24S'C, 28 signals for
260'C, and 28 signals for 27S·C).
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Initially, the pauem recognition technique based on statistical discriminant analysis (KNN, linear discriminant
analysis) was applied in order 10 compare the classification

Fig. 6 Typical AU signals and spectrum.
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exposure; each symbol represents one signal among all
those gathered during the four experiments (virgin. 24S'C.
260'C. 27S·C). The separability of the signal classes related
to degradation state of the composites is optimized. Table 2
presents the results of the AU signal classification in the
testing step of the statistical discriminant analysis for the
resin and for the composite B subjected lO thermal cycling.
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Fig. 9 Classification of AU signals collected on composite

In the case of the neural network analysis. me training
data set was rust presented sequentially and in random order
lO the network to minimize the possibility of the weights
veclOr being cyclic during training. When the input signals
in training set were fed in. one learning cycle was induced
while another could begin.

A.
results obtained from the statistical classifier to those obtained from the neural classifier. The use of discriminant
analysis and cluster analysis with initial supervision for the
classification of signals has been reported elsewhere (Roy et
aI.• 1988). Figure 9 displays the classification results for
the composite A. which was subjected to constant tempera

The learning performance of the network was assessed
using different learning rates and momentum (Anon.•
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separate AU signals from virgin, 24S·C, 260·C. 27S·C
constant temperawre exposures. The comparison of the statistical rates using Ihe neural network classifier and the statistical classifier for all types of samples are summarized in
Table 3. This result shows that the recognition rates obtained by the neural classifier are lower than those obtained
by the KNN classifier. In the statistical approach. a cluster
is a representation space defined by a seed and its associated
clustering criterion. The clustering criterion determines the
cluster size by using a discriminant function which is based
on distance measurements. A discriminant function unambiguously classifies all patterns and this may inuoduce extrapOlation errors. Hence the higher classification rates obtained with statistical analysis (Table 3) may be due to
some misclassification of novel patterns. On the other
hand, with neural networks, the Bcma! signal is compared
wilh model output (desired output) and then Ihe signals are
recognized with higher accuracy and new patterns are discovered.

1991). The number of hidden units was also varied.
Training was completed when average squared error of the
output in a full cycle decreased to a minimum value.
Figures 10 and 11 show an example of the evolution of the
RMS error between Ihe desired output and Ihe acwal output
This error was found to be a minimum after about 20000
iterations for Ihe composite B and 25000 iterations for the
composite A. After training. the networks were evaluated
by comparing the results from the original training data and
a completely new set of testing data (the other half of the
data set). Figures 12 - 14 present examples of the performance of the network for Ihe resin. the composite B, and
Ihe composite A respectively. In Fig. 12, the neural network was trained to recognize and separate AU signals from
virgin samples, 11 cycles of thermal exposure, and 21 cycles of thermal exposure for the resin; in Fig. 13, the net·
work was trained to recognize and separate AU signals from
virgin samples and 40 cycles of exposure for the composites, and, in Fig. 14, the network was ttained to identify and

Table 2 a) Statistical classification results for neat resin

Virgin
11 cycles
21 cycles
Total
Percent

Virlrin
14
93.33
4
26.67
0
0
18
40

Number of Observations and % Classified as
11 cvcles
21 cYCles
1
0
0
6.67
11
0
73.33
0
1
14
6.67
93.33
14
13
31.11
28.89

Total
IS

100
15

100
15
100
45
100

Table 2 b) Statistical classification results for composite B

Virgin
20 cycles
40 cycles
Total
Percent

VirJrin
13
86.67
0

100
0
0
13
28.89

Number of Observations and % Classified as
40 cvcles
20cvcles
2
0
13.33
0
15
0
100
100
0
15
0
100
17
15
37.78
33.33

Total
15
100
15
100
15
100
45
100

Table 3 Classification results summary
Samole
Resin
A
B

Material
DOW Eooxv Resin
AS413501-6
AS413501-6

Neural Classification Rate
82%
97%
94%
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KNN Classification Rate
86%
100%
100%
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A. Maslouhi, H. Kiona and C. Roy (1993), "Application of
Artificial Neural Networks to the Classification of Acoustic
Emission Signals Captured During CFRP Fatigue Load·
ing", CANCOM 93, ed. W. Wallace and R. Gauvin.
CACSMA, Ottawa, pp. 467-478.

6. Conclusion
Experimental measurements of AU signals on resin and
composite panels, and their classification using pattern
recognition techniques, indicate that it was possible to separate unexposed panels from those which were exposed with
good recognition rate.

C. Roy, A. Maslouhi. D. Gaucher and Z. Piasta (1988).
"Classification of Acoustic Emission sources in CFRP
assisted by Pattern Recognition Analysis", Canadian
Aeronautic and Space J.• 34(4),224-232.

The application of the neural networks to evaluate the
degradation of neat resin and composite specimens due to
thennal cycling has so far yielded promising results in
comparison to statistical multivariate analysis. The technique shows promises for analyzing AU signals and classifying them according to the thermal state of degradation,
where a data set of AU signals from known degradation can
be used to train the system and develop appropriate classi·
fiers. However, further work is required to establish the
applicability of these techniques to large and complex srruc·
tures.

0.5. Springer (1981). "Environmental Effects on Com·
posite Materials", Vol. I, Technomic Publishing Co., Inc.,
Wespon, CT, p. 203.
B. Tang and E. O. Henneke II (1989). "Long Wavelength
approximation for Lamb wave characterization of composite
laminates". Research in Non·Desrructive Evaluation, 1(1),
51-64.
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The Use of Acousto-Ultrasonics to Detect
Biodeterioration in Utility Poles
Frank C. Beall, Jacek M. Biernacki and Richard L. Lemaster
Abstract

can often be arrested through b'eatment. prolonging the life
of a pole. Assuming an average replacement cost of $2.000.
each 1% reduction of removals would save about $240.000
annually. Because of preservative tteatments. the removed
poles are now classified as hazardous waste. substantially
increasing disposal problems. Beyond the direct cost savings of a reliable nondestructive evaluation technique. the
reduction of risk to line workers is an even greater benefit.
Although a number of pole inspection techniques have been
studied and developed. no field technique has gained wide
acceptance by the utilities. Many of these techniques lack
sufficient sensitivity 10 detect all but advanced decay, are
too expensive, or use too large or complex equipment to
make field inspections practical.

In the US. wooden utility poles are used extensively
for transmission and distribution of power and communications. In California. Pacific Gas and Electric Company
replaces approximately 12.000 poles annually. One problem with wooden pole performance is hidden biodeteriomtion caused by insect and fungal attack. The lack of an
acceptable nondestructive evaluation technique and the
safety hazard to climbers has led to conservative inspection
techniques. resulting in unnecessary replacement of many
poles. Increasing replacement costs, including labor, new
poles and disposal of the ueated poles is a growing concern.
In this project. the feasibility of using acouslO-ulttasonics
(AU) was investigated in two parts. (I) detection of deteriomtion simulated through different sizes of holes bored in
sound poles and (II) detection of actual deterioration in ten
poles removed from service. The characteristics at the point
of AU ttansmission (defects. deterioration. moisture content. and preservative location) were subsequently evaluated
by cutting cross sections. For Part I. results showed that
AU was sensitive to the presence of holes of SO mm diameter or greater. Variability of signals within a pole was significant due to pole condition (checking and moisture content), which was minimized by multiple measurements and
by measuring each pole in a "reference" area that was likely
to have no defects. In Part D. a number of signal parameters
were found to be sensitive to different conditions of poles
and deterioration. It was also found that deterioration could
be assessed on an absolute basis without use of a reference

The study was done in two parts. with the fll'St to de·
tect simulated deterioration and the second to confmn the
technique on actual poles. In Pan I, deteriomtion was simulated by sequentially drilling holes from SO to 120 mm in
diameter; for Pan II. a series of ten pole specimens having
unknown degrees of deterioration were randomly selected
from poles removed from service. This attempt at developing a pole inspection technique combines acousto-ulttasonics (AU). a technique that has shown good ability to detect
variations in materials; recent advances of signal processing
methods that can detect subtle differences in signals; and the
advances in the elecb'Onics industry that permit cost-effective acquisition, storage, and analysis of data in a field
ponable computer.

area.

2. Background

1. Introduction

2.1 Biodeterioration of Utility Poles

Wooden utility poles are used extensively in the US for
the distribution of power and communications. Pacific Gas
and Electric Company (pG&E). the sponsor of this project.
owns 2.4 million poles within its service area and purchases approximately 24.000 poles annually, one-half of
which are used for replacements. Although many replaced
poles still have a useful service life. they are often removed
on a precautionary basis. If detected, decay and insect attack

The two major forms of biodeterioration in utility
poles are decay and insect attack. Most decay occurs at or
below the ground line and nearly always in areas opened up
by checks or other damage to the poles. Checking is a grain
separation in the longitudinal-radial plane, usually visible
on the surface. The radial direction is from the surface
IOward the "biological" center of a pole. These checks are a
normal event, caused by stresses developed during the drying of a pole; quite often, a large check provides sufficient
Sb'ess relief to prevent further checking in other areas.
Although utility poles are treated with preservatives 10
reduce biodeterioration. the typical western softwoods used
as poles often can be treated only in the sapwood, leaving

Received 24 June 1993. The authors are afftliated with Forest
Products Laboratory, University Of California, 1301 S. 46th
Street. Richmond, CA 94804 USA.
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the detecting medium for a general profile of the pole
(Eslyn, 1959). This progressed to electronic-type detectors
(Galligan. 1964) and more recently to portable. computeraided tomographic (CT) scanners (Davis et al.• 1993). All
of these techniques produce images that are dependent on
differences in density and composition of matter. Although
advanced deterioration. especially voids. can be detected with
these methods. the presence of moiswre has often masked
defects. An electric technique for the detection of decay uses
the resistance to pulsed dc. based on the lower resistivity of
decayed wood (Shome et aI., 1977). In application, a hole
is drilled in the pole and a wire probe insened to serve as
the electrode. Disadvantages of the technique are insensitivity to early decay and the masking effects of moisture content on resistance of wood. Mechanical methods of assessing deterioration include either forcing a pin or drilling a
hole into the material and measuring the force for a specific
depth of penettation or the depm of penetration under constant force (Eslyn, 1968). Although the pin-based device is
capable oC sensing advanced decay, the disadvantages include
insensitivity to intermediate decay and shallow penetration.
A drilling technique reported by Eaton and Johnstone (1989)
uses an air-driven, automatic-feed drill. where increases in
the feed rate occur indicate deteriorated material. One disadvantage is the residual hole, which is a potential avenue for
subsequent fungal infection, even if plugged.

the internal heanwood susceptible to deterioration. The patof decay varies with species, but follows sequential
~ of incipient, intermediate. and advanced decay.
Incipient decay nonnally occurs with little visible change of
the wood, although the dynamic suength properties can be
greatly reduced. The other exueme. advanced decay, is characterized by wood with no intrinsic strength. In order for
fungal attack to occur, certain favorable conditions are
needed, including "free water" (the amount of water in
excess of "bound water," which reaches a maximum of 25
to 30% moislUre content [also called the "fiber saturation
point"] on an oven dry mass basis for most wood species;
free water exists in the lumens. or cell cavities, that make
up about two-thirds of the volume of softwoods).
&em

In California, three major types of termites cause damage to poles. The most damaging are subterranean tennites,
which nest in the soil and attack the pole for food, usually
through the embedded portion of the pole. In contrast. drywood termites swann through the air and will quite often
enter the pole through some upper part. including me top.
The third major type is wetwood termites. which are usually associated with desb'Uction of downed trees in the forest However. they will attack poles. particularly in portions that are wet It is not uncommon to find both tennite
and fWlgal deterioration in poles (which was the case in this
study).

Acoustic methods can be arbitrarily divided into sonic,
suess wave, and ultrasonic, based on the frequency and
method of wave excitation. Most of these techniques involve measurement of the effect of the material and/or wave
path on transmission. Miller et al. (1965) obtained velocities from impact-induced. sonic transmission across the
grain of standing poles that was apparently sensitive to
intermediate decay, although no data has been published.
Nevertheless, this type of signal injection has led to several
commercial devices, such as DE-K TECTOR (Heath Consultants. Inc.) and PoleTest (EDM, Inc.). Similar velocity
measurements. but using ultrasonic transducers to induce
signals, were also reported to be sensitive to decay in standing crees (McCracken and Vann. 1983). In the same study.
with a continuous sonic vibrator at 100 to 1000 Hz, the
received signal showed an increase in amplitude in trees
having substantial decay. In a differenl approach (Dunlop.
1981). impact-induced sound was propagated along the
grain. However. it showed little or no sensitivity to decay
in the damping coefficient and velocity. Dunlop (1983) also
drove standing poles into longitudinal resonance by pulsing
normal to the length on the top and in "pockets" along the
height. With an input of 1 to 4 kHz. about 65% of decayed
poles displayed signal irregularities. The acoustic technique
reported in this paper is acousto-uhrasonics, a method thal
injects simulated suess waves in the ultrasonic range into a
material and measures the characteristics of the received
waves. Using AU, Pallon-Mallory and DeGroot (1990)
found that certain characteristics of received waveform were
sensitive to brown-rot decay, the major type of decay found

2.2 Current Pole Inspection Method
The most widely-used pole inspection method consists
of listening to the response from hammer impacts and then
drilling or coring when appropriate (Eslyn. 1968). This
"sounding" technique is accomplished by sttiking the pole
around its periphery. from ground line to as high as can be
reached. The characteristics of the sound of each impact are
evaluated subjectively by the inspector, with a dull or hollow sound being considered indicative of deterioration. For
suspect areas, the pole is drilled or cored to determine the
extent of degradation. The cores are inspected for obvious
defects and the holes are probed to determine the amount of
shell or sound wood remaining. Accuracy of the technique
depends on the slciJl of the operator and can be reduced by
the presence of conditions. other than deterioration, which
can alter the sound. including high soil moisture content
near the ground line, grain discontinuities, heavy concentrated loads. and the degree of pole restraint Despite the
crudeness of the technique. it is still the primary inspection
method for many companies.

2.3 Potential Nondestructive Evaluation Methods
Considerable work has been conducted in an attempt to
develop a reliable means of detecting decay in structural
wood components. These methods can generally be classified as radiographic, electric, mechanical, and acoustic.
Early radiographic methods used conventional X-ray film as
56

in softwoods. In particular. high frequency components of
the ttansmiued wavefonn decreased in amplitude with an
increasing degree of decay. Lemasrer and Beall (1989) have
used the ratio of the magnitudes of high to low frequency
components as an indicator of the degree of decay on small
diameler logs.

uansmiuing normal to a check. Figure 2 shows the orientation of the path when the pulser is placed adjacent to the
major check. Knots and other visible defects were avoided in
selecting coupling points. Since arrival time of the wave·
fonn was sensitive to both the gain and noise level of the
system. a threshold level for arrival was established at 10%
above the average background noise.

3. Experimental Methods
3.1 AU System
The major elements of the AU sysrem were: Amplifier.
ATG AET-301; Preamplifier. Panamettics 5660C; Pulser.
Krohnhite 2200 sweep generator/Krohnhite 7500 power
amplifier; Signal input, tone burst, 300 V; Pulsing transducer. AET 175 kHz; Receiving ttansducer, PAC 59208
(broadband); Couplant, Sorbothane rubber.

BORED POR'11ON

REFERENCE PORTION

Fig. I Schematic drawing of the artificial specimen. showing bored and reference portions for scanning.

The sweep generator provided a tone burst output at 60
and 120 kHz. The 175·kHz resonant ttansducer was used as
a pulser because of its high output over a wide range of
tone burst frequencies; a broadband receiver was included to
maximize the frequency content of the output signal. Transducers were mounted in special holders to assure uniform
surface contact when clamped. Pressure was conttolled
pneumatically at 0.5 MPa to minimize the creep of the
couplant (Sorbothane rubber). Some surface preparation was
required 10 remove severely weathered surface marerial 10
minimize the energy loss at the interface. The received signal was digitized using a Sonix STR 832 AID convener
(Keithley Insttuments) at a sampling rate of 1 MHz for a
period of 8192 J1S. 200 wavefonns were averaged 10 minimize the effects of random noise. The waveforms were postprocessed in the lime and frequency domains using ViewDac
(Keithley Insttuments) to obtain the AU signal parameICr
values.

8

c

Fig. 2 Schematic representations of signal paths through
poles (a: sound, unchecked; b: sound. checked; c: deterioI8Led. WlChecked; d: deleriorated, checked)
.,

32 Materials and Procedure
3.2.1 Pan I· Simulated deterioration (bored holes)
Since most biodererioration ultimately leads to cavities
in utility poles. we thought that this could be approximated
and fully controlled by boring holes to assess the effect on
AU ttansmission. Three sound Douglas·fu pole specimens
of nominal 1.5·m length and 300-mm diameter were used.
Two of the specimens were low in moisture conrent, one of
which was heavily checked from weathering and the other
lightly checked; the third specimen was high in moisture
content and lightly checked. "Bored" and "reference" portions were designated for each half of the specimen and three
AU readings were made in each area (Fig. 1). FollOWing
this. sequential borings of SO. 75, and 120 mm diameter
were made in the test area along the biological axis of the
specimen and three AU readings were taken after each bor·
ing. The AU readings were taken with the pulser placed near
the major check. Preliminary work had demonsttated that
this procedme minimizes energy loss that would occur from

3.2.2 Part II - Actual deterioration
Ten specimens of poles (see Table I) that had been
removed from service were scanned at about 100 mm intervals along the length. The pulser was again placed adjacent
10 the major check and moved 10 alternative sides of the
check along the length at about 100 mm intervals. pulsing
each position at 60 and 120 kHz. This technique was used
because of the uncertainty of the side of the major check
that would provide the most consistent wave path. Since
decay is likely to occur near a major check. Fig. 2d shows
that alignment adjacent to the check maximizes lite probability of decay being in the transmission path. After completing the AU scanning, the specimens were conveyed
through an X-ray CT scanner (lnVision Technologies CIX5000) to obtain images at 10 mm (nominal) intervals for
reference information on growth characteristics and defects.
Following this, each specimen was cross·sectioned at the
S1

COnlCllt as "dry" or "wet" (below or above the fiber 58turalion point).

previous AU scanning points to directly cvalualC the deterioration. Gross moisa.ue content derenninations were made
wim a conductance moisture meter to classify me moisture

Table 1 Specimens for Pan n, deteriorated pole segments (WRC = western red cedar; D-far = Douglas-far)
Spec.
no.

14
15
16
17
18
20
21
22
24
25

Cl)

C)

..,m
-0
>

Diameter

Delerioration

Species

Checking

Densi~
(kg/m )

Termites
Decay/renniaes
Decay
Decay
Sound
Decay
Tennites
Decay
Decay/tenniaes
Decay

WRC
D-fir
D-fir
O-fir
WRC
D-fir
O-fir
O-fir
WRC
O-far

Light
Heavy
Heavy
Heavy
Light
Light
Light
Light
Light
Light

620
821
610
505
415
745
795
680
700
465

(mm)

360
300
320
290
290
310
320
350
280
230

0.3

0.3

0.2

0.2

0.1

-..

0)

ca

0

0

>

-0.1
-0.2
-0.3

.1 h\l.I.

'"1"""

DIy
DIy

Wet
DIy

Wet
Wet

....

. -...-.,.

-0.2
-0_3

0 0.5 1 1.5 2 2.5 3 3.5 4

0 0.5 1 1.5 2 2.5 3 3.5 4

Time (ms)

(a)

(a)

4

-

DIy

Wet

-0.1

Time (ms)

Q)

Wet
Wet

0.93
3.7
5.3
4.2
1.0
3.8
3.8
3.1
1.7
2.6

0.1

Cl)

0

Moisture
Level

Growth
(mmJring)

4

3

Q)

"'C

3

"'C

:s

~

~2

« 1

«1

E

E

30

60

90

120

150

Frequency (kHz)

V

•

I.

o

30

60

90

120

150

Frequency (kHz)

(b)

(b)

Fig. 3 Time (a) and (b) frequency domain outputs for pole
specimen before boring. Pulsing was at 120 kHz.

Fig.4 Time (a) and frequency (b) domain outputs for the
same pole as Fig. 3 after boring a 120 mm diameter hole.
Pulsing was at 120 kHz.
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4. Results and Discussion
The objective of Ihese tests was to rand a signal parameter or set of parameters that could quantify changes in Ihe
signal wilhout being overly sensitive 10 material variations.
Figures Sa and b show the transit time and time cenb'Oid for
a pole specimen that had SO. 75, and 120 mm holes bored
sequentially; three measurements were made at each point
for each hole. The ideal signal parameter would be one
showing little sensitivity 10 material variability between
the reference and unbored test zones. The figures show great
variability between the three measurements in a given region as well as between the reference region and the unbored
tesl region. Much of this variability is attributable to
checks and growth variability in the poles. Two methods
were Died 10 reduce this variability. averaging Ihe three read

4.1 Part 1- Simulated deterioration (bored holes)

Figures 3 and 4 show the time- and frequency-domain
plots for a pole specimen before and after boring a 120-mm
diameter hole in a 3OQ-mm diameter pole. The bored pole
has not only an ampliblde decrease in the time domain, but
also a subswuial loss of high frequency components. The
U'anSit time is delayed in the bored ponions for two reasons:
the longer path and the added tangential component around
the hole (the tangential orientation follows the external cur·
vature). The tangential pathJncreases IranSil time because
of the lower velocity in this direction (tangential: 1.7 km/s;
radial: 2.5 JanIs; Bucur and Archer, 1984).
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4.2 Part II - Actual deterioration

ings and using the lowest value, both of which are shown
in the figures. The minimum value appeared to give
slightly beuer results, in that higher values at the same
point are probably the result of material variability and not
the disruption in the path by the hole. Both the shortest
transit time and highest frequency centroid result from this
shoner path. Figures 6a and 6b show apparent velocity and
time centroid for the three poles as a function of both pole
condition (checking) and moisture content Figure 6a shows
that the degree of checking was not a factor in apparent
velocity, but the presence of a high moisture content was.
A lower frequency burst rate of 60 kHz was used to get an
acceptable signal through the high moisture content pole.
An increase in moisture content increases the gross density
and decreases the elastic modulus, each of which reduces
velocity from the relationship E = pv2 (p: mass density, v:
velocity). However, time centtoid (Fig. 6b) showed much
more sensitivity to checking than to moisture content.
These relationships indicated the possible need to use multiple signal feawres to minimize exttaneous effects on deterioration assessment When the data in Figs. 6a and 6b were
normalized to the reference zone readings, the effect from
checking and moisture content were reduced, but the sensitivity to holes was retained. By this normalization, it was
possible to detect a hole as small as 50 mm.

4.2.1 Deterioration analysis
Each cross section, cut at the point of AU measurement. was examined visually for level of moisture content.
natural or exposure defects (checks, knots), and type and
degree of deterioration. As a reasonable approximation of
the amount of sound wood remaining, the fractional area of
sound material was detennined by measuring the deteriorated
and total areas of each cross section. Moisture content was
placed in two categories, dry (approximately 12%) and wet
(over 25%); aU specimens had reasonably uniform moisture
content through their cross-sections. The actual level of
moisture content and preservative will be determined in
subsequent analysis. Figure 7 shows the cr cross sections
for Specimen 22, which had progressive decay along the
length, at a point of 8% deterioration of the area. The major
check is just visible to the left of the pulser (top arrow).
The location of deterioration about midway to the center
along the check is in agreement with the hypothesis that
water penetrates via the major check and creates high moisture content conditions that are conducive to decay. In the
four specimens having termite attack, the deterioration patterns were highly variable, from a few long and small galleries, to nearly total destruction of the cross section. For
some of these, it was difficuJt to quantify the area of deterioration. Two of the four specimens had decay accompanying the termite anack, although which form of deterioration
carne first was not determined. All four of the specimens
were high in moiswre content
Deterioration along the length was classified as nonlinear (Specimens 21, 22). linear increasing (Specimens 14,
24), and uniform (Specimens 15-17,20,25). Specimen 18
was completely sound and served as a reference. Specimens
with uniform degradation had between 45 and 65% sound
wood remaining and were the only specimens not having
completely sound wood at one end.
4.2.2 Signal parameter analysis
Figure 8 shows the variation of three signal parameters
as affected by deterioration for Specimen 22. which had a
wide range of decay over the length. The signal parameters
were normalized. based on values oblained from the sound
specimen (No. 18). These three parameters are independent.
with each having different patterns associated with the degree of deterioration. All three signal parameters were low
at position d, which, when cross-sectioned, was found to
have checks nearly across the entire diameter, normal to the
transmission direction. However, of the three signal parameters, velocity was least affected, since the small air gap of
the check would auenuate, but not substantially affect transit time. This variability demonstrates the risk of selecting
either an arbiu-ary signal parameter or a single transmission
path for evaluation.

Fig. 7 X-ray cr cross sections of three portions of Specimen 22 at a point of 8% of deteriorated area.
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Fig. 8 Variation of three independent signal parameters by position in Specimen 22 as affected by deterioration: Normalized
RMS. normalized velocity, and normalized frequency centroid. Fractions of sound area are given in Ibe lower bar graph.
(nonnalized to 1 = highest sound wood value) was even
more sensitive to deterioration, wilb only Specimen 14
exceeding a value of 0.1. However. the RMS value for
Specimen 14 (Fig. 9a) was Ibe lowest of allIeD specimens.
This specimen was unique in being hollow over much of
the length (all others having decay or termite damage had
significant residual material remaining). Because of Ibis, a
substantial amount of energy was attenuated at the two
internal wood-air interfaces in the specimen. Also. transit
time increased since Ibe wave would be about six times
slower in air Iban wood.

Five signal parameters were analyzed for lheir relationship wilb degree of deterioration of the specimens. Two patterns of this relationship were found: (1) abrupt and substantial reduction of signal value with even slight deterioration (nns voltage, frequency centroid. third moment) and (2)
progressive reduction (velocity, time centroid). Figures 98
and 9b show examples of Ibese two patterns for rms voltage
(RMS) and velocity for six selected specimens. These specimens were chosen to be representative of the three categories of degradation: non-linear: 22 [l of 2 specimens];
linear increasing: 14,24 [2 of 2]; and uniform: 15.20 [2 of
5]. The two "uniform" specimens were selected to represent
Ibe widest range of signal parameter values of that group.
Sound specimen 18 was included for additional data for
sound material. In Fig. 9a, the data clearly show that the
signal parameter values for RMS are much higher in sound
areas than even slightly deteriorated material. This is consistent with previous observations in the literature
(Lemaster and Wilcox, 1993; Patton-Mallory and DeGroot.
1990; Wilcox, 1988). The abrupt change in these signal parameters infers that they may be sensitive to the presence of
incipient decay. which is certain to be at the longitudinal
interface of sound wood and advanced decay. Such sensitivity has recently been reponed by Lemaster and Wilcox
(1993). From Ibese data. it would not be possible to misclassify a deteriorated area as sound, although there are several instances where Ibe reverse could occur. However, this
is clearly a scenario that is acceptable for defining a hazardous condition. The normalized frequency centroid

Specimens 14. 22, and 24 were classified as having
linear non-unifonn patterns of deterioration with lenglb,
however. specimen 20, which was grouped as unifonn, also
had sufficient variability, albeit random with length. to also
show a correlation of velocity (but not time centroid) wilb
degree of deterioration. These two signal parameters could
be used to assess the degree of deterioration as contrasted
with RMS and Ibe frequency-related signal parameters Ibat
show eilber presence or absence of deterioration.
The range of signal parameter values for sound wood
was quite variable. particularly for rms voltage and frequency centroid. That was also the case for the third moment, but the signal values for deteriorated wood were several orders of magnitude lower. Velocity had Ibe most
closely- grouped signal values for sound wood (Fig. 9b),
allbough this may be indicative of an insensitivity to incip
61
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Table 2 Look-up table for the sensitivity of AU parameters
in identifying deterioration.
Spec.
no.
14
IS
20
22
24

RMS
Yes
Yes
Yes
1
No

Velocity Cenuoid Centroid
freq
time
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes (1)
No
Yes
Yes(?) Yes(?)
No

diameaer hole. This hole size, for a 300-mm-diameaer specimen, is about 16% of the aoss-sectional area. Referring to
Fig. 9b, it can be seen that the equivalent reduction in
velocity from a similar O'Oss-sectional area of deteriorated
material is about 28%. remarkably similar to the result for
the holes. Also. a fairly linear relationship of velocity to
both hole size and det.eriorat.ed area is evidenL However. frequency centroid differences show a much more dramatic
change for the deteriorated specimens than for those with
holes. although the range in the hole fraction was small
compared with the deterioration range. In conttast, time cenuoid appeared to be more affected by the holes than deterioration. increasing substantially in value for the SO mm
hole. The deteriorated specimens had a more gradual increase
in time centroid.

ThiJd
moment
No(?)
Yes
Yes
Yes
No(?)

ient decay that could have affected the other four signal
parameters. However. two specimens (Nos. 22. 24) had
velocities for small amounts of det.erioration that exceeded
those of sound wood.

S. Conclusions

Table 2 is an example of a possible classification
scheme to use the five signal parameters 10 identify deterioration for each of the specimens shown in Fig. 9. Specimens IS and 20. which differed considerably in vinually all
respects, except species (see Table 1). could easily be identified as deteriorat.ed by any of the five parameters. In contrast, Specimens 22 and 24 had suffICient variability in the
sound wood portions to possibly misidentify sound wood as
deteriorat.ed. However. the amount of wood assumed to be
sound was small and could have possibly contained incipient decay. Also, Specimen 24 has the three signal parameters indicat.ed in Table 2 with "(1)". where the only concern
is the ability to sense a small degree of det.erioration. None
of the five signal parameters could individually confarm
deterioration for all of the specimens, reinforcing the need
for multi-parameter analysis. It is also of interest that DOne
of the signal parameters were redundant in this classification.

1. Bored holes of SO mm or greater were deteCtable in sound
specimens of about 300 mm diameter. This sensitivity required the use of a "reference" area (non-bored half of the
specimen), giving relative rather than absolute values. Multiple readings were necessary to oblain a signal from the
shortest path independent of natural defects.
2. Biodeterioration in poles removed from service could be
identified using a number of signal parameters. including
nns voltage, velocity. time centroid. frequency centroid. and
third moment, with the most reliable results when using
multiple signal parameters. Signal parameters were more
sensitive to biodeterioration than simulated deterioration
(bored holes). permitting an absolute determination of bom
the presence and degree of deterioration.

3. Rms voltage, frequency centroid, and mird moment provided reliable means of distinguishing even small amounts
of biodeterioration. but were insensitive to the degree of
deterioration. In contrast. velocity and time centroid were
reasonably directly related to the degree of deterioration, but
were not as sensitive to small levels of deterioration.

4.2.3 Comparison of bored and deteriorat.ed specimens
Techniques learned from the bored pole specimen portion of the study were applied to the deteriorated poles.
However, with deteriorated poles, there were no clear reference (sound) areas in some of the specimens, necessitating
absolut.e readings. In general, results from the scans showed
quite clearly that deteriorat.ed areas were easier to detect than
the bored holes. Both bored and deteriorated poles reduced
the ttansmitt.ed signal since the signal path was dependent
on reflections from boundaries. In deteriorated portions. the
irregularity of the sound/deteriorated interface apparently
scattered the signal substantially more than the sound material with bored holes. Another factor reducing reflections
was the transition from sound to deteriorated material that
provided an acoustical coupling into an area of high allenuation that acted to damp the waves. The differences in signal
parameters of the two types of poles can be seen by comparing Figs. 5 and 9.
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Determination of Plate Wave Velocities and Diffuse Field
Decay Rates with Broadband Acousto-Ultrasonic Signals
Harold E. Kautz
Abstract

of measurements available, a more complete NOE characterization might be achieVed.

Lowest symmetric and lowest antisymmetric plate
wave modes were excited and identified in broadband
acousto-ultrasonic (AU) signals collected from various high
temperature composite materials. Group velocities have
been determined for these nearly nondispersive modes. An
algorithm has been developed and applied to determine
phase velocities and hence dispersion curves for the frequency ranges of the broadband pulses. It is demonsttated
that these data are sensitive to changes in the various stiffness moduli of the materials, in agreement by analogy,
with the theoretical and experimental results of Tang and
Henneke (1989a) on fiber reinforced polymers. Diffuse field
decay rates have been determined in the same specimen geomeuies and AU configuration as for the plate wave measurements. These decay rates are of value in assessing
degradation such as matrix cracking in ceramic matrix composites. In addition, we verify that diffuse field decay rates
respond to fiberlmalrix interfacial shear strength and density
in ceramic rnalrix composites. This work shows that velocity/stiffness and decay rate measurements can be obtained in
the same set of AU experiments for characterizing materials
and in specimens with geometries useful for mechanical
measurements.

2. Theoretical

2.1 Plate Wave Analysis
When the distance a wave uavels between reflections is
short, or at least comparable 10 the wavelength, interference
between propagation path segments will be importanl This
is realized, e.g., in ceramic-matrix-composite (CMC) and
metal-matrix-composite (MMC) tensile specimens when
frequencies in the range of 1 MHz are employed. Here plale
waves dominate the signal. Tang and Henneke (I989a) presented dispersion curves for several situations with graphite
fiber/polymer systems measured WIder conditions that pm.
duce plate waves. Figure I, reproduced from Tang and
Henneke (1989a), shows a typical case for AU propagation
in a O· oriented unidirectional panel. Certain features can be
generalized for other composite systems. With plate
thickness h and wavenumber k, comparability of free path
length and wave length occurs in the vicinity of kh =2n.
At sufficiently low values of the product fh, (slightly
below 1000 mls in Fig. I), only the two lowest plate
modes, the lowest symmetric and lowest antisymmetric.

1. Introduction

The acousto-ultrasonic (AU) configuration has been
shown useful in assessing mechanical properties in composite structures (Tang and Henneke, 1989a; Vary and
Bowles,1978; Williams, Jr., et al., 1982; Kautz, 1987;
Kautz and Lerch, 1991; Vary, 1990; Henneke, Jr., 1990). In
particular, plate wave analysis has been shown useful (Tang
and Henneke, 1989a; Kautz and Bhatt, 1991. Kautz, 1992),
for characterizing composites in terms of the various stiffness moduli. Similarly, diffuse field decay rate measurements have been shown sensitive (Weaver, 1987; Lott and
Kunerth, 1990) to other mechanical conditions. These two
types of measurement are generally associated with different
types of specimen geomelries. In this work we examine the
practicality of doing both in the same AU experiments on
the same useful specimen geometry. With this combination
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constructed using the approximate theory of Tang and
Henneke (1989a). f = frequency and arrows 1 and 2 point to
non-dispersive Lamb curves.
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will be excited. These two modes are of special interest
because they are nearly nondispersive and hence support
pulse propagation. Measurements can be perfonned to
detennine their group velocities and to then relate them to
the mechanical state of the specimen under study. In Tang
and Henneke (1989a), it is shown that the differential wave
equation for the fIrSt symmetric mode is a function of the
axial modulus in the propagation direction. At the same
time, the wave equation of the ftrSt antisymmetric mode is
a function of shear and flexure moduU.

2.2 Diffuse Field Decay Reue

,,- ReceIving

Sending

,/

transducer _ ......

The AU configuration has recently been applied to the
measurement of attenuation in materials by means of diffuse field decay analysis (Weaver, 1987; Lott and Kunerth,
1990). Diffuse field decay might be thought of as a refinement of the ringdown count. The power spectrum is partitioned. The log of time segments of these partitions are fitted to decay curves to calculate characteristic constants as a
function of frequency.
The differences between "true" and "apparent" attenuation associated with these time decay constants is discussed
in Weaver (1987). True attenuation is the conversion of
energy, by internal friction, from ultrasonic to other forms
such as heal Apparent attenuation is the scattering of ultrasound out of the sender to receiver path. It can be expected
thal, through correCl inlerpreaation of their source, both
types of attenuation can be utilized in material and structure
assessment. While internal friction may be sensitive to
microstructural condition, scattering will be effected by
acoustic impedance discontinuities such as cracks, pore densities and interface bonds.
Ultrasonic attenuation is measured in nepers/cm.
Precise measurements of this can be made by the pulse-echo
technique providing properly shaped specimens can be
employed (Breazeale et aI., 1981; Hull et aI., 1985; Roth et
aI., 1990). The diffuse field technique determines a decay
coefficient in neperslJ,LS. In a nondispersive medium the
relationship between the two is straight forward. The relationship between nepers/cm and nepers/J1S is not well
defined for an AU signal in a composite. Dispersion makes
it ambiguous. However, the diffuse field decay technique
presents less severe geometry and surface quality restrictions
than pulse-echo. For this reason it is of value to study the
diffuse field technique and the use of nepers/J,LS as a monitor
of uluasonic attenuation.
The diffuse field is ideally a totally incoherent field
(Weaver, 1987). This is in contrast to plate wave analysis
discussed above where one depends upon coherent pulses.
Diffuse fields might be expected to occur for the acoustaultrasonic configuration when coherent pulses are lost. For
example highly disperse plate modes arising from a broadband source will produce incoherent signals.
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Fig. 2 AU configuration employed.
separation and is varied in experiment.
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It has been shown (Loll and Kunerth, 1990) that diffuse
field decay is sensitive to fiber/matrix interface bond
suength as well as impact damage in SiC/SiC composite.
3. Experimental
In this work we consider tensile specimen geometries
useful for mechanical tests in imponant high temperature
composites. We will find that on these, useful measurements can be obtained with commonly available IraIlsducer
frequencies.

Acousto-uhrasonic data collection and processing has
been described earlier (Kautz, 1987; Kautz and Bhatt. 1991;
Kautz, 1992). Figure 2 shows the AU configuration for
plate wave excitation with the tensile specimen oriented
with transducers coupled to the wide surface. For plate wave
excitation, 0.5 and 1.0 MHz broadband transducers were
employed. Diffuse field measurements were perfonned under
slightly different geometric conditions designed to discourage the propagation of coherent plate mode pulses. To this
end, tensile specimens were placed such that the transducers
were coupled on the sample thickness edge rather than the
faces. In this configuration Ibe wave free path between surface reflections was on the order of the width of the specimen rather than the thickness. In this case, 2.25 MHz
broadband transducers were used. In Fig. I, taken from Tang
and Henneke (1989a), Ibis shift to higher frequency is a
shift to a higher range of the product fit and thus higher
plate modes. The diffuse field transducer separation, either
2.0 or 3.81 em, and the signal sweep time were chosen to
exclude end reflections of pulses.

All AU measurements were performed with pairs of
broadband immersion-type piezoelectric uansducers. Some
diffuse decay data was obtained with the wear plates coupled
to specimens through gel couplant. However, in most diffuse decay and all plate wave measurements ultrasonic coupling was wilh elastomer pads.

Diffuse field decay rates were deaermined by the methods outlined in Weaver (1987) and Lott and Kunerth (1990).
The digitized wavefonn was first panitioned into equal time
intervals. The diffuse decay waveform, being a "classical"
AU signal, fust exhibits a rise to a maximum amplitude
followed by a ringdown. This ringdown is the region of
inaerest. Time domain partitions are Fourier transformed.
The power specbUm of these partitions is next inaegrated
over selected frequency ranges. The natural logarithm of
these inaegrals are then plotted as a function of the position
of the time partition in the original signal. We assume a
linear relation between this logarithmic function and time.
With this assumption one can take the slope of a linear
regression fit as the decay constant appropriate for the given
frequency r.mge.

symmetric mode is sensitive to axial modulus and the lowest antisymmetric is sensitive to shear and flexure stiffness.
These sensitivities have been illustrated in Tang and
Henneke (1989a), Kautz and Bhatt, 1991, Kautz, 1992) and
are shown in Figs. S and 6. Figure 5 shows the summary
of a study (Kautz and Bhatt, 1991) perfonned with CMCs
of various fabrication parameaers and treatments. The lowest
symmetric group velocity was found to behave as axial
modulus. Concomitantly, the lowest antisymmetric veloc·
ity behaved as fiberlmalrix inaerfacial shear suength.
Figure 6(a) shows how the two velocities vary with
orientation on a unidirectional SiC fiber (type SCS-6)rri
15-3 MMC panel. This can be compared with desbUctive
test verification in Fig. 6(b) of the behavior of axial modu
Ius as a function of fiber layup. The comparison shows that
the symmetric mode group velocity strongly follows the
same orientation dependence as does the axial modulus.
8

4. Results and Discussion
4.1 Group Velocity for Plate Waves

\

\

When broadband transducers were coupled to thin specimens in the AU configuration, waveforms could be recovered such as in Fig. 3. This waveform was collected using
two l.O-MHz transducers with elastomer couplant pads.
Two pulses are evident. These pulses can be identified as
nearly nondispersive plaae wave modes. Pulse 1 is associated with the lowest symmelric plaae mode, curve I, in Fig.
1. Pulse 2 is associaled with lowest antisymmetric (Curve
2).
By noting the change in arrival time of these pulses as
the transducer separation, s, is varied, one can determine
group velocities. This is illustrated in Fig. 4. The approx
imate theory developed in Tang and Henneke (1989a) shows
that the group velocities of these modes can be useful in
NDE of maaerials. It was mentioned earlier that the lowest
.20
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Fig. 4 Typical 5 vs. arrival time plots for determining
pulse 1 and pulse 2 group velocity, Vg, from regression
slope.
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Fig. 3 Waveforms collected on a typical composite aensile
specimen employing two l.O-MHz transducers.

Fig. 5 Summary of results from Kautz and Bhatt (1991)
relating changes in plate wave group velocities to change in
mechanical properties for SiC/RBSN composite.
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Fig. 6 VBriation of pulse 1 group velocity and of axial modulus with angle between fiber direction and measurement direction
in SiC fiberrri 15-3 MMC.
4.2 Dispersion Curves/or Plate Waves

waveform was partitioned into aen 10-J.1S panitions. It is
obvious that the rust partition (0-10 J.1S) must be discarded
because it contains the characleristic initial rise portion of
the AU signal. It also seems evident that if a waveform
such as this is followed too far to the right noise dominates
the signal.

As expected with broadband ttansducers. the magnitude
spectra exhibit significant width. Over this width. the phase

spectrum conlains the information on the relation between
the phases of the frequency band that produce the pulse.
Kautz (1992) delails the technique for using this phase relationship. as it changes wilh ttansducer separation. to determine phase velocity as a function of frequency. This in ttun
allows construction of dispersion curves like Fig. I.

Diffuse field decay measurements were performed on
three types of O' oriented unidirectional SiC fiber (type
SCS-6)/RBSN (reaction-bonded silicon nitride) CMC tensile specimens. They were
(I) SCS-6/RBSN as fabricated with 30% porosity

Figure 7 shows a dispersion diagram determined for O'
oriented CMC aensile specimen by the method of KaulZ
(1992). Curve 1 shows an intercept near the origin. indicating nondispersion. Curve 2 exhibits the unique-negative
inaercept of the lowest antisymmetric mode. These results
agree with the Tang and Henneke (1989a) results presented
in Fig. 1.

(unHIPed).

(2) SCS-6/RBSN as fabricated plus hot isostatic pressing (HIPing) with 0% porosity.
(3) SCS-o/RBSN as fabricaled with 30% porosity with
high fiber/mabix inaerfacial shear saength (ISS) compared
10 the SCS-6 reinforced specimens (unHIPed).

Examples of the effect changing mechanical properties
have on dispersion curves is presemed in Tang and Henneke
II (1989b) and also here in Fig. 8. In Fig. 8(a) the lowest
antisymmelric curve for a O' oriented CMC is shown before
and after 600 'C oxidation for I hr. The oxidation has
degraded fibe1'/mauix imerfacial shear strength. This degradation is reflected in the dispersion curves.
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In Fig. 8(b) the lowest symmetric curves are shown for
SCS-6rri 15-3 MMC O' oriented panels of different fiber
fraction and thickness. Different fiber fractions yield different axial modulus which is reflected in the slopes of the
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curves. Different thickness causes the curves to fallon different parts of the diagram.
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Fig. 7 Experimental Lamb wave dispersion curves calculaled for a unidirectional SiC fiber/RBSN CMC aensile
specimen. Calculations were made from broadband transducer AU data.

Two 2.2S-MHz transducers were coupled to CMC tensile specimens as described earlier. The waveform shown in
Fig. 9 is typical of the data collected. This is a 1024 point
array oblained by appending two 512 point arrays. This
fiB
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Fig. 8 Experimentally determined dispersion curves for high temperature composites.
fabricated SCS-6 specimen. This result is in agreement
with reported results wilh SiC fiber reinforced SiC composite (Lou and Kunerth. 1990).
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Fig. 9 Typical diffuse field waveform collected on a
unidirectional CMC tensile specimen with two 2.25-MHz

ttansducers.
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S. Conclusions
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It has been demonstrated that both AU techniques, plate
wave and diffuse field decay rate measurements, can be performed successfully on the same specimen materials and
geometries. An these measurements can be done in the
same set of experiments and with the same equipment. The
materials are important high temperature composites
presently under development for aerospace applications. The
geometries are typical tensile specimens designed for mechanical test in this development program.
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Two sources of attenuation, and hence diffuse field
decay, were noted earlier. Figure 10 may show both.
Differences in true attenuation may be manifesting between
the SCS-6 and SCS-o reinforced composite. There is
likely to be much less internal friction at the SCS-o/RBSN
fiber-matrix bond. On the other hand, HIPing of the SCS6/RBSN causes a decrease in porosity and hence a decrease
in apparent attenuation due to scattering.
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Fig. 10 Diffuse field decay rate as a function of frequency
for three fabrication conditions on unidirectional SiC/RBSN
composites. Two 1ria1s were performed for each specimen.
Figure 10 is a plot of the calculated decay rates as a
function of frequency. Note that the HIPed SCS-6 reinforced specimen and SCS-o reinforced specimen, with high
ISS had much reduced diffuse field decay rate from the as

It has been demonstrated for CMCs. and indicated for
MMCs, that these AU techniques can provide, nondestructively, information on axial modulus, fiber/matrix interfacial shear strength, density or porosity. and the degradation
effects of oxidation at high temperatures.

What is needed is more detailed correlation of these AU
parameters with results of mechanical tests and metallography. Such correlations can be used as bases for assessing
the ability of the AU parameters to predict strength and
reveal defect densities.

Chap. I, ed' J. Sommerscales, Elsevier Science Publ.. New
Yorle, pp. 1-54.
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AE Literature - Acousto-Ultrasonic Reflections
Thomas F. Drouillard and Alex Vary
Abstract

another. Scraping with the chisel over and over again. I
noticed that it was only when the plate emitted this hissing
noise that any marks were left upon it: when the scraping
was not accompanied by this sibilant note there was not the
least trace of such marks. Repeating the nick several times
and making the stroke, now with greater now with less
speed. the whistling followed with a pitch which was
correspondingly higher and lower. I noted also that the
marks made when the tones were higher were closer together; but when the tones were deeper. they were farther
apart. I also observed that when. during a single stroke, the
speed increased toward the end Ihe sound became sharper and
the streaks grew closer together. but always in such a way
as to remain sharply defined and equidistant Besides,
whenever the stroke was accompanied by hissing I felt the
chisel tremble in my grasp and a sort of shiver run through
my hand."

This article presents a brief history of acousto-ulttasonic tesing. which is conceived as a practical nondesuuctive technique for characterizing a selected volume of
material relative to its properties and defect conditions. It
also includes some of recent applications and representative
refezerx:es.
1. Introduction

Sonic tests are among the oldest forms of nondesbUCtive testing. Sonic techniques include audible sounds.
suucblral resonances. and "ringing." In these tests sound is
inuoduced into the suucwre. it is modified or altered by
interaction with the material features in the strucwre. and is
then detected. Acoustic/ultrasonic testing occupies a realm
between acoustic emission and ultrasonics with frequencies
well into the megahenz range. These encompass a multitude of techniques for characterizing and evaluating mate·
rials and strucwres. All these methods are used to measure,
evaluate. or characterize material objects or suuctures. The
process involves inttoduction of mechanical vibrations into
a material in such a way that they interact with a selected
volume of that material. The altered, resultant sound energy
is sensed and assessed relative to the structure's internal
characteristics.

2.2 Hooke Ponders Powder

In his book on the life of Robert Hooke (1635-1703).
in the series Early Science in Oxford, Gunther (1930)
describes an experiment Hooke performed before the Royal
Society of London in 1671 with powder in vibration: "Mr.
Hooke produced his glass-bell with flour in it. to show to
the eye, that, according to the several strokes or pulses
made upon the glass. the air thence receives as many several
impressions; it being manifest by this experiment, that as
every different stroke made a different sound. so the making
a different impression upon the flour gave it as many
several motions. It appeared also. that the powder goes from
the place. whence the pulse comes; and that in a
perpendicular pulse the powder hath a kind of vibration: as
also. that as long as the sound of the bell lasts, the powder
seems to be fluid. but, as soon as that ceases, the powder
also lies still. It being conceived, that this experiment
might much contribute to the explication of the nature of
the internal motion in bodies. Mr. Hooke was ordered to
prosecute it"

2. Historical Reverberations
2.1 Galileo Audits Brass

One of the fllst recorded experiments to actually
visualize the acoustic/vibratory behavior of a structure was
performed by Galilee Galilei (1564-1642) which he
describes in his ueatise Dialogues Concerning Two New
Sciences, published in 1638 (Galilei. 1914). He says: "As I
was scraping a brass plate with a sharp iron chisel in order
to remove some spots from it and was running the chisel
rather rapidly over it, I once or twice. during many strokes.
heard the plate emit a rather strong and clear whistling
sound; on looking at the plate more carefully. I noticed a
long row of fine streaks parallel and equidistant from one

2.3 Chladni Figures

Among the most famous of these sound visualization
experiments were those performed by the German musician
and scientist, Ernst Florens Friedrich Chladni (1756-1827).
Every sounding body can give off different tones and for
each of these assumes a different kind of vibratory motion.
In 1787, Chladni conducted experiments to make visible
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Fig. 2 Block diagram of D.G. Miller's sonic blister
detector.
Miller (1959), at the Eastern Forest Products Lab. in
Ottawa, Canada, developed an acoustic device. which
operated somewhat analogous to the coin-tap test, to detect
blisters and defective glue bonds in plywood and other
bonded materials. The device consisted of two circular.
rotating brushes which stimulate acoustic vibrations in the
plywood. As the brushes move from a bonded area onto a
blistered area the audio frequency of the stimulated audible
sound is slighdy different From the sound picked up with a
microphone mounted near the brushes spectrograms are
made that show spectral differences of the sound produced
by nonnal and blistered areas of the plywood.

Fig. 1 Chladni figures showing the collection of sand along
nodal lines.

3. Acousto-Ultrasoundings

different vibratory motions of sonorous plates by sprinkling
sand over the vibrating surface. A circular or square plate
supported at the center and free at the edges was set into
vibration by drawing a violin bow across the rim. Sand
sprinkled on the plate collected along the nodal lines to
fonn different symmettical patterns, depending on where on
the rim the bow was drawn and where the plate was damped
by touching it with the finger. The figures so fonned have
become known as "Chladni figures", which he first published in his book, Entdeckungen aber die Theorie des
Klanges (1787. 1972).

3.1 First AU Tremors
AcoUslO-ultrasonics (AU) is the subject of this article
and special issue of the Journal of Acoustic Emission.
When Vary at the NASA Lewis Research Center in
Cleveland. Ohio began studying what became AU, he was
looking for a practical nondestructive technique for
characterizing a selected volume of material relative to its
properties and defect conditions. The challenge was to do
this with highly attenuating. heterogeneous. orthotropic
materials such as man-made and natural composites. The
idea was the assessment of dispersed collections of
subcritical flaws and global abnormalities that could
diminish the integrity and durability of a structure.

2.4 Coin Taps
The coin-tap test is one of the oldest NOT methods
which many of us have used to detect unbonded areas in
counter tops and locate wall studs in our homes. The test
requires simply that one tap with a coin many points on the
surface of the structure while listening to the resulting
sound being radiated by the strucLUre. When sounds are
introduced in the structure, they occur at the frequencies of
the major structural modes of vibration in the immediate
area of the structure being tapped. If the same impulse is
applied to a good area and to an adjacent defective area, the
sounds produced will be slightly different due to a change in
acoustic/structure interaction. A defective area sounds
different and can therefore be identified. An excellent
description of the coin-tap test is given by Adams et a1.
(1985).

Originally referred to as the ultrasonic-acoustic and
stress wave faClor techniques. AU was first introduced in
1976. when Vary, in collaboration with Kenneth J. Bowles
of the Polymers Science Branch and Raymond F. Lark of
the Structural Mechanics Branch, was endeavoring to
establish a nondestructive method to evaluate factors that
govern mechanical properties of fiber-reinforced polymer
matrix composites. Bowles' primary interest was directed
toward improving the strength of polymeric composites
while Lark's was the prediction and testing of their
mechanical properties. Bowles and Lark provided expen
interpretation of the resultant mechanical test data based on
their provision of essentially .flaw-free, pedigreed test
specimens suitable for material propeny characterization.
72

Vary's original idea was to find a convenient way to
measure ultrasonic velocity "in-plane" in composite laminates; i.e., velocity parallel to the surface of fiber-reinforced
composite plates. Determined to improve upon previous
methods that were described in the literature (Hastings et
al., 1973; Schultz, 1971), Vary wanted to measure velocity
so that he could then calculate elastic moduli.
RESET
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Fig. 4 Original 1977 three-transducer arrangement used to
make velocity and then A-V measurements on fiber
reinforced polymer matrix composite panels. Note that only
two transducers are coupled to the specimen - one as a
sender, the other as a receiver. that is sensor. It is this
configuration that is the basis of acousto-ultrasonics.

Fig. 3 Block diagram of 1977 apppratus for stress wave
measurement, later called acousto-ultrasonics.

Fig. 5 Original 1977 AU apparatus and computer-controlled instrumentation. It is important to note that an acoustic emission
preamplifier was and is continued to be used with the sensor/receiver because the signals do tend to be weak in composites.
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3.2 AU Bursts Forth
At the outset, Vary insisted on a self-imposed constraint which was to couple both the sender and receiver to
the same surface at normal incidence. This was simple, convenient, productive, and practical. There are many composite structures that allow access to only one side and where
in-plane mechanical properties in lateral directions are of
interest such as fllament-wound pressure vessels. Unlike
conventional pulse-echo or through-transmission ultrasonic
methods where a beam of ultrasonic energy is transmitted
along a predetermined path, this technique relies only on
lateral radiation of ultrasonic energy.

The fIrSt experimental setup had three unequally spaced
u1ttaSOnic tmnsducers lined up along a unidirectional polymer mattix composite tensile specimen. The center ttansducer emitted ultrasound while the other two received the
resultant signal at different times. Using a time delay
adjustment to overlap the two echoes on a CRT screen
allowed a differential time measuremenL Velocity was
calculated from knowing the transducer spacing difference
Vary and Bowles (1977, 1979). This was based on the
pulse-echo overlap technique descnbed by Papadakis (1976).

33 Tribulation and Jubilation

Because of the high attenuation exhibited by composites, sensitive acoustic emission uansducers operating in
the 100 to 500 kHz range were selected as the two receivers.
The combination of ultrasonic and acoustic emission
methods provided the basis and rationale for naming the
approach "acousto-ultrasonic." The seminal idea for this
approach was partly inspired by the work of Egle and
Brown (1974a), who had investigated methods for
simulating stress waves using various excitation methods,
including piezoelecttic transducers. They were interested in
simulating stress waves that mimicked acoustic emission
events and improving the methods for characterizing natural
acoustic emission signals and sources (Egle and Brown,
1974b; Egle, 1979). Vary found that the undamped AE
transducers had the requisite sensitivity. However, because
of this sensitivity, unexpected results were oblained. He
found that there were distinct in-plane differences in
attenuation among specimens due to differences in their
fiber loading and void contenL These altenuation differences
correlated with local variations in mechanical properties.

It became clear that highly reproducible measurements
were needed to accurately correlate signal variations with
material performance. Initially, this proved frustrating
because the received signal tended to change each time the
transducers were moved and recoupled - even at the same
location. This was not surprising because the most difficult
part of any ultrasonic attenuation measurement is that of
auaining good, consistent coupling between the probe and
part. Unless exacting consuaints are observed, i.e., with
respect to surface condition, couplant, and pressure. orderof-magniwde errors can result.
The problems of coupling and signal repeatability were
ultimately resolved by careful attention to ttansducer alignment, application of optimal pressure, use of appropriate
couplants (e.g., gels or dry-coupled elastomer pads)
(Williams and Lampert, 1980; Kautz, 1986). The initial
difficulties were indirectly beneficial because they revealed
high sensitivity to transducer misalignment. surface irregularities, and effects of coupling pressure which could obscure the effects of internal material aberrations.

The three-uansducer arrangement was immediately
replaced by a two-transducer arrangement consisting of a
sender positioned closely adjacent to a receiver. As the twotransducer arrangement was stepped along the gauge length
of a composite tensile specimen, attenuation measurements
were laken. By mapping in-plane attenuation as a function
of position along the specimen it was found that those
zones in the specimen exhibiting the greatest attenuation
would be the most likely sites where fracture would
originate and propagate, sometimes cataslrophically under
tensile or flexural loading.

From theory one would expect guided or Lamb waves
in thin plates and a variety of mode converted waves in
thick plates. The waveforms were destined to be further
complicated by the anisotropic and heterogeneous nature of
composites. Initially, ignoring the fine points of wave
mechanics, the received waves were ueated as though
emerging from a "black box" that had imprinted its internal
properties on the output wave. The premise was that
material property-related information could be extracted,
e.g., by empirical functional correlations or techniques akin
to "adaptive learning" implements by the now widely used
neural network approach.

The correspondence of relative strengths with altenuation variations appeared to provide a useful method to
characterize material properties. The method was sensitive
to fairly subtle but crucial local microstructural anomalies,
e.g., porosity, fiber alignment, resin content, fiber/matrix
bonding, and interlaminar bonding. As in the case of
previous work by Stone and Clark (1975) and Jones and
Stone (1976), this went beyond the conventional uluasonic
approach of flaw detection because the specimens were free
of discrete flaws such as delaminations, inclusions, and
large voids.

It was observed that the received signals typically
resembled stress waves similar to those usually collected by
AE sensors. But in this case they were benign and periodically excited by the sending transducer. Regular repetitions of the induced waves permitted convenient sampling,
averaging, noise reduction, etc. The signals resembled AE
burst emissions after multiple reverberations in composite
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specimens. Similar simulaled AE signals could very well
be produced by spark or shock excilation, as demonstrated
by Egle and Brown (1974a).

During the early 1980s, the work of James H. Williams,
Jr. at Massachusetts Institute of Technology, and Edmund
G. Henneke, n and John C. Duke, Jr. at Virginia Polytechnic Institute and Slate University, and their coworkers,
demonstraled that valid and highly relevant results could be
reproducibly and consistently obtained with the AU method.
Their ingenuity and objectivity put the AU method on a
sound (one might say ultra-sound) footing. Williams et al.
(1982) produced the flfSt theoretical models that predicled
the AU waveforms as actually observed. Their work elevated confidence in the viability of the method. Williams et
al. (1980) and Duke et al. (1983) inspired further reassurance with a series of reports that detailed more sophisticated approaches to signal analysis and evaluation of the
SWF and its various analogs. Their collective work put AU
"on the map" and made it a contender in the arena of materials characlerlzation.

Afler characlerizing the signals as AE-type suess
waves, it was natural to use AE signal processing and analysis procedures, i.e., ringdown counting, totalizing, peak
detection, root-mean-square, energy, etc. The various numerical quantities produced by AE signal analysis techniques led to what some people still view as enigmatic lerminology. The term stress wave factor (SWF) first emerged
in 1978 as a generic label for the various evaluations of the
received signal (Vary and Lark, 1978). Currently, no two
practitioners of the method define the SWF exactly the
same way, nor do they always call the numerical evaluation
a "stress wave factor." Sometimes it is termed the acoustoultrasonic parameter (AUP). It is Oelen a maUCr of choosing
descriptive terminology. This is acceplable because, logically, the SWF needs to be defined and quantified differently
according to the particular material or structural component
geomeny being evaluated.

During the late 1980s, there was a worldwide surge of
activity involving a variety of applications of the AU
method. In some instances it went beyond its original
applications to man-made composites. Frank C. Beall, at
the Forest Products Laboratory, University of California.
Berkeley, Allen T. Green and their colleagues discovered and
fostered AU applications to natural composites, i.e., lumber
and wood products (Beall, 1987, 1989; Rodgers et ai.,
1991). During the same period, Fahr and coworkers (1989,
1990), of the Institute for Aerospace Research, National
Research Council of Canada. Otlawa, conducted extensive
investigations that demonstraled the viability of AU for
assessing the strength of adhesive bonds joining metallic
and composite airframe structures. Among the many
researchers who have made significant contributions to
practical applications of AU is Reis (1990, 1993), at
University of Illinois, who demonslraled its use for NDE of
wire rope and steel-belted radial tires.

3.4 Appellation and Instrumentation
On describing and demonstrating his early observations
and findings to colleagues, Vary was asked if the method
had a name. He thought of calling it the ultrasonic-acoustic
technique as used in several articles (Vary and Bowles,
1979), or perhaps the stress wave factor technique as was
used in a laler article (Vary and Lark, 1978). Allen T.
Green, then with Acoustic Emission Technology Corp.,
suggesled that the technique be called acousto-ultrasonics
and abbreviated AU. This was because the technique
incorporates various aspects of both acoustic emission and
ullrasonic technologies for signal generation, acquisition,
and processing.
The AU moniker seemed an excellent choice, which
Vary used in his next publication (1982) and which formed
the main title of the fust book published on the subject: the
proceedings of a workshop on acousto-ullrasonics, organized and edited by John C. Duke, Jr. of Virginia Polytechnic Institute and Slate University (1988). In 1980,
Acoustic Emission Technology Corp., at that time a division of Krautkramer-Branson International, began the first
commercial production of an AU inslrument, the Model
206AU Acousto-Ullrasonic System. Since then, Physical
Acoustics Corp. and Digilal Wave Corp. have incorporated
AU features in some of their AE instruments.

An exciting research application of AU is in-situ
monitoring of damage accumulation during mechanical
testing, particularly of composites. Both spontaneous AE
stress waves and AU-simulated waves form the basis of
characterizing stages in matrix microcracking, fiber
fracturing, and other failure mechanisms (Tiwari et aI.,
1992). In materials testing and research, the application
NDE techniques like AU yield better understanding of
damage accumulation and fracture processes and the validation of durability and life prediction models and codes for
composites.

3.5 Vindication and Application
Further theoretical understanding of AU was engendered
when Tang and Henneke (1989) and Kautz (1992) showed
that the normal incidence, two-transducer AU configuration
was eminently suilable for introducing symmetrical and
asymmetrical plate waves or Lamb waves for measuring
stiffness variations in composite laminates. Sachse et al.

Although the AU method yielded interesting correlations, Vary was troubled because the AU method required
such extreme care to get good results. Also, there was lack
of theory to explain the apparently serendipitous results.
Furthermore, a rationale for distinguishing the method of
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(1992) at Cornell University and Rose et a1. (1993) at
Pennsylvania State University have further established the
theoretical underpinnings of AU. A perception of the
growth in AU research and the broad specuum of AU
applications today is evident from the size of the
proceedings of the recently held Second International
Conference on Acousto-Ultrasonics (Vary, ed., 1993). A
more extensive list of references on AU research and
applications may be found in the "AE Literature" section of
this issue of the Journal ofAcoustic Emission.

the mistaken notion that NDE stops with the detection and
characterization of oven flaws. Although less prevalenl
now, this notion, when invoked, fails to heed the effects of
material microstructure on the oven flaws a material may
contain. Microstructural factors govern the effects and
criticality of overt flaws or discrete defects. This is why
materials characterization is the prime objective of the AU
method. This is clearly enunciated in the "Standard Guide
for Acousto-Ultrasonic Assessment of Mechanical Properties of Composites, Laminates, and Bonded Joints,"
recently produced by the ASTM E07.04 Subcommittee on
Acoustic Emission (ASTM, 1993).
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A Double Exponential Model for AE Signals

M. A. Majeed and C. R. L. Murthy
Abstract

A major shortcoming of this model is its negligible or
zero rise time (Beattie, 1983), which is an important parameter for sipal characterization and classification (Miller
and Mcintire, 1987). However. the damped sinusoidal model
continues to be utilized even in recent literature (Ted and
Dornfeld. 1989) on account of its mathematical elegance
and analytical amenability. Thus. it is worthwhile to find
signal models which, while retaining these merits. can also
incorporate rise time. We present such a model in the
following.

Acoustic emission (AE) signals are conventionally
modeled as damped or decaying sinusoidal functions. A
major drawback of this model is its ne,ligible or zero rise
time. This paper proposes an alternative model which pr0vides for the rising pan of the signal without sacrificing the
analytical tractability and simplicity of the conventional
model. The. signals obtained from the proposed model
throu,h computer programs are illustrated for
demonstrating their parity with actual AE signals. Also
derived are ana-lytic expressions for the time-domain
parameters, viz.. peak amplitude and rise time used in
conventional AE signal processing.

2. Tbe Proposed Model

The decaying sinusoidal model of equation (I) can be
described in terms of communication terminololY as the
envelope function Aoexp(-«t) amplitude modulating the
sinusoidal signal sin 2JtfoL The absence of rise time in the
modulated signal Aoexp(-at) sin 2mot is due to the fact
that the envelope function has its maximum at the time
origin. This suggests that replacement of the envelope
function Aoexp(-at) in equation (I) by another function
suggested below can lead to the required model; i.e.• a
model with non-zero rise time.

1_ Introduction
Acoustic emission (AE) signals are the electrical version of acoustic emissions. Figure I shows an idealized AE
signal as observed on an oscilloscope. In the literature. such
a signal is often represented by a damped sine function
(Harris et al., 1972):
x(l) = Aoexp(-«l) sin 2mot

(I)

where Ao is the initial amplitude, a the damping factor and
fo the frequency of oscillation penaining to the resonant
sensor used.

2.1 Double Exponential Model
A mathematical function that can be considered is a
double exponential given by

e(l) = Ao [expHxl) - exp(-pt»). O<a<p

Substituting e(t) for AoexP(-at) in equation (1). we get the
double exponential signal

w
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vet)

...J

C.

~

Fig. 1 Typical AE signal.
Received 20 July 1992; in revised fonn. 16 February 1994. The
authors are affiliated with Depanment of Aerospace Engineer-

ing. Indian Institute of Science. Bangalore S60 012. India.
Volume 12. Numben 314

=Ao [exp(-at) - exp(-Pt» sin 2Jtfot.

O<a<p
(3)

Typical signal generated by this function is shown in
Fig. 2. This figure clearly demonstrates that the double
exponential signal model with the rise time variable from
negligible to any high value. by controlling the envelope
parameters a and p, is a much better approximation to
actual AE signals than the single exponential. In the next
section. we further study the dependance of rise time and
other major time-domain sipII parameters on a and p.
Note here that the decaying sinusoidal signal is a special
case of the double exponential with p ~ 00. That is. when
p is very large. the present model reduces to the conventional model.

TIME
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Fig. 2 Typical signal generated by the double exponential model. Ao 2, a

respectively. The local peaks of this function (3) can be
arranged into a sequence (e(n)} as

3. Time-Domain Parameten

(v(n)} = {exp[-a(2n+I)ToI4l

3. J Rise Time and Peak Amplitude

- expl-P(2n+l) ToI4]} n = O.l ...,m

From equation (2) we get
de(t)ldt

=Ao (-aexp(-«l) + PexP(-Pt)]

=

where m is such that e(m) ... O. To lifo. The peak amplitude of the signal Pa' is the maximum of v(n). If fo is such
that (2n+ I )T014 = Rt for some n, then the rise time of the
double exponential signal Rt' = Rt given by (5) and Pa' =
Pa given by (6). Otherwise. Rt and Rt' satisfy the inequality
IRr Rt'l < To lifo. From this. we obtain Rl -+ Rt' as f o
-+ _. Thus, when the frequency fo is sufficiently large.
then rise time Rt =Rt' and Pa' =Pa·

Rise time of the envelope function e(l) is obtained by setting de(t)ldt = O. This leads to
t = log (p,ta}/(p - a).

(4)
2
2
For this value of 1, it is easy to show that d e(t)/dI < O.

=

Hence, rise time Rtofthe envelope is given by (4), or
Rt = log (Pta)/[p - al,

(5)

3.2 AE (Ringdown) Count

from which the peak amplitude Pa of the envelope is Db-tainedas
Pa

=Ao (exp(-aPa ) - eXP(-PPa »).

(7)

Derivation of an exact closed-form expression for AE
(ringdown) count <Rei) appears to be impossible due to the
non.invenibility of the envelope function (2). However, an
approximate expression can be obtained by imposing

(6)

The rise time and the peak amplitude of the double exponential signal (3) can also be represented by (5) and (6).
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Fig. 3 Typical signal generated by modified double exponential model.
certain conditions on the value of a, ~ and the threshold
. voltage Vt-

simplicity and may be adequate in some cases. is not
generally applicable because the rising ponion of the signal
is convex instead of being concave. Therefore. a further
modification suggested is in the equation given below with

First we assume that ~ » a, which implies that there
is an instant of time to. such that expC-pt) £:I 0 for all t>
to. Under this condition. equation (2) becomes
e(t) '"

Ao exp(-«t).

for t > to

Ao = I. a = 0.009. ~ = 0.01. fo = 300 H~.

O<'a<p:
e(t) = Ao ((tn exp(-at» - eXP(-Pt)}

(12)

(8)

(lIa)log VtlA

(10)

A typical signal obtained with n = 4 is presented in
Fig. 3. As can be observed from the figure. the signal has
very close similarity to the actual signals observed. However. with the introduction of the additional 'tn· term. the
mathematical simplicity is lost in the sense that close form
solutions cannot be obtained for Rt. Pa and Rd. However.
the values ofRt and Pa can be obtained numerically.

ReI =(toIa)log(AIV,).

(II)

5. Conclusion

which can be rewritten as
1a

(lIa) 10g[AoIe(t)]

(9)

If t' denotes the time when e(l) attains the threshold voltage
VI. then we get
t'

a

The double exponential signal model proposed in this
paper is a more representative version of the conventional
exponentially decaying or single exponential model. Unlike
the conventional model. the present model has the merit of

4. Modified Double Exponential Model
As can be observed from Fig. 2. the double exponential
model given in equation (2). though has mathematical
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possessing a rise time that is a function of the signal

envelope parameters which in tum are attributable to the
soun:e and traDsducer characteristics.
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Acoustic Emission Response of Centre Cracked M250
Maraging Steel Welded Specimens
T. Chelladurai, A.

s.

Sankaranarayanan and K. K. Purushothaman

Abstract

weldment is grown from a starter notch through fatigue
cycling in the three point bend mode. This is done in the
solution treated condition of the material. Moreover, our
interest is to study the AE performance of surface cracks,
which are already present in the weldment and hence the
simulation. No AE monitoring has been attempted during
the precraeking. The specimens carrying the artificial cracks
were subsequently aged till they reach a hardness level of SO
Rc, which affords maximum strength to the material. The
depth of crack to thickness (dlt) ratio of specimens for the
various specimens studied varied from 0.15 to 0.17.

Acoustic emission studies have been carried out on a
batch of center cracked M250 maraging steel welded
specimens, having crack depth to specimen thickness ratio
ofO.IS to 0.17. Broad-band AE sensors with 100-360 kHz
bandpass tilter have been employed for the experiments..
The studies promise the prediction possibility for the
hardware constructed out of this material well before their
final rupture and hence can facilitate generation of suitable
acceptance criteria for the evaluation of hardware in real
time.

1. Introduction
Acoustic emission (AE) has the unique potential for
defect monitoring in real time. The technique is used to
identify and assess the severity of active defects under actual
service or during the proof pressure test specially in the case
of pressurized systems. One of the materials. which is
popular for aerospace booster cases is t 8% Ni maraging
steel, 250 grade. This being a fTacture prone material, the
crack-like weld defects are considered dangerous in the
material as compared to other volumetric defects namely
porosity, inclusions. etc. Therefore. in order to assess the
integrity of pressure chambers made of this material, it will
suffice if adequate AE response studies are made on weld
cracks, especially part-through surface cracks. which form a
major part of the defects in any weldmenl. An experimental
program has been initiated at the Vikram Sarabhai Space
Centre towards the above objective. This paper reports the
AE response behavior of a batch of welded specimens
bearing tight surface cracks. which normally evade detection
by ndiographic or ultrasonic techniques. The load vs. AE
parameters behavior exhibited by the specimens promise the
prediction potential as well as generation of an acceptance
criteria for the above mentioned application.
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2. Experimental Program
2. / Specimens

The schematic of the tensile specimen is given in Fig.
I. The semi-elliptical tight crack on the crown side of the
Received 14 February 1991; in final fonn. 23 May 1994. The
authors are affiliated with Vikram Sarabhai Space Centre.

Fig. I The schematic of M2SO maraging steel tensile specimen and Benser positions.
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,.....----FAST FRACTURE ZONE

any, governing the crack growth and AE for this material.
The AE parameters given in Table 2 have been observed
during load hold of 60 5 and the averase eveut and count rate
are worked out accordingly. The trend registered by the AE
parameters is given in the following paragraphs.

...----FlRST EXTEHDm ZONE
r----PRf-CRACK

HOTCH

3.1 Average Event Rate
Referring to hold phase data given in Fig. 3. a
significant level of average event rate started at 809& of the
failure load. The event rate exponentially rose to around 10
eventsls before unstable crack growth. The level of event
rate does not appear to be a function of eIIt ratio. The load
phase indicated significant event rates earlier than n.59& of
the failure load. The scatter in the data could be seen from
the hatched region.

Fig. 2 The nomenclature of fracture surface.

2.2 InnrumenttJtion
Dunegan 10320 AE system has been employed for the
investigation. Differential ended broad-band AE sensors
have been used for the AE monitoring in conjunction with
matching preamplifiers with band pass range of 100-360
kHz. Besides providing maximum sensitivity in the passband chosen. the sensors also afford low extraneous noise.
The sensors have been deployed in a pair on either side of
the precrack and arrival time difference so selected to facilitate monitoring only the crack growth activity. The
sensitivity of the sensors have been checked using HsuNielsen pencil break technique before and after the test.
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The loading sequence has been judiciously designed to
simulate as far as possible the proof pressure cycle of an
aerospace pressure chamber clamping necessary load hold at
various levels. However. the specimens have been loaded
further up to failure. A uniform cross-head speed of 0.2
mm/min. has been adopted during the tensile loading.

Fig. 3 Average event rate (eventsls) dUring hold phase.
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3. AE Response end Inferences

1&1

L:I

The AE response monitored is due to the dynamic
activity at the precrack, precrack extension to crack arrest
line, formation of stretch zone followed by unstable rapid
fracture. For some of the typical specimens crack growth
details are included in Table I. The schematic of the crack
growth nomenclature are given in Fig. 2. The first extended
zone represents the extension of the precrack to crack arrest
line indicating the stretch zone. The second extended zone
may represent the unstable crack growth region. The first
extended zone seems to represent the crack extension at the
point of failure. It would be interesting to observe some of
the derived AE parameters given in Table 2 at 97% of the
failure load and the corresponding spread!extended depth as
seen in Table I. A good correlation could be established
between the level of AE parameters and the extended depth
corresponding to the first extended zone. Further detailed
studies are required to come out with the definite law, if
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Fig.4 Average count rate during hold phase.

3.2 Maximum Event Rate
The specimens generally registered a significant level
of maximum event rate at 80% of failure load during the
hold phase. Also the event rate increased to around 30
eventsls at the point of failure. The load phase registered
response as early as 709& of the failure load. Here again.
this parameter is not governed by dlt ratio variations.
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Table I Crack GrowthlResiduai Strength Details of Typical Specimens
Crack Depth!
Specimen
11Uckness Ratio
(dlt)
0.165
0.164
0.173
0.151

Prec:rack Size Extended Zone Extended Zone
Sptad
(mm)

Depth
(mm)

Spread
(mm)

2.042
2.812
3.008
2.504

1.321
1.312
1.3S8
1.207

3.574
3.210
3.291
3.717

Extended
depth(mm)

0.553
0.662
0.821
0.811

Residual
Slmlgth
MPa

Extended

Spread
(mm)

depth(mm)

18.884
20.775
13.245
21.958

2.470
2.243
3.531
2.286

1729
1688
1642
1638

Table 2 Derived AE Parameters at 97% of Failure Load
Specimen dIt ratio

AE Parameters
0.J65
Average Event Rate
Maximum Event Rate
Average Count Rate
Maximum Count Rate
Events above 60 dB amplitude
Events above 5 InS duration

0.175

0.164

2.68
J4
9J7

6.03
23
2000
8700
JOS
90

3950
40
35

0.151

13.70
39

14.00
30
4667
J2000
400
J90

4600
J8000
170
210

3.3 Average Count Rate
1..., . . . . - - - - - - - - - - - - - - . . . . . ,

Figure 4 depicts the average count rate vs. percentage
failure load behavior for the hold phase. Again. the
significant Jevel of count rate started as early as 80% and
70% of the failure load during hold and load phases
respectively. The count rate increased above 3000 countsls
and 4000 countsls during the hold phase and load phase.
respectively just before failure. The observations indicated
mixed influence of dlt ratio on average count rate. The
maximum count rate too indicated a similar trend as above.
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3.4 High Amplitude Events
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Fig. 5 High amplitude events above 60 dB during hold
phase.

The high amplitude events above 60 dB are presented in
Fig. 5. It is observed that the significant emissions started
at 85% and 7S% of failure load during hold and load phases.
respectively. Almost an exponential increase in the high
amplitude events is observed once the significant emissions
set in. The hold phase preceding failure has exhibited over
J00 high amplitude events during the first minute of hold.
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3.5 Long Duration Events
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Figure 6 presents lhe long duration events exceeding 5
ms. The significant emissions on the basis of long duration
seem to have set in at 85% and 75% of the failure load
during hold and load phase. respectively. During the hold
phase preceding failure. more than 70 long duration events
were almost always observed during the first minule. Here
again. the dlt ratio variations seem to have no effect on the
AE behavior.
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Fig. 6 Long duration evenls exceeding S ms during hold
phase.
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zone. orientation of the martensitic lath was observed from
the fracture pattern and orientation of dimples. 1bis feature
was observed in all the samples. Nevertheless. orientation
of lath and dimples were absent in some of the samples in
the extended zone I. The variations/changes observed from
specimen to specimen is expected to affect the AE response
and the consequent scatter in the data. The dimples were
observed to be finer in some of the samples indicating the
ductile nature of failure compared to the other samples. The
variability in the behavior of specimens with identical flaw
sizes and instrumentation could be ascribed to the very
nature of anificially inserted cracks which has already
introduced considerable extent of prestrain (Derby et ai,
1972; Holt et al., 1975).

It is therefore seen that the weldment of M250
manJins steel is AE sensitive as early as 70CJ, of the
failure load considering the load phase performance. It exhibited sensitivity at 80" of the failure load during hold
phase. The various derived parameters that indicate significant AE response at different load levels from 70% to
85% of the failure load promise the possibility of evolving
evaluation or abort criteria. which can save a pressure chamber from impending critical crack arowth or failure. While
developinS the criteria the significant levels of respective
derived parameters can be set as limitins values for estimating the minimum margins available on a hardware.

3.6 Comparison with Similar Materials

5. CODclusloDS

As discussed in the foregoing, vacuum melted M2S0
maraging steel weldment indicated flaw detection feasibility
at 70% of failure load on the basis of load phase AE

Based on the limited studies done of M2S0 manging
steel welded specimens carrying artificially insened flaws
the following conclusions can be anived at

response.
Vacuum melted 18% Ni maraging steel, 300 grade,
indicated AE response at 89.59& of failure load (Corle,
1972). Dunegan (1973) studied 12 Ni maraging steel
pressure vessels carrying flaws and came out with the
prediction possibility at 799& of failure load. It would be
worth comparing some of the other high strength materials
studied by Corle (1972). While vacuum-melted D6ac steel
indicated AE flaw detection at 82% of failure load, vacuummelted 433SV electron-beam weld demonstrated flaw
detection at 49% of failure load. In general air melted
materials have shown better flaw detection possibility as
compared to vacuum melted ones.

• The weldment exhibited prediction possibility at around
70% of failure load, if load phase parameters can be
monitored.
• The derived parameters, viz. average event rate, maximum
event rate, average count rate, maximum count rate, high
amplitude events above 60 dB and long duration events
above S ms, have all registered significant response during the loadIhold phases at loads varying from 709& to
8S9Il of the failure load. Observance of these attributes
can fonn pan of criteria for evaluating a hardware.

4. MetaJlograpbJc ADaly."

• The extended depth in the stretch zone has a greater bearing on the AE response and can follow an exponential
law.

An attempt has been made to investipte the large scale
variation in the AE performance of similar specimens bearing identical surface cracks. Scanning electron micrograph
aided the investigation indicating microstructure changes.
There are changes in the extended zone I and extended zone
D from specimen to specimen, which give rise to pertinent
variations on AE response of individual specimens. It is
also seen from Tables 1 and 2 that the extended depth in the
extended zone I (stretch zone) has a greater bearing on the
AE response. It will be interesting to examine that AE
response follows the law anb = cE, where a, b and c are
constants and D and E represent the 'extended depth' in the
stretch zone and 'AE parameter', respectively. For average
event rate parameter the constants a. band c typically are
42. 5.4 and unity when D is expressed in mm. Presence of
spherical particles made up of iron, nickel and titanium in
the extended zone I is one of the sources for variations in
the AE perfonnance. The degree of brittleness also increased,
from specimen to specimen causing corresponding response
variations. Some specimens exhibited more localized brittle
patches. Features like chipped off matrix of varying degree
were observed in the extended zone I. In the fast fracture

• The variations in the AE response is expected to be due
to the presence of spherical inclusions in the extended
zone I besides localized brittle patches of different sizes.
Orientations of martensitic lath and dimples also seem to
have contributed to the variations.
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Low Strain Level Acoustic Emission due to Seismic
Waves and TidallThermoelastic Strains Observed at the
San Francisco Presidio
Baxter H. Armstrong, Carlos M. Valdes-Gonzalez,
Malcolm J. S. Johnston and James D. Leaird
Abstract

Few observations or experiments have been made of
AE at low-strain amplitudes expected to occur in an earthquake-prqwation zone. AE triggered in the Lehman Cave
National Monument in Nevada by a small earthquake 19
Ian away was reported by Repsher and Steblay (198S).
Hardy and Ersavci (1988) have reported secondary AE in a
mine environment; this is further discussed by Hardy et al.
(1988). who introduce the concept of a "conversion zone"
containing material subject to processes or conditions (e.g.,
residual stress) that permit the generation of AE by the
strain field from a remote source. It seems fair to say, however. that until now there has not been an adequately confirmed identification of secondary AE. Some laboratory
observations of AE at strain levels between 10-4 and 10-6
and over a range of rates down to about 10-9 s-I are
reviewed by Armstrong and Valdes (1991). The objective of
the present work was to determine: [I) whether AE in the
range of a few kHz to about 100kHz is generated by the
arrival of seismic waves from local or teleseismic earthquakes and (2) whether AE is generated by earth tides at
strain levels below 10-7 and at strain rates below 10- 12 s·l.
AE arising from tidal variations could demonstrate the existence of AE at levels of interest in earthquake-preparation
zones. OUf study is analogous to those of Diakonov et al.
(1990) and Galperin et aI. (1990). These authors studied the
possibility of "seismic emission" of seismic waves due to
solid-earth tidal strain and teleseismic waves with strains of
the order of 10-8 in a range upward from about 30 Hz to a
few hundred Hz.

Acoustic emission (AE) recordings were made at the
San Francisco Presidio during the times of the Lake Eisman
eanhquake and its largest aftershock. the Lorna Prieta earthquake aftershocks, and a small earthquake on the Hayward
fault. Each earthquake generated abrupt increases in AE
production at the time of arrival of the seismic waves that
were clearly above the background rates. Sensitivity of AE
to tidal strains was checked by comparison of the 30 kHz
background AE and the strain recorded by one of the USGS
strainmeters. At this site tidal strains are greater than thermoelastic strains at semi-diumal periods. A weak correlation between the rate of AE production and the observed
strain is observed at these near-diurnal and semidiumal
periods. This suggests that AE production occurs at strain
levels and strain rates even lower than those estimated to be
caused by passage of seismic waves from the 1989
earthquakes.

1. Introduction
The traditional use of acoustic emission (AE) has been
in non-destructive testing and study of rock failure <Lockner et al.• 1991), and has been limited to relatively high
strain levels, typically above 10-5. AE in the range of I
. kHz to 1SO kHz is highly attenuated in the earth, with
propagation distances of no more than a few l00"s m for I
kHz waves, and a few 10's m for 1SO kHz waves. These
distances are short compared to the distances traveled by
seismic waves. It was suggested that AE may be generated
during the strain buildup prior to earthquakes (termed
"secondary AE") (Armstrong, 1983). Secondary AE in the
range of 20 to 30 Hz is also triggered by seismic waves at
substantial distances from the source (Armstrong and
Stierman. 1989). Such secondary AE is produced at strain
amplitudes and strain rates much lower than those for which
AE has generally been studied and observed before.

Little energy is required to generate AE signals at 30
kHz. If we assume that a volume several wavelengths on a
side is required to produce a well-defined wave, this volume
is about O.S m3 or less for 30 kHz but is about 109 m3 for
a 30 Hz wave. Thus. for 30 kHz AE excitation. we are
dealing with microscopic source sizes, as opposed to the
macroscopic source sizes required to produce seismic waves
of kilometer wavelengths.
In principle. AE events with stress amplitudes down to
at least 10-3 Pa can be detected <Lord. 1982). For a material
such as concrete or sandstone. the bulk modulus is about
10 10 Pa. A stress amplitude of 10-3 Pa implies a strain of
the order of 10- 13 in such a material. This. as one would
expect. is somewhat lower than strains that are resolved by
instruments in the traditional seismic regime where localized near-surface strains of 10-9 are common. (Strains of

Received 8 FebNary 1994. B. H. Annstrong and C. M. ValdesGonzalez were affiliated with IBM Scientific Center, Palo Alto.
CA. M.J.S. Johnston and BHA are with U.S. Geological
Survey. 345 Middlefield Road. Menlo Park. Ca 94025. C.M.VM. is with Instituto de Geofisica. Universldad Nacional
Autonoma de Mexico. Ciudad Universitaria. Mexico D.F. and
James D. Leaird is wilh Physical Acoustics Corp•• Roseville.
CA.
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10- 11 are about the current Jimit of resolution; see
Borcherdt. et a1•• 1989). It should not be surprising. therefore. for a strain excitation of the order of 10-8 to 10-9 to
trigger low-level strain events in the 10-12 to 10- 13 range.
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2. Experimental Site and Instrumentation
The US Geological Survey (USGS) instrument vaull at
the San Francisco Presidio OaL 37.79. long. 122.47) was
originally constructed as an ammunition bunker during the
Spanish-American war. It houses strainmeters. tilbneters.
seismometers and a variety of other geophysical instruments (Jones. 1983). It is built on Franciscan chert and
sandstone on top of a hill, overlooking the Pacific Ocean
near the Golden Gate bridge. approximately 10 Ian east of
the San Andreas faulL The walls are reinforced concrete approximately 1/2 meter thick. and the roof is heavily reinforeed with steel girders. The interior rooms can be isolated
from one another. Few sandstone outcrops are found in the
arca. although two cores through the floor of the bunker
show weathered sandstone directly below. The bunker is
covered by earth fill. which reaches approximately 705 m at
the center and 3.5 m at the edges of the bunker. This overburden provides substantial thennal insulation such that the
temperature changes less than O.OS·C per day and OSC per
year. Earth strain tides recorded at this site have amplitudes
of about 10-7 where about half of this results from loading
from the nearby Pacific Ocean. The strain tides are greater
in amplitude than diurnal thermoelastic strains. both in the
ground and in the building. and the site therefore provides
an ideal location for comparing a known strain signal with
the output from AE detectors. Figure I shows the configuration of the Presidio observatory and the location therein of
our instruments.

.

~

?:!

....,.

-

~~

10

to

FiB. I Plan view of the Presidio Observatory. ·Our AE
sensors were installed in the room where the POISand
PD2S strainmeters are located.
a I - 100 kHz filter. On September 26. 1989. the 110 kHz
sensor was replaced by a I Hz - 20 kHz sensor (B &: K
model 437S). This model 4375 sensor was placed in line
with the same 1-100 kHz bandpass filter. The 437S sensor
had a lower apparent noise rate (about 6 eventslhr) and a
considerably less sensitivity than the 30 kHz sensor.
Initially. these sensors were taped snugly against wellcleaned spots on the concrete bunker floor about 0.5 m
apart and about O.S m from one end of strainmeter PO IS.
Over time. we prosrcssively improved the coupling of the
sensors to the concrete floor by adding grease as a couplant
and covering the sensors with sand. Eventually (Nov. II.
1989 and thereafter). beeswax was used to improve coupling. On Oecember 27, 1989. the B &: K Model 437S sensor was removed and the 30 kHz sensor was relocated to a
point down the rail about 2 m from the end of strainmeter
POlS. (The strainmeter P02S was anchored symmetrically
to PDIS on the other rail of the pair.) Thus, the position of
our 30 kHz sensor was roughly 2 m from one end of both
strainmeters after Dec. 27. This proved to be a good location from the standpoint of noise and instrument sensitivity. A sand cover was added to protect the sensors from airborne noise and insects.

Oata from the USGS strainmeters and tilbneters are
sampled every 10 min. and transmitted to the USGS offices
in Menlo Park. Because of this low sampling rate. transient
disturbances with duration shorter than 10 min. (such as for
seismic waves) are not detected in the telemetered data but
are recorded on site. The USGS instruments are located 40
m from the entrance to the bunker and are separated from
the entrance by a system of four doors that provides a 16
±<l.Ot °C temperature-stable room. Narrow-gauge (about 005
m apan) iron rails are embedded in the concrete floor of
some of the rooms. One end of each of the strainmeters
PO IS and P02S was anchored to each of a pair of these
rails.
In June. 1989. we installed two AE sensors in the
same room where the POlS and P02S strainmeters are
located (Fig. I). These piezoelectric sensors, type AET AC100. and AET S-AI.03. have resonant frequencies of 110
and 30 kHz. respectively. They are part of the usual AE
system consistinB of sensor. preamplifier and filter. The 30
kHz sensor signal is passed through a IS - 45 kHz bandpass
filter and the signal from the 110 kHz sensor is subjected to

While we do not have precise infonnation on the
sources of the observed AE. we note that the concrete in the
bunker is JOO years old and therefore likely to have an
abundance of cracks. The concrete floor rests on sandstone
as indicated above. Thus. it is reasonable to suppose that
118
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Fig. 2 Cumulative plot of the number of AE events against time for the 30 kHz (bottom) and 110 kHz (top) sensors during
the August 8. 1989. Lake Eisman earthquake. Time runs from right to left, and the pen resets at 2000 events. The top trace is
offset ahead by I hr from the bottom trace. Circles indicate the earthquake and the aftershock.
opening and closing of small cracks. grain boundary movement, and some relative motion at the concrete-sandstone
interface cause most of the emissions. Some of the emissions will originate in the sandstone below the concrete
floor. which probably has fewer cracks and more grain
boundary sliding.

strip-chart recorder) upon a fairly regular background rate of
about 19 eventsJhr average for the three hrs preceding the
earthquake. and -8 eventslhr afterward (Valdes and Ann·
strong, 1989). Figure 2 shows this cumulative AE events
against time record as the upper part of the figure. As in all
the strip-chan figures. time runs from right to left, and the
pen resets to 0 when it accumulates 2000 events. The top
trace is offset to be one hr ahead of the bottom trace in order
to avoid contlict between the marking pens. The signals on
the 30 kHz sensor seem well within the noise levels. However, a small step increase of 40 events is visible on the 30
kHz record at the time of a magnitude 4.2 aftershock
(encircled on the bottom trace of Fig. 2).

Signal processing, storage and display were performed
with the Acoustic Emission Technology Corp. Model 204B
AE monitoring system with a total amplification of 98 dB.
The output from the system, viz. number of events vs.
time. was plotted using a strip-chart recorder. Because the
"AE noise level" is not well defined. we measure all events
above system and electronic noise.

The Loma Prieta ML =7.1 earthquake of October 17.
1989 (17:04 local time) occuned about IS km from the
Lake EIsman earthquake. We obaained no useful data during
and for 7 days following this event because of the electrical
power outage that accompanied the earthquake. On October
25. after our instruments were back in operation, there was
a series of many aftershocks, including one of magnitude
4.4 and one of magnitude 3.8. These are marked, along with
numerous smaller aftershocks. on the AE response record of
Oct. 25 and 26 shown in Fig. 3. The AE event rate for the
30 kHz sensor is variable and at times quite high over this

3. 1989 Lake Eisman and Loma Prieta Earth·
quake Observations
The ML = 5.1 Lake Eisman earthquake of August 8,
1989. at 08:13 UTe occurred on the San Andreas fault 85
Ian south of our San Francisco Presidio location and about
IS km from the hypocenter of the Loma Prieta quake that
occurred a few months later. Our 110 kHz sensor registered
a 47O-Cvent step increase at the time of the Lalce Eisman
earthquake (within the four-minute time resolution of our
119
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time period, which was a time of high seismic aftershock
activity (approximately one aftershocklhr with ML greater
than 2.0). Over the 6-hr periods preceding and following the
4.4 October 2S aftershock, the 30 kHz sensor was registering a background rate exceeding 100 eventslhr. No change,
however, is observed in the I Hz - 20 kHz sensor. Many
abrupt steps appear in the 30 kHz AS event rate for the
period following the Loma Prieta earthquake that are not
coincident with an aftershock but are clearly separated from
the normal background. However, the rate at which this
background AS activity occurs decreases with time as the
Loma Prieta aftershock activity dies out. The total background AS level, continuous plus the steps mentioned
above, appeared higher during the aftershock period of the
Loma Prieta quake than before the quake, and by February,
1990 and thereafter we observed a generally uniform background marked by only occasional small steps.

quake. In both cases, the jumps are clear and unambiguous
upon the background.

4. Earthquake Strain ad Strain Rate Estimates
Ground-displacement amplitudes were calculated using
the magnitudes ML' for each of the earthquakes in the relation given by Richter (1958) and neglecting resonance
effects within the Presidio vaull. A sine wave with this
amplitude and with a frequency corresponding to the dominant frequency of the wave train was differentiated with
respect to displacement and time to obtain the strain and
strain rate, respectively. For each of the Lake Eisman earthquake, its aftershock. and the Hayward faull earthquake, this
dominant frequency was taken to be 2 Hz while the seismic
wave velocity was taken as 3 kmls. Table I shows the
results of these order-of-magnitude estimates. From this
table, we see that the strain level of the seismic wave from
the Lake EIsman aftershock is of the same order of magnitude when it reaches the Presidio as that associated with
earth tides, although the strain rate is considerably higher.

On November 4, 1989, at 07:16 UTe there was a ML

= 3.7 event on the Hayward fault with epicenter located 2S
km from the Presidio. Figure 5 shows AS jumps of 35 and
420 events for the B & K 4375 and 30 kHz sensors, respectively, at the time of this earthquake. The slope of this
cumulative plot shows that the 30 kHz sensor was experiencing an average rate of about 30 eventslhr over the four
hrs before the quake. This rate dropped to about S eventslhr
afterward. The 4375 sensor showed a uniform background
noise rate of about 7 eventslhr before and after the earth-

S. Strain and Acoustic Emission
An important objective of this work was to test
whether AS is generated as a resull of tidal strains. The
primary advantage in selecting the USGS Presidio vaull for
the experiment is that more then 10 years of strain and
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Table J Estimated suain amplitude inc:n:mcnts and suain rates for seismic radiation from the Augusl 8.
1989 Lake EIsman canbquakc and aftershock, and the Nov. 4, 1989, Hayward fault earthquake.
Source

Lake Eisman, 85 Jan
ML = 5.1 Earthquake

Lake Eisman, 85 Jan
ML = 4.2 Aftershock
-4 x 10-8
-5 x 10-'

-2 x 10-'
-3 x 10-6

Hayward Fault, 25 Ian
ML 3.7 Earthquake

=

-10-'
3 x 10-6
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Fig. 6 The number of 30 kHz AE events per Io-min. interval observed in the Presidio vault from April 15. 199 I 10 May II.
1991.
temperalure data have been collected and these measurements are well understood. Thermoelastic strains. whether
in the ground or in the structure, are smaller in amplitude
than tidal strains. An interval of approximately 30 days in
April and May of 1991 was selected for comparison of the
30 kHz background AE with the strain recorded by one of
the USGS strainmeters. Power spectral densities and coherence were computed for the strain and AE data. Figure 5
shows the de-trended 1G-min. sample rate strain RCOrd in
nanostrain (10-9) for instrument PD2S for the time interval
04:15 April 15. 1991 to 12:30 May II. 1991 (UTC). Primary features of the record are diurnal and semidiurnal signals due mainly 10 earthtides and some longer term variations with duration of about a week. The peak-ta-peak
strain levels each day are of the order of 100 nanostrain.
This conesponds to incremental strain of less than I nanostrain per IG-min. sampling interval. Figure 6 shows the
30 kHz AE data over the same span of lime. In order 10

match the timing of the strain data. these data were manually digitized from the paper chart at Io-min. intervals. The
number of AE events per IG-min. interval is plotted on the
abscissa with the mean rate of AE production being 2.3
events per IG-min. interval.
To make a more quantitative comparison between the
strain and lhe AE data, we examined the power spectra of
each. This analysis is limited because of the shan length of
data (4143 values). Nevertheless. this shon sample is adequate to allow preliminary estimates of spectral amplitude
and coherence to be made. Figure 7 shows the power spectrum obtained from the strainmeter data. Spectral amplitudes
are in dB referenced to a power level of I £2Hz·l. Figure 8
shows the power spectrum from the AE data processed in
the same manner with the spectral amplitudes also in dB
(counts2 Hz-I). For both data sets. the 95% confidence
limits are 12.1 dB and-S.l dB.
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more data. we cannot analyze these spectral peaks in more
detail at this point

Dominant spectral peaks significant at the 4a level are
apparent in the strain spectrum at approximately 24 hrs and
12 hrs. The situation is less clear for the spectrum from the
AE data. Specttal peaks do occur at approximately 24 and
12 hrs respectively but these are significant only at the 2a
level. Because of the limited data and difficulty in obtaining

We have examined correlation between the strain and
AE data using the methods of cross-spectral analyses
(Bendat and Piersol. 1966). These methods should reveal
coherence between the two time series as a function of
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frequency. Let x(t) and Yet) represent the two time series and
X(m) and Y(m) their Fourier transforms; the elements of

the cross-spec:traI matrix are given by

=

lX(m)I2Re<X· (m)Y(CD» ICI l(m)CI2(co)I
(Ol)Y(Ol» IY(UJ)12 = 1C21(UJ)C22(UJ)1

1m<X·

To obtain smoothed specttal estimates. the data series
are divided into D sections and a cross-spectral matrix is
calculated for each section. The average cross-spectral
matrix with 2D degrees of freedom is then determined. The
squared coherence R2 between the two series is estimated
using
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where the bar represents averaging the results from the 0
time segments. Limits on the accuracy of this estimate are
pointed out by Haubrich (1965). The squared coherence ~
tween the strain and AE data for 20 degrees of freedom IS
shown in Fig. 9. After correction for the finite length of the
data set the only significant coherence between strain and
AE data occurs at a period of 24 hrs. While phase and
admittance can also be calculated between the two data sets,
we note that these will not have much meaning unless significant coherence exists in a particular frequency band.
Figure 10 shows a plot of admittance in units of nanostrain/count between the two data sets. The value of admittance between strain and AE at diurnal periods is 0.03
nanostrain/count.
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Fracture Analysis of Mullite Ceramics using Acoustic
Emission Technique
Yoshiaki Yamade, Yoshiaki Kawaguchi, Nobuo Takeda and Teruo Kishi
Abstract

and for IC packaging. The amplitude of AE signals generated from natural defects is very small and, therefore, the
detection of the AE signals using a conventional wide-band
sensor is very difficult. This is the reason why the AE
source characterization technique could not be applied for
mullite materials. We used 2-channel AE instrumentation
for the direct observation of AE wavefonns from mullite,
which showed the micro-crack initiation and extension from
natural defects. The crack extension during the chevronnotched beam bending was also detected using the AE
technique.

The detection of the micro-crack initiation and extension is necessary for the analysis of fracture mechanism of
ceramics. Acoustic emission (AE) technique was applied to
detect the micnM:l'BCk initiation and extension in mullite ceramics during mechanical tests. The crack extension from
natural defects prior to final failure was detected clearly during 4-point bending. The discrimination between the AE
signal and noise, and the 2-channellocational detection can
be achieved with the direct observation of AE wavefonns.
The crack extension behavior was also observed using
chevron-notched beam bending tests with 2-channel AE
measurements. To measure the b'ansition point from stable
to unstable crack growth. it is necessary to detect the correct
fracture toughness of the chevron notch test. Cumulative
AE energy showed a qualitative agreement with the crack
velocity calculated from the change in crack opening displacement. The AE measurement can be used for the Klc
evaluation.

2. Experimental Procedures
2. / Specimens
Using commercial high-purity mullite powder. sintered
mullite samples were prepared through the process shown
in Fig. 1. By changing sintering conditions, sintered samples of different grain sizes were obtained. The shape of a
Chevron-notched test specimen is shown in Fig. 2. To eliminate the influences of surface roughness, the surfaces of
the test pieces were polished with diamond paste to 0.8 JUD.

1. Introduction
For the purpose of promoting the development and
practical applications of structural and elecuonic ceramics,
it is an important task to elucidate the fracture process of
the ceramics. Especially, the evaluation of the micro-crack
initiation and extension is indispensable. Acoustic emission
. (AE) has been applied for the detection of cracking behavior
and is expected to be a useful technique for such purpose.
During a 4-point bending test of ceramics, AE was measured by Gogotsi et aI. (1983), but the discrimination between AE signals and noise was inadequate. The relation
between AE and fracture mechanism has also been unclear.
In a recent study, Enoki et aI. (1991) have applied the AE
source characterization method for the fracture toughness
test. The quantitative evaluation of micro-cracks was
achieved and fracture process was clarified.

2.2 Evaluation ofFracture Initiation using AE Measurements
2.2.1 Four-point bending test
A 4-point bending strength was obtained based on the
method prescribed in ns RI601-1981. The test sample had
a size of 40 x 4 1 3 mm. The cross-head speed was O.S
mm/min and the inner Span was 30 mm. Twenty pieces
were examined for each material.
2.2.2 AE measurements
In the 4-point bending test, AE was measured by a system shown in Fig. 3 to demonstrate the fonnation of
micro-cracks (Yamade et aI., 1990). At each longitudinal
end of the bending test piece. a high-sensitivity AE sensor
with the resonance frequency of 180 kHz and a built-in preamplifier (Shiwa et at.. 1990) was attached. output of
which triggered an AE processor (NF Circuit Block Ltd.
AE96(0). The detected waveforms were recorded in a digital
wave memory (NF C.B. AE9620). and b'ansferred to a computer for signal processing. The sampling time of the wave
memory was SO nSf the voltage resolution 10 bit. the
recording length 2k words per event, and the dead time 10
ms, which is the waiting time for the inlernal data process-

In this paper, muJlite ceramics were tested. Mullite had
been used as a material for high temperature applications
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Mulllte powder
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<PRECRACKING >
Fig. 1 Fabrication processes of mu11ite.
~

0.2
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50

(TESTING>

Chevron notched
beam bending

Fig. 4 Test method for precracked specimen.
23 EvallUJtion ofMacro-crack Propagation

2.3.1 SEPB tesl
The single edge precracked beam (SEPB) bending lesl
method is shown in Fig. 4. The tesl piece dimension was
SO :It 4 x 8 mm. The prccracking was performed by the
bridge indentation method defined in 1IS 1607. In Ihe
fracture test, 3-poinl bending of a 32 mm span and a crosshead speed of 1 mm/min were used. and Klc was estimated
according 10 ASTM-E399.

Fig. 2 Specimen configuration of Chevron-notched tesL

AE9Boa
AE Processor

2.3.2 Chevron-notched bending test
The melhod of the chevron-notched 3-poinl bending
test (Kawaguchi et al.• 1991) is shown in Fig. S. The test
piece is SO x 8 x 8 mm in size. and a ligament of an equilateral biangle was adopted for stabilizing crack growth.
The crack opening displacemenl (COD) under load was
measured with a clip gauge in order to accurately estimate
the crack propagation behavior. A 3-poinl bending of a 32
mm span and a cross-head speed of 0.01 mm/min were
adopted for stable crack growth. The data of the load and
COD were recorded in a wave memory for compuler
processing.

Computer

Fig. 3 Block diagram of2-channel acoustic emission
detection and recording system.
ing. The gain of the preamplifier was S4 dB. and tolal gain
was 80 dB. The bigger level was S.6 I1V at the pre-amplifier inpuL Noise separation and analysis. and the measurement of the arrival time difference for location delection
were conducted by directly observing the individual waveforms recotded.
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where B represents the height (= 8 mm) and W the width (=
8 mm) of the test piece. In order to estimate the crack extension from the load versus COO curve, the COD value at
the opening end of the notch was calculated by the same
procedure, but the absolute value is affected by the contact
of a jig, etc. In the present experiment, therefore, the compliance ratio was used for the estimation. The compliance
ratio is defined as the present compliance divided by the one
just before the start of the crack propagation. The relation
between the COD compliance and the crack length was
calculated as shown in Fig. 1. In order to detect the crack
propagation under load, besides measuring COD, the 2channels of AE signals were measured in the same way as
in the bending test.

...0

--

...1...W
:::,'
,
'.:~.~,
~ -T---l

I

CJ
C

C

0

;:
CJ
GJ

......
0
CJ

...

:ll:::

I

1.0

0.5

0

Crack lengfh ratio, a/W
Fig. 6 Conection factor for chevron-notched specimen
compared with precracked specimen.

3, Results

3.1 Microstructures ofSamples

The correction factor of Klc for this test piece was estimated from the Bluhm's slice model (Bluhm, 1977). Calculated results are shown in Fig, 6, Since the factor is at a
minimum when aIW = 0,325, the value of Klc can be found
from the maximum load P in the test, by the following
equation:
KIc = 14.18 x P BNW,

The relationship among the sintering temperature, the
porosity and average grain diameter, is shown in Table I
(Yamade et aI., 1992), In all the samples, large pores of
about SO f.Ull in diameter were observed, which are thought
to be caused by an insufficient granular collapse (see Fig.
8).
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Fig. 8 Optical micrographs of polished surface of three types of mullite.
Table I Sintering conditions and material properties.
Sintering
temp. (OC)

Sintering
time(br)

Porosity
(%)

Grain
diameter (JJm)

C

1650
1700
1600

D
B

1575

2
2
72
2
2

2.9
3.2
1.3
28.9
20.6

0.95
1.36
3.82
0.72
0.76

Material
A
B

ISSO

Binder
PYA
Acrylie resin
PYA
Acrylic resin
PYA

3.2 Effect ofGrain Size on Bending Strength and Fracture
Toughness

8!.

Effect of grain size on bending strength is shown in
Fig. 9. The smaller the grain diameter is. the larger the
bending strength becomes. The effect of grain size on fracture toughness values are shown in Fig. 10 (see also Table
2). The macroscopic fracture toughness was measured by
SEPB test and is represented by Klc(SEPB)- Fracture toughness values, KIc(SEPB), increased with the increase in grain
size. It is noted that this trend is opposite to the grain size
dependence on the bending strength.

300

~
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tc:

a
0--..

200

~

C)

c: 100
:cc:
Q)

m

The fracture origins in the test pieces are shown in Fig. II.
From the scanning electron microscope (SEM) observation, the defects were approximated by semi-ellipses or
ellipses, and the radii of the fracture origins were estimated
to be between 20 and 30 JU11. Although the sizes of the
fracture origins remain almost the same, the bending
strength decreases with the increase in grain diameter. If we
assume the observed fracture origins control the fracture,
Klc can be estimated from the dimensions of the defects and
the bending strength with the penny-shaped crack model
(Murakami et aI., 1987). This is defined as Klc(defect).
Estimated values of Klc(defect) are shown in Fig. 10 and
Table 2. Klc(defect) and KIc(SEPB) show opposite trends.
This observation will be discussed in Sec. 4,1,

50 L - - -_ _....L...-_ _...J.-_.L..-....1--1

1.0
2.0 3.0 4.0
Grain size I p. m
Fig. 9 Four-point bending strength as a function of grain
size. Cross-head speed was 0.5 mm/min (J1S).

3.3 Evaluation ofMicro-cracks
3.3.1 Growth behavior of natural defect evaluated using AE
Figure 12 shows the AE location and cumulative AE
event counts in the bending test on mullite with three different grain sizes. The AE starts at about half the maximum
load in each case. AE that occurred from the fracture origin

130

Table 2 Calculation of Klc(defect).

Material

Bending
strength (MPa)

KIC(d~ect)
(MPa m)

Defect
length (J.lm)

250
253
251
230

25
27
25
35

1.41
I 48
1.41
1.53

B

231
232
208
219
230

25
25
23
18
20

C

194
199
183
198
181

20
30
20
18
50

A

-

o 1.0

--

095

1.31
1.31
1.13
1.04
1.17

1.19

1.98

1.36

0.97
1.23
0.92
0.95
1.43

1.10

2.50

3.82

was selected from the location data. The average AE event
counts selected from the location data were 8.5 for material
A, 21.6 for Band 28.3 for C, respectively. This result
shows that AE event counts increased with the grain diameter. Differences were observed in the distribution of locations of AE between different materials, but this appears to
be due to the differences in the number of pores and their
distribution.

/:"--

-

~

The amplitudes of detected AE signals became larger
with the increase in grain size (see Fig. 13). The sensitivity
and the contact condition of the sensor had been examined
with an input of a pseudo-AE signal (Hsu et aI., 1977) and
found to be essentially unchanged. Thus, the differences in
the amplitude of the detected signals are due to the differences in the generated AE signals and consequently the size of
the micro-cracks.

$2

0.5 L..-

--L.

'--_~_=___:'_::__'

1.0

2.0

Grain size I

Grain
diameter (J.lm)

1.73

A

KJC(defecl)

KIC(sEPB)
(MPa..Jm)

146

3.0

_

Average ~C(defect)
(MPa m)

3.0 4.0

~m

Fig. 10 Effects of grain size on KIc(defect) and Klc(SEPS).

Fig. II SEM photos of fracture origins observed on fracture surfaces.
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Fig. 12 AE source location and total AE event counts as function of load for three types of mullite. The 4-point bending test
was carried out with 0.05 mm/min of crosshead speed.
3.3.2 Micro-crack size from fracture mechanics test
A bending test was performed by introducing an artificial defect in the center of the tension side of the test piece
with a Vicker's indentor. The cumulative AE event counts
are shown in Fig. 14. The artificial defect has grown and led
to the final failure. First, the size of the introduced median
crack is measured by observing the fracture surface. Next.
the dimension of defect at the final failure is determined on
the basis of the linear fracture mechanics approach using the
bending strength and the fracture toughness values of the
individual materials by assuming a penny-shaped crack. The

difference between the size of the initial defect and the size
of the defect at the fracture corresponds to the amount of
crack growth. although we could not observe the crack
growth by SEM. The area of the micro-crack corresponding
to one AE event was calculated. by dividing the crack
propagation area by the count of the measured AE events.
The results are given in Table 3.
3.3.3 Micro-crack size from optical observations
The test piece was unloaded quickly upon occurrence of
AE during the bending test of the material C. Changes in
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Fig. 14 AE event counts during the bending test with artificial defects. The crosshead speed was 0.05 mmlmin.
the surface defect were examined by the dye penetrant
method, so that the AE signal can be related to the microcrack. The AE event counts and the changes in the tension
surface of the test piece are shown in Figs. IS and 16, respectively. When comparing the surface observed immediately after the second loading with that immediately after the
fourth loading, it can be seen that the crack has grown by
approximately 300 Ilm. Since a total of II AE events
occurred in the time span, the crack size corresponding to
one AE event can be estimated as 2a =27.31J.nl assuming a
surface crack. Because of the presence of crack growth into
the interior of the specimen. the real value is considered to

be larger than this. The crack growth into the interior of the
specimen could not be observed using the dye penetrant in
this experiment. After all, the above crack size is close to
the one shown in Table 3. Therefore. the crack area/event
seems to be one of the parameter that shows the fracture
property.
3.3.4 Determining AE source location using direct
observation of waveforms
The accuracy in determining the location of the AE
source was important in the present experiment. The signal
arrival time had been determined by using the threshold
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Table 3 Summary of results of bending tests with artificial defects.

Material

A

C

Initial crack
Vicker's
length
indentation
load(N)
(J.Utl)

KIC(sEPB)

(MPa..Jm)

Bending
strength
(MPa)

Final cmck
length

AEEvent
count

CrackareaJ
AEevent
(x 10- 10 m- 2)
4.4
1.9
4.1

(J.UIl)

51
93

4.9
9.8
49.0

25
40
135

1.13
1.13
1.13

215
159
96

255

1
14
180

9.8
49.0
98.0

54
154
323

2.50
2.50
2.50

123
94
85

321
556
615

18
154
200
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Fig. 15 AE event counts in cyclic loading test The crosshead speed was 0.05 mm/min.

•

method in the past (see Fig. 11). If calculated according to
this method, however, errors may occur in the arrival time
depending on the signal intensity, as is shown in Fig. 11.
The wavefonns were directly observed to detect the rising
position. Because the AE signal of ceramics is not so
strong, it is difficult to accurately detect the rise under the
influences of background noise. Therefore, the flI'St peak of
the signal was used for detecting the arrival time. The first
peak appears with a certain delay to the extent of the sensor
resonance frequency. Because it has the largest amplitude, it
is the least influenced by noise. In this experiment, the
difference between the peak times of the two channels was
regarded as the arrival time difference (Fig. 18), and the AE
source location was detennined using the longitudinal wave
velocities of the individual test pieces obtained by the pulse
impact. The present method kept the margin of error within
to.4-0.8 mm.

C-1 : After 2nd loading

.\ ,.

. l.'~·~·. »~~ ~

,if""

~.
I

"

/

.•

3.4 Evaluation ofMacro-crack Propagation Behavior
The load-COD curves obtained as a result of chevron
notch bending test perfonned using material A and D are
shown in Fig. 19. The load versus COD curves are nonlinear in both materials. The non-linear part of the curve
before the maximum load represents a stable crack growth
as a result of the special notch design and the successive

~

I

200Jlm
Fig~ 16 Specimen surface during cyclic bending tests.
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4. DiscussioD

slight load drops represent a slow crack propagation prior to
the final failure. From the COD-time curves shown in Fig.
20. the crack growth length are estimated as shown in Fig.
21. Until the maximum load is reached. the crack length
increases slowly. However. beyond the maximum load. the
crack accelerates rapidly to the final failure.

4.1lntemction between Defect and Grain Size

4.1.1 Grain size dependence of fracture toughness
The value of fracture toughness of mullite increases
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with the increase of grain size, as shown in Fig. JO. The
reason can be drawn by an analogy of the past studies on
alumina. Regarding the grain size dependence of the fracture
toughness of alumina, different mechanisms have been
proposed in accordance with fracture appearance. When

intergranular fracture is dominant (Rice et al.. t 98 t), it is
considered to be due to the micro-c:racking mechanism based
on anisotropic thennal-expansion of the crystal. When
lransgranutar fracture is dominant (Nose et al., t 990), the
fracture toughness has a tenn proportional to the square-root
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Table 4 Estimation of defect growth and com:c:tion of KIc(defect) by using AE measurement results.

Bending
strength

Klc(defect)

length (80)
(J1m)

(MPa)

KIc(SEPB)

SO

185
204
219
221
165
173
160
192
188

0.85
0.94
1.10
0.84
0.60
0.51
0.28
0.41
0.33

Initial defect

Material

SO
A

C

60

35
65
42
15
22
15

AEevent
count

4
7
I

7
45
16
J3
9
10

~

1

A, d..0.95 p m
o B, d..1.36pm
• C, d=3.82pm

A

5

10
ao/d

20

50

62
70
63
61
381
228
202
J69
178

KIc:<SEPB)

1.25
1.41
1.05
1.73
5.9
5.4
13.5
7.7
11.9

0.95
1.12
1.13
1.12

1.45
1.18
1.03
1.13
1.13

In ceramics. such as alumina. however. a mi~crack
has been confirmed to occur prior to the final failure and its
influences should not be disregarded. Evans and Langdon
(1976) have reponed that in ceramics showing slow crack
growth (SCG). the growth of defect influences the final
failure. However. they have not made definitive studies as
to the effectiveness of formulas of the linear fracture
mechanics and estimation of the amount of defect growth.

0.7
~ 0.5

0.1

a"80

that formulas of the linear fracture mechanics cannot be
applied.

fb

~

KIe(final)

(J1m)

iii 1.0 -----------------------------o
- 0.3
13
SCD 0.2
:Eo

Estimated final
defect length (ar)

4.1.3 Amount of defect growth by AE measurements

100

The linear fracture mechanics approach is effective in
the range of defect to grain size ratio of above 30. We
calculated the final dimension of a defect just before the
fracture of the test piece. in which an anificial defect was
inttoduced. This was done by using the maximum load and
KIc(SEPB). leading to a crack area per one AE event. as
shown in Table 3. All the counts were not necessarily
captured just before the final failure where AE event rate
was high. but the values shown in Table 3 were close to
the results of the optical observation. and so these values
were used in the estimation of the amount of the defect

Fig. 22 KIc(dcfect)fKle(SEPO) ratio as the function of Bold.
Crosshead speed was 0.5 mmlmin.
of the grain diameter. This model qualitatively shows how
the elastic energy accumulated in the grains turns into a
fracture forming energy at the time of breakage of one
grain. leading to unstable fracture. In other words. this is
based on an idea that breaking a large grain will require
more energy than breaking a small one, and that the fracture
toughness is determined by the breakage of the last grain
where the fracture turns unstable.

growth.

When the number of AE events from a natural defect
(which occurred within to.8 mm from the fracture location)
is multiplied by the crack area shown in Table 3. the values
of K) are calculated again. for the defects just before the
final failure. The results are shown in Table 4. These are
treated as Kle(fina!). and are close to the values to
Klc(SEPB). Here. it is thought that the applicability of the
linear fracture mechanics has remarkably extended due to the
growth ofdefect.

4.1.2 Decrease of fracture toughness in micro-defects
The grain size dependencies of the macroscopic fracture
toughness Klc(SEPB) and the microscopic fracture toughness KIc(derecl) are found to be opposite. In order to eu·
mine this phenomenon. the ratio. KIc:(dcfec:t)IKlc(SEPB). is
plotted against the ratio of the initial defect to the grain size
in Fig. 22. It can be seen that. when the size of the defect
to grain size ratio. &old. is less than 30. the Klc(defect) is
lower than Klc(SEPB). Such a decrease in the values of the
fracture toughness. Klc(defecl) has also been reponed
(Miyata et aI., 1986) in other ceramics, such as AIN. SiC,
alumina. etc. It has been presumed that. in cases where the
size of the crack is similar to the size of the grain. ceramic
materials do not behave as homoJeneous clastic bodies. so

4.1.4 Fracture models based on AE observation
The above mentioned results can be summarized as
fonow:
(I) Mullite produces AE from pores at about half the
bending strength. This is assumed to be due to the
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Fig. 24 Acoustic emission from chevron-notched specimen (material D).
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300

initiation and growth of a mic:ro-crack from the pores.
(2) AS is produced continuously from the failure sile just

donal to crac:k velocity. The above results imply that AE
energy is a better measure of crack growth. The lack of
precision of COD measurement in this work precluded to
calculate K,-V curve, but it became clear that AE measurement is effective for the evaluation of macro-crack propagation.

before the final failure. In other words, the defect is
considered to be growing continuously before the final
failure.
Consequently, the defect in mullite changes from a
pore shape to a crack shape, grows and leads to final failure.
The amount of the crack growth is largely influenced by
initial defect to grain size ratio. The smaller the ratio is, the
larger the growth rate is. Further, mullite having a larger
grain size shows a larger crack growth unit than one having
a smaller grain size. It is not clear whether this is attributed
to the material characteristics. Judging from the fact that the
dimensions of the defect at the time of fracture amounl 10
dozens of times the grain size. and the fraclure toughness
values Klc(final) is roughly equal 10 the fracture toughness
value of a polycrystaJ (Klc(SEPB», the lowering of the
fracture toughness Klc(defec:t) analyzed by fracture observations, is considered to be an apparent phenomenon caused
by the growth of defect prior to fracturing.

S. Conclnsions
From the study of the fracture process of mullite
ceramics using AE measurement, the following points have
became clear.
(I) The micro-c:racks occurring at the natural defect during

4-point bending tests can be detected using AS
measurement The discrimination of the AE signals and
noise, and the locational detection was achieved using the
direct observation of recorded waveforms.
(2) In the materials including not only macroscopic but also
microscopic defects, the bending strength depends on the
crack dimensions after the growth. The value of fracture
toughness dictates the bending strength per the linear
fracture mechanics.
(3) The crack growth corresponding the stress corrosion
cracking can be qualitatively evaluated by the chevron notch
test with COD and AE measuremenL The AS measurement
is effective for the fracture toughness tesL

The present experiment represents results obtained from
mullite, but the micro-crack around a defect can be also
produced by other causes than SCG. The development of a
method for quantitatively evaluating the micro-crack is
considered to be essential to the solution of this problem,
and the AE method is considered to be especially effective
among a variety of nondestructive inspection methods.
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Acoustic Emission from AISI 4340 Steel as a Function of
Strength
Steve H. Carpenter and Christian Pfleiderer
Abstract

mechanical properties. The 4340 steel was selected as a test
material for two basic reasons; first. it is an important
engineering material with significant industrial use and
second. it is easy to achieve a wide range of mechanical pm.
perties using a rather small range of tempering temperatures.

The acoustic emission (AE) derived from AISI 4340
steel has been measured and characterized as a function of
strength of the material. Four different tempers of 4340
steel were used to provide a wide range of mechanical pm.
perties. AE generated during plastic deformation was measured during both uniaxial tension and compression testing.
It was confined primarily to the yield region and was observed to be strongly dependent on the strength of the test
material, with the stronger material producing considerably
more AB. The emission generated during crack propagation
was measured and characterized using double cantilever
beam specimens. The emissions generated during crack pm.
pagation were also observed to be strongly dependent upon
the strength of the test materials. The stronger material pm.
duced more emissions. However. they were lower in energy.
An attempt is made to correlate the experimental AE data
with the mechanical properties and to explain the results in
terms of the microstructure and deformation and fracture
mechanisms.

The AE generated during plastic deformation was measured and characterized during both tensile and compressive
deformation. The AB generated was confined primarily to
the yield and Liiders flow region. Large numbers of AE
events were measured during deformation. The number of
events and the rms voltage produced were found to be
strongly dependent on the strength of the material, with the
stronger material generating the most emission. Crack pm.
pagation was investigated using double cantilever beam
specimens. A wide dynamic range of AB signals was pm.
duced until uniform crack growth started. Once uniform
crack growth started. the stronger materials produced significantly more emissions. However. while the stronger
materials produced the larger number of emissions. the
energy carried in the emissions was the greatest for the
weaker materials. An attempt has been made to characterize
and discuss the results obtained in terms of fundamental
deformation and fracture mechanisms. and to suggest and
clarify the actual sources of the measured AE.

1. Introduction
Acoustic emission (AE) measurements have been used
extensively to investigate and probe deformation and fracture mechanisms in many material systems (Landy and
Ono. 1982; Drouillard. 1979; Heiple and Carpenter. 1987a
and b; Miller. ed.• 1987). The sensitivity of AB to prior
thermal andlor mechanical treatments of the test material
makes it an excellent investigative technique to study deformation and fracture mechanisms as a function of mechanical
properties.

2. Experimental Setup and Test Materials
The test material used in the present investigation was
4340 steel round bar of 89 mm diameter. The chemical
composition is (in weight percent) C. 0.42; Mn. 0.81; P.
0.011; S. 0.020; Sit 0.23; Cr. 0.82; Mo, 0.23; Ni. 1.73;
Cu. 0.11.

AISJ 4340 steel is classified as a high-strength, medium carbon. low-alloy steel, which is used in numerous
industrial applications because of its high strength and
excellent toughness. There have been a number of previous
investigations of the AE from 4340 steel; however, they
have primarily dealt with the AE from cracking due to
hydrogen embrittlement (Dunegan and Tetelman, 1971;
Chaskelis et. a1.. 1974; Gerberich et. a1.. 1975; Nome and
Kishi. 1982). The present paper reports on an investigation
of the AE generated during the deformation and fracture of
4340 steel as a function of tempering temperature or of

In order to achieve the desired wide range in mechanical
propenies and toughness the following thermal treatments
were employed. All of the material used was first given a
normalizing heat treatment of I hr at 900'C, followed by
air cool. The material was then austenized by heating it to
843'C for 1 hr. after which it was quenched in oil. At this
point the material was divided into four lots known as F.
G, H and I and each lot was given a different tempering
treatment. The tempering treatments and a summary of the
mechanical propenies determined during tensile and compressive deformation are given below in Table I.
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The resultant microstructure was found to be a fine
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Table I Tempering schedule and the mechanical properties
Sample

Tempering schedule

Tensile Yield
Strength (MPa)

Tensile Ultimate
Strength (MPa)

Compressive Yield
Strength (MPa)

LotF
LotG
LotH
LotI

2 hrs at 593°C. air cool
2 hrs at 524"C. air cool
2 hrs at 427"C. air cool
4 hrs at 316°C. air cool

1035
1104
1339
1477

1125
1194
1456
1739

1063

ture. for the different tempers could be observed using

1166

1415
1573

carried out at room temperature and at a constant crosshead
speed oU.3 x 10-7 mls.

optical microscopy. The higher tempering temperatures are

know to produce a coarsening of the carbides (Ashby and
Jones, 1986) in the material thereby causing a decrease in
the carbide density.

Preliminary AE data generated during crack propagation
indicated that the AE bursts covered an extensive dynamic
range in excess of 80 dB or a factor of 10.000. In order to
completely characterize the AE data, two independent systems and measurement channels were used during crack pr0pagation studies. The transducers used were identical (Dunegan S9204). and were the same type used in the deformation
studies. The ttansduccrs were symmetrically placed on the
top and bottom of the DCB specimens. The face plate of
the transducers was parallel to the direction of the crack,
approximately 5 em from the unnotched end. Sensor output
for the high sensitivity channel was amplified 60 dB using
a Panameterics model S060B ultrasonics preamplifier in the
same manner as in the deformation studies. Sensor output
for the low sensitivity channel was fed directly into an
anenuator and was attenuated 20 dB. giving a difference of
80 dB between the two channels. Both (high and low sensitivity) channels were monitored using the Pboenix system
and both channels of the transient recorder was used to
record waveforms of the AE events. Thresholds and full
scale values for corresponding measurements by the Phoenix system and the transient recorder were matched as
closely as possible to insure both instruments were measuring the same events. None of the samples in the low
sensitivity channel was clipped when recorded and all of the
clipped signals in the high sensitivity channel could be
accounted for in the low sensitivity channel. hence aU signals were accounted for. A detailed discussion of the experimental apparatus can be found in Pfleiderer (1990).

Standard flat pinned-type tensile samples were machined from the round bar stock with the tensile axis parallel to the rod axis. The gage length of the samples was 2.54
em. width 0.58 em and thickness 0.27 em. Rectangular
samples. 2.53 em long. with a square c:ross section and a
length to width ratio of 2.66 were used for compression
testing. The compression samples were also machined with
the length parallel to the rod axis. The samples were sur
face-ground after tempering to remove any excess oxide
build up. Double cantilever beam (DeB) specimens were
used to investigate crack propagation. The DCB samples
were 0.635 em thick with a web thickness of 0.062 em.
These were machined such that the direction of crack propagation is parallel to the rod axis of the bar stock. The pinholes in both the tensile and DCB specimens were preloaded
a number of times to reduce and/or eliminate any additional
AE from deformation and friction at the loading pins.
Specimen details and dimensions can be found in Pfleiderer
(1990).
The AE was detected using a resonant type piezoelectric
sensor (Dunegan S9204, resonant frequency approximately
140 kHz). The sensor was placed directly on the test specimens and was coupled to the specimen using pyrogel ulttasonic couplant. The sensor was held in place using robber
bands. For the deformation studies. the output of the transducer was bandpassed between 0.1 and 1 MHz and amplified
60 dB using a Panameterics model S060B preamplifier. The
output of the preamplifier was characterized in three separate
and distinct ways. First, the output voltage was measured
by a series of three Hewlett Packard 3400A nns voltmeters
with full scale values set 10 dB apart to give a wide
dynamic range of signal measurement. Second, the output
was fed into a computer controlled AE measurement system
(Phoenix system, Acoustic Emission Assoc.) to detennine
standard AE parameters. such as events, counts. etc. Third.
the output was fed into a transient recorder (Soltee model
SDA 2000) with over 106 points of memory. to record
actual waveforms and waveform characteristics. The deformation test machine used was an MTS 880 material testing
machine. specially modified for AE testing. All tests were

3. Experimental Resolls

3.1 Acoustic Emissionjrom DejomuJlion
3.1.1 Tensile deformation
Typical data. the AE generated during tensile deformation. in terms of the rms voltage and the applied stress. as a
function of loading time, for a Lot F sample (the weakest
lot) are shown in Fig. 1. The general features of the AE
data were similar for all four tempers. At a load of approximately SO % of the yield stress the AE began to rise out of
the noise level and reached a very sharp peak exactly at
yield. The AE decreased somewhat after yield and then
increased again. coming to a second maximum at the onset
142
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3.1.2 Compressive deformation
Typical data. the AE generated during compressive
deformation, in terms of the rms voltage and the applied
stress. as a function of loading time for a Lot F sample are
shown in Fig. 4. Again the general features of the AE data
are similar for all four tempers. The AE was found to
increase to a relatively sharp continuous peak at yield
followed by a small amount of burst activity during work
hardening. Figure S shows a composite of the AE behavior
at yield during compressive deformation for all four tempers. The AE is strongly dependent on temper and the
higher the yield strength the higher the AE at yield. As was
observed in tensile deformation the AE is essentially
continuous in nature. Figure 6 shows a composite graph of
the peak value of the AE as a function of yield strength for
both the tensile and compressive samples. The change of

o

nme

us

deformation for the four different tempers. Several features
are obvious from Fig. 2; first. the AE generated during
tensile deformation is primarily confined to the yield and
Ulders region; second. the magnitude of the AE generated is
a strong function of temper (strength) and third. the duration
or width of the AE activity. which coincides with the
length of the Lilders region is also a strong function of
temper. The AE generated during tensile deformation
increases significantly with strength. The AE is composed
of very large numbers of small bursts. giving essentially
continuous emission. The number of signals becomes so
high that it is impossible for the computer controlled
system to keep up with them. Figure 3 shows AE data in
terms of both the rms voltage and in terms of the event
rate, during tensile deformation for a Lot G sample. Notice
that after the event rate exceeds approximately 225 events in
5 s, the system cannot keep up and it simply reads the AE
as one long event. However. the rms voltage continues to
increase showing a peak in the AE as expected.

15

3

t.1ll

Fig. 3 AE event rate and nns voltage measured during yield
and Laders flow for a Lot G sample tested in tension.

Fig. I Rms voltage of abe AE and stress versus test time
for Lot F sample (weakest material) tesled in tension.

2

us

nme(m1n.)

nm8(mln.)

>'
.;

o
us

8

6

7

(min.)

.Fig. 2 Rms voltage of the AE measured at yield and Ulders
flow for abe four different tempers tested in tension.
of work hardening. With the onset of work hardening. the
AE decreased again to the noise level with very little
activity until a large single burst at fracture. Figure 2
shows a composite of the AE generated during tensile
1G
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Fig. 4 Rms voltage of the AE and stress versus testing
time for a Lot F sample, tested in compression.

Fig. 6 Peak values of the rms voltage at yield as a function
of yield strength for both tension and compression testing.

m- 80 . , . - - - - - - - - - - - - - ,

"

70

:::2

80

C'i
'fi oC

50

I (lUlIng)

CD

_1tJ
IDO

ie

--

40

go

10

~

UI

e

800

lDar

1ii=30

ii
enl

o
2.0

2.5

3.0

3.5

_8.,.--------------,

m

"f;j

N':2
_0
lDoC
CUI

i
.3

20

1.5

Fig. S Rms voltage of the AE measured at yield for the
four different tempers tested in compression.

i
e

~ 0

TIme (min.)

1600

1600

6

the peak value of the AE is approximately linear with the
change in the yield strength. It is believed that the larger
values of the AE for compressive deformation are primarily
due to the larger gage volume of the compressive samples.
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3.2 Acoustic Emission from Craclc Propagation
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The AE generated during crack propagation in the 4340
steel is characterized by AE signals of extreme differences in
magnitude. As mentioned earlier, two independent transducers and data channels with a dynamic range of 80 dB were
established to record the AE. Typical AE data generated
during the testing of a DCB Lot F sample (weakest temper)
along with the applied load are shown in Fig. 7. The AE
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Fig. 7 AE event rate for both channels and load V5. time
during DCB tests for a Lot F (weakest temper) sample.
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vior of a pressure vessel steel, ASTM AS33B, as a function
of tempering conditions. Their range of tempering temperatures was significantly greater than reported on in the
present paper. They found the AE to be very strongly
influenced by the variations in the microstructure caused by
heat treabnenL Wadley and Scruby (1979) reported on the
AE during deformation of a low alloy steel (BN30Al) as a
function of heat treatment. However, it is difficult to
correlate the results of this work with theirs since Wadley
and Scruby used a wide-band transducer and only measured
significant AE at failure.

event rate (number of AE events in S s) for both the high
and low sensitivity channels is given in Fig. 7. Figure 8
shows similar data for a Lot I (highest strength temper)
sample. The high sensitivity channel maintains a modest
AE event rate with loading time once stable crack propagation starts. The low sensitivity channel measured a significantly lower burst rate with the bursts being primarily
located at points where there were discontinuities in the
applied load curve. Analysis of the AE data shown in Figs.
7 and 8 shows similar behavior to that observed during the
deformation experiments; i.e., the higher the strength the
higher the AS.
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In order to provide a meaningful discussion of the AE
generated during deformation, it is necessary to review the
effects of tempering and the characteristics of both tensile
and compressive deformation. The use of different tempering temperatures has a significant effect on both the mechanical properties and the AB generated during deformation of 4340 steel. Previous studies have shown that the
higher tempering temperatures cause a coarsening of the
carbides in the matrix giving a corresponding decrease in the
density of carbides (Ashby and Jones, 1986). Both the
strength and AE were found to be the highest for the lowest
tempering temperature or finest carbide distribution. The
stress-strain behavior was found to be somewhat different in
tensile and compressive deformation. Tensile deformation
was characterized by a sharp, well defined yield point. a
short LUders region, followed by work hardening to the
ultimate stress and then a decrease in stress until fracture.
The mechanical behavior in tension is what would be
expected from inhomogeneous deformation by Laders band
propagation. The compressive deformation was characterized
by a well defined yield, followed immediately by work
hardening. 1be samples were weJllubricated on the ends and
showed no signs of barreling and from all indications failed
in uniform homogeneous deformation (Dieter, 1961).
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The location and nature of the AE generated during
tensile deformation is consistent with the initiation.
propagation and arresting of LOders bands as the source of
the AB. The build up of the AE to a sharp peak at yield is
believed due to the formation of LUders bands at localized
areas of plastic instability with propagation starting at
yield. The continued AE during LUders region is believed
due to propagation and interaction of the Laders bands and
the second maxima at the onset of work hardening is
believed to be a result of the arresting or stopping of the
Liiders bands. The amount of the AB is directly related to
the ability to initiate and propagate the Lilders bands. The
higher the required stress for initiation and propagation, the
higher the AB. The results obtained can be explained by
changes in the carbide size and density during tempering.
Large coarse carbides, as would be found in a Lot F sample
(highest tempering temperature and lowest strength), should
aid in the formation of plastic instabilities and the low
carbide density should allow for easier propagation. This is
consistent with the lower yield stress, lower AB and longer

0
..J

Q
_
0'

mCD

CII

II)

c:i

0

0
1.5

2.0

2.5

3.0

3.5

Time (min.)

Fig. 8 AE event rate for both channels and load vs. time
during DCB tests for a Lot I (strongest temper) sample.

4. DiscussioD
4. J AEfrom DeformtJtion
The AE behavior of quenched and tempered steels has
been shown to be a difficult phenomenon to fully understand due to the variety of processes that occur during the
tempering of martensite (Sana et al., 1974; Wadley and
Scruby, 1979; Landy and Ono, 1982). Landy and Ono
(1982) carried out a comprehensive study on the AE beha145

LOden region observed for a Lot F sample. With a fine
carbide dis1ribution (Lot I sample), it 6 60re difficult to
initiate and propapt.e the LOders band giving a higher yieJd
stress, more AS and a shorter LOders region.
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The AS behavior observed during compressive deformation is similar in general to that observed in tensile deformation. Clearly, the higher the strength of the material the
higher the AS. However, there are differences in the deformation behavior. The compressive behavior is characteristic
of homogeneous deformation throughout the gage section
of the sample. The AS is consistent with the avaJanche
motion of dislocations at yield. The dislocation motion is
clearly influenced by the size and distribution of the CBlbides
formed during tempering. The finer carbide distribution
more effectively pins the dislocations, giving a higher
strength, more energy being released on breakaway and
more AB. The finer distribution will also give shoner
dislocation lengths which shouJd give more AS events, as
observed. It would be insttuetive to know how the average
amplitude of the AS varied with the different tempers during
deformation. However, the signal rate was so fast that the
system could not process them and amplitude measurements
could not be carried ouL
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Fig. 10 Sum of AE events and rms voltage/AE event
during crack growth from 0.5 to 0.7S mm as a function of
ultimate stress.
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4.2 Acorutic Emission from Crack Propagation
.01
In the tests using the DCB samples to investigate crack
propagation, no significant differences in the load versus
time behavior for samples of different temper were observed. Once stable crack propagation started (usualJy at crack
opening displacements greater than 0.5 mm) the loading
rate was essentially the same for an sampJes tested.
However, significant differences in the AE produced by
samples of different temper were found. Figure 9 shows the
total number or sum of AE signals measured in the high
sensitivity channel versus crack opening displacement for

Estimated Klc values from
Structural Alloys Handbook
Fig. J I Log of the rms voltage/AE event versus estimated
Klc values for the four different tempers.

-r--------------,

4lIlIlI

.G01 -t-......:;.....----""T"""---.----t
o
100
200

IllIlVIIIll

II
1»1
11

II

IlIlllI
H

1GOO

0
F(WIIII)

a
0.01

O.CJ7&

Crack Opening DisplaCement (em)

Fig. 9 Accumulative sum of AE events recorded in the
high sensitivity (60 dB gain) channel as a fucntion of crack
opening displacemenL

the four different tempers. The number of signals per crack
advance (measured between 0.5 and 0.75 rom) is essentially
constant for the two weakest tempers, increases slightly for
the next temper and then increases dramatically for the
strongest temper. An attempt was made to compare the
energy of the emissions by looking at the average value of
the nns voltage per AE event in the region of stable crack
growth. The results of the rms per AE (pJotted in arbitrary
units) and the sum of the AE events during stable crack
growth from 0.5 to 0.75 mm as a function of ultimate
stress are shown in Fig. 10. Notice that the two are
essentially opposite of each other: i.e., high value of
nnsiAE event when there is a small number of events and
vice versa. While no fracture toughness measurements were
carried out during this investigation it is interesting to look
at the relationship of the rmsiAE event with the fracture

An SEM investigation of the fracture surfaces revealed
significant differences in the fracture surfaces as a function
of mechanical properties. Figure 12 shows an SEM micrograph for the strongest material (finest carbide distribution).
The surface is characterized by fine uniform ductile dimples
with a few fractured inclusions. The weakest material (with
coarse carbide distribution) has a significantly different fracture surface as shown in Fig. 13. Examination of Fig. 13
shows cleavage areas, which appear to be the result of
transgranular cleavage. Some small areas of ductile dimples
can also be observed. Nozue and Kishi (1982), working
with 4340 steel, also observed ductile dimple failure, which
produced weak AE. The introduction of hydrogen produced
significant changes in the fracture surface, most notably the
appearance of intergranular brittle fracture surfaces. Wadley
and Scruby (1979) also observed the appearance of intergranular fracture on the introduction of hydrogen. No
evidence of intergranular fracture was found in any of the
tests run in the present investigation. It has not been
possible to relate the measured AE to observations from the
SEM micrographs.

toughness using data from the "Structural Alloys Handbook
(Hucek and Ward, 1983). Using plane strain values of Klc
from the handbook, Fig. II shows a plot of the log of the
nnslAE event versus Klc. Notice that an excellent linear fit
is obtained. While caution should be used in evaluation of
this result, the plane strain fracture toughness values should
be fairly good for the samples used in this investigation.

5. Conclusions
The AE generated during deformation of and crack propagation in 4340 steel has been measured and characterized
as 8' function of mechanical properties. A wide range of
mechanical properties was obtained using different tempers.
A summary of the results is given below:
1. The AE during uniaxial tensile defonnation is primarily
confined to the yield and Liiders regions. Large numbers
of low energy AE events are generated, both the number
of AE events and the rms voltage produced are strongly
dependent on the strength of the test material. The AE is
consistent with that expected from inhomogeneous deformation by the initiation and motion of LOders bands.
Different results from different tempers were found to be
consistent with the coarsening of carbides by tempering.

Fig. 12 SEM micrograph of the fracture face of a Lot I
(strongest temper) double cantilever beam sample. 1,950x.

2. The AE during compressive deformation is primarily
located at yield. The results as a function of mechanical
properties are similar in nature to those obtained during
tensile deformation. The AE measured is consistent with
that expected from avalanche dislocation motion at yield
during homogeneous deformation. The results are as expected from the changes in microstructure with tempering.
3. The AE generated during stable crack growth was found
to be strongly dependent on the mechanical properties.
During stable crack growth the stronger the material, the
greater the number of AE events produced. However. the
stronger the material, the lower the energy per AE event.
Changes in the mechanical properties also produced significant changes in the fracture surface as observed by
SEM.

Fig. 13 SEM micrograph of the fracture face of a Lot F
(weakest temper) double cantilever beam sample. 2,02Ox.
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Acoustic Emission in Laser Bending of Steel Sheets
H. FrfCkiewicz, J. Kr6likowski, S. Pilecki, A. M. Leksowskij,
B. L. Baskin and E. W. Khokhlova
The laser shaping and AE measurements described here
were carried out using test stands and AE analyzer designed
and built in the Institute of Fundamental Technological
Research. PAS. All metallurgical investigations. hardness
estimations. etc., were made in the Ioffe Physical-Technical
Institute. RAS,

Abstract
This paper presents results of the experimental investigation of acoustic emission (AE) in the process of laser
shaping of stainless steel sheets. Rapid heating and cooling
of metal sheet leads to its shaping (bending) and this pr0cess can be monitored and controlled by AE method. The
acoustic and mechanical effects of such investigations are
described.

z.

Experimental Details
The experimental setup is schematically presented in

1. latroductloa

Fig. I. Laser beam directed by optical system impact on the

focusing lens. The lens allows to obtain the requested diameter of heating spot on the surface of the treated material.
To secure rapid cooling of heated material there is a ventilator-fan, directing air stream to Jaser beam path. Machined
element is fixed on a table which can move in the X-Y
plane. The velocity and position of the table are programmable. Due to its movement the laser beam scans surface of the material with required velocity. Depending on
the type of material, sample sizes and requested deformation
one can program power of laser beam and its diameler as a
funclion of laser spot position. In order to auain higher
efficiency of the heating process and to avoid hazardous
reflection of the laser beam from the material its surface
was covered by thin layer ofabsorbing medium. A colloidal
graphite was used in our studies. All experiments were carried out with stainless steel samples. Their nominal chemical composition was (in weight percentage) as follows:

Technology of material and element shaping by means
of laser beam although young is promising (Chryssolouris.
1991). The idea of machining of metal elements in form of
sheets or pipes is based on their local heating by means of
laser irradiation and subsequent cooling by stream of gas or
liquid (Frackiewicz. 1990; Steen 1991). Both heating and
cooling processes introduce mechanical stress into the
treated material which leads to its persistent plastic deformation. Fonning of simple surface is made mainly by involving in the material bending moments. In the case of complex surfaces (bent in two different planes) the deformation
may be obtained by bending moments and compressive
stresses.
The method of laser shaping eliminates the need to use
external forces in industrial processes and massive equipment. Required shape of the metal element is obtained
using computer-controlled table, laser source, cooling system and system to monitor the geometty of treated material.
The main advantage of this technology is thai changes of
malerial structure take place only in very limiled area of
healed malerial. Mechanical quality of trealed element
depends on power of laser beam. irradiation time. scanning
velocily and parameters of cooling process. Results of
experiments indicate thai this method could be used in very
precise plastic forming of brittle malerials. II is well known
that material deformation is accompanied by strong acoustic
emission (AE). Therefore, we propose 10 apply the AE
analysis to monitor the laser shaping process.
Received II January 1994; in final fonn. I April 1994. The
first three authors are affiliated with Institute of Fundamental
Technological Research, Polish Academy of Sciences. Swietoknyska 21. QO-049 Warsaw, Poland. A. M. Leksowskij, B. L.
Baskin and E. W. Khokhlova are with A. F. loffe PhysicoTechnical Institute, Russian Academy of Sciences, Politec:hniceskaja 26, 194021 St. Petersburg. Russia.
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Cr (17--19%); Ni (8-10%); Mn (2%); Si (0.8%);
C (0.1%); Ti (0.5-0.8%); Fe (remainder).

All samples cut in rectangular shape (80 mm x 1SO
mm) were of 2.5 mm thick. They were irradiated in direction parallel to their shoner edges. The distance of the laser
beam scanning path from the edge of the sample was 30
mm. An AE transducer, resonance frequency of 200 kHz,
was attached to the surface at the distance of 100 mm from
the scanning path. AE count rate (N) and a rool-meansquare voltage of AE signals (RMS) were measured during
laser bending process. Sampling time interval was 0.1 s.
All measurements were carried out for scanning velocity
equal 1.05 mlmin. A C02 continuous wave laser operating
al 10.6 Jim wavelength was used as a beam source. Laser
power was 2 kW and diameter of the laser spot on the
treated surface ranged from 0.5 to 30 mm; in the following
experiments it was 8 Mm. AE signals were recorded during
material surface heating as well as its cooling.
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Fig. I Block diagram of AE monitoring system for laser shaping process.
Laser shaping involves various effects which can lead
to emission of the acoustic waves. The main source of the
elastic waves are sharp thermally induced deformations
which result from the local variation of the material temperature. Another major contribution comes from the pr0cess of generation and development of the microcracks. This
process involves rapid inelastic deformation of the material
and arises from rapid displacement. avalanche multiplication
and annihilation of dislocations and point defects
(Siedlaczek et al.• 1991/92). One should also mention a
twinning process which also contributes to the whole
acoustic spectrum. Finally there are also many sources of
electronic noise in the measuring apparatus which decrease
sensitivity of the measurements. Generation of AE impulse
takes place not only during strong laser heating of the material surface (especially its surface layer) but during its continuous, weak heating as well. The experiments show
(Steen, 1991) that AE signals are created even when continuous wave laser beam illuminates polished highly renective
surfaces. These signals result from the power nuctuation of
the laser beam. To increase accuracy of the measurements
and the signal-to-noise ratio one bas to eliminate the noise
signal. This can be achieved by using a proper AE probe
(necessary range of the transfer function), transferring the
signal through highpass filler (to damp frequencies lower
than SO kHz) and appropriate discrimination level of the
detected signal. In our experiment the level of discrimination was set to 1.4 V, for 43 dB amplification of the recording system. If the above mentioned methods are not sufficient to decrease the innuence of the noise signals, one has

to localize their sources and eliminate them. During normal, industrial laser shaping of the material its surface is
heavy cooled by means of pressured gas or air containing
sprayed water. This method of cooling is also a source of
strong AE signals which may obscure the relevant AE signals coming from the deformation processes in internal
parts of material. Impact of drops of water and their evaporation generates an AE signal of very high intensity.
The laser heating works in the similar way. A strong
electromagnetic noise is created by laser beam during the
irradiation of the material. That noise can completely block
counters of AE analyzer. This is the main reason of the AE
signals being recorded practically only after switching off
the laser. i.e. during cooling process. We should also add
that after the ilradiation all samples were metallographically
tested by means of an optical microscope. Polished crosssections of irradiated surfaces and their microhardness were
studied as well.

3. Results aad Discussion
Results of the AE measurements are shown in Fig. 2
where the AE signals (count rate and RMS data) are plotted
as a function of time. During the first 8 s, a major part of
the recorded signals was generated by the laser. A large
number of AE counts at the beginning of every figure is
clearly noticeable. After this first irradiation AE signals
were only rarely observed during cooling. It is clear that
after next several irradiations the AE count rate monotoni
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Fig. 2 AE as a function of time during laser shaping of the stainless sheet samples.
a) The change of AE count rate. b) The change of AE RMS.
cally increased. The majority of the AE counts was observed immediately after each irradiation. Their number quickly
dropped at later times.

0.1
~

Such results were recorded up to the last (seventh) inadiation. After every inadiation the deformation (bending) of
the tested samples increased. The form of the AE count rate
time dependence seems to be exponential. It suggests that
AE signal is mainly due to temperature change in the irradiated area of tested sample. Similar results were obtained in
AE investigation of metal welding where the correlation between temperature and AE count rate was observed (Beges et
aI., 1974). According to those results the maximum of
count rate was observed when the temperature of the welded
material was the highesL
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Fig. 3 Decay rate versus number of irradiation.
By fitting the exponential envelope to the array of AE
count rate one can evaluate decay rate in each irradiation
process. Fitted curves have a form:

In AE analyzer used in this experiment, a I Vnns corresponds to sao AE system units. All RMS plots are presented in these units. As follows from the figures there is
not any qualitative differences in AE RMS voltage plots
and AE count rate plots after every irradiation. Results of
evaluation of the sum of squares of RMS and total sum
after every inadiation are presented in Fig. 4. Square of
RMS is proportional to the energy of elastic waves detected
during sampling interval. It is seen that both total sum of
counts and total energy of AE signals increase after every
irradiation. Changes of the total energy are similar to

Nj = No exp(-<X i T}
where t1 is a decay rate, i is a number of sampling and T is
a sampling period. Results of evaluation are presented in
Fig. 3, showing that a is practically independent of the
number of inadiations. Significant deviation is observed
only for the first scanning where AE signal was very low,
only slightly exceeding the noise level.
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versus inadiation number.
. changes of total sum of counts. It should be emphasized
that although all estimations presented here refer to signals
received during cooling of the samples, the results would
qualitatively be the same even after taking into account
impulses generated during inadiation.
Some new information about the dynamics of processes
inside the sample that are the sources of elastic waves can
be obtained by analyzing a mean energy of signals received
after every irradiation. In Fig. S we plot this quantity as a
function of irradiation number. Clearly, the higher the irradiation number the larger the average energy.
Average energies of AE signals received during sampling intervals (0.1 s) are plotted in Figs. 6a and 6b as a
function of time. Big AE signals are generated when the
temperature of sample decreases. One can notice that the
impulse energy strongly changes during cooling and
depends on the number of irradiation. The existence of such
strong impulses and their time dependence indicate the possible development of cracks in cooled material as the main

160

200

time (a)
(b)

Fig. 6 Average AE impulse energy in sampling interval
versus time of cooling after a) third and b) fifth irradiation.
sources of acoustic emission. The cracks were observed in
several micrographs. All the micrographs presented below
were taken from the specimens after 7 irradiations.
On the base of observations, thermal interaction of
laser beam with treated material, i. e., both rapid heating
and cooling, leads to serious changes in material·stresses. In
the metallographically tested specimen three zones of such
changes with different structure can be distinguished (Figs.
7, 8). These investigations show that material structure in

Fig. 7 Schematic cross-section of laser irradiated steel
samples showing structural changes: zone 1, strong heating; zone 2, intermediate layer; zone 3, unchanged area.
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Fig. 8 Micrograph of cross-section of the sample below the laser beam path.
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Fig. 10 Micrograph of unchanged steel structure in zone 3.
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the area of laser beam impact is strongly changed (Fig. 8).
Zone I can be clearly distinguished from the two others.
These findings are supported by hardness H v (Vickers hardness number) measurements (see Table I).
Dimensions I and h of the area with new metallurgical
structure were estimated. Measurements results are presented
in Table 2. The size of changed area increases with absorbed
energy, i. e., with irradiation number. During the rapid
cooling large tensile stresses must be engendered in zone I
which are able to involve the bending moment and to
change shape of this part of material. It would be worth to
underline that such a situation is direct opposite in respect
to mechanical bending by external moment, in which large
compressive stresses are produced in zone I.

Fig. 9 A fragment of right side part of Fig. 8. (zones I and
2; F, interface).
Table I Microhardness of stainless steel sample after 7th
irradiation.
Zone

I
2

3

Indentation Surface Vickers Microhardness
H v (kglmm 2)
Diagonal (J.lm)

24.4--26.5
24.0--27.3
29.0--37.3

284±4
272±5
184±7

The size and shape of grains in zone I suggests that
laser irradiation of tested samples involves a process of
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Table 2 Dimensions of the first zone in laser irradiated
material.
Number of Irradiations
I
3
7

Dimensions of Zone (J,lm)
1=2375
3125
3500

h=250
375
375

Fig. 13 A view of an intergranular crack; the voids are
present both inside and between grains (zone I).
from one tenth to few micrometers in size. Their existence
and clustering is the main reason of transcryslalline cracks
and strong AE signals. Creation of such cracks is very characteristic for neighboring grains with widely different orientations (Fig. 13). II occurs during deformation process as a
result of high stresses between grains. In contrast to the
zone I area. the etching in zones 2 and 3 shows only grain
boundaries without intrinsic slip bands. It may be a result
of weaker or no deformation of that part of tested sample.

Fig. II Micrograph of the structure in zone I with two
large grains; slip bands are visible.

In the sample which was irradiated 7 times we measured microhardness in all zones (see Table I). The loading
was 100 g (ca. I N) and loading time was 5 s. Results presented in Table 1 are mean values from 15 measurements in
each zone. It is seen that material's hardness changes from
zone to zone. The highest value in the first zone is caused
by greatest degree of structural changes connected with plastic deformation (dilatation process) carried out by rapid cooling immediately after laser heating. The lower value of H v
in second and third zones may result from their lower structural defect level compared to the first zone.
The main source of AE signal generation can be associated with very strong dilatation during heating and cooling. It causes both plastic deformation and cracking. As far
as cracking is concerned. three basic scenarios and every
combination of them are possible:

Fig. 12 A view of transcrystalline crack and slip bands in
zone 1.
recrystallization and subsequent changes in grain substructure (Fig. 9). Diameters of grains in zone I (250 J,lm) are
much larger compared with grains in zone 3 (Fig. 10) of
tested material (5-80 J.1m.). Deformation that takes place in
zone I results in many elongated single grains. They are
oriented perpendicularly to the sample surface (Fig. 8).
Inside of some grains one can clearly observe the evidence
of large deformation processes in the form of very dense
substructure in the particular grains: small cells (Fig. 9) and
slip bands (Fig. II). A rapid temperature increase and subsequent decrease that take place in discussed area lead to
plastic deformation and transcrystalline (Fig. 12) and intergranular (Fig. 13) voids of different dimensions. They range

Development of large (usually only a few) microscopic
cracks;
Cracking that takes place from grain to grain;
A large number of small cracks.
As it was shown in the case of AE investigation of
welding. strong AE signal generation can take place even
several days after the welding. In this way one can inspect
delayed cracks formation that weakens the weld. It is reasonable to expect the existence of similar delayed AE process in the laser shaped material as well. Experiences gained
in AE monitoring of welding (Prine. 1976; Wehrmeister.

154

19n) seem to be very convenient in precise AE investigation of laser shaping especially during laser irradiation. As
it was mentioned, AE signals are masked by strong laser
gcnerated noise. The idea is to apply adequate filtcrs in the
measuring system. It may allow to amplify only interesting
signals and cut off others.

4. Conclusions
I. Modifications of material structure during process of
laser shaping leads to strong AB. The material is strongly

changed at the zone of plastic deformation resulting from
immediate interaction of laser beam.
2. Dimensions of zones with changed structure depend on
laser beam powcr, numbers of irradiations, time of interaction ctc.
3. Measurements of microhardness confirm modifications of
material plasticity.
4. Laser irradiation causes dcveloping of material defects in
the form of voids and intergranular cracks.
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On the Far-field Structure of Waves Generated by a Pencil
Lead Break on a Thin Plate
John Gary and Marvin A. Ramstad
there is no inherent Iimiwion which requires the source to
act on the outer surface of the plate. Third. with the use of
three-dimensional codes. there are no inherent limitations
on the source geometry (i.e. multi-direc:tional dipoles and
other geometries are possible). Previous DFEM calculations were limited to the near-field (Johnson. 1990). Also.
other far-field computations for sources in plates (Weaver
and Pao, 1990; Gorman and Prosser. to be published) experience some inherent difficulties in attempting to model the
characteristics of real sources (i.e. interior. in-plane. multidirectional. and variable rise time).

Abstract
The overall objective of this work is the study of the
structure of Lamb waves produced in thin plates and the
techniques used to measure such waves. Laboratory experiments were conducted using a lead break source on an
aluminum plate. These experiments were used to validate a
computer model for elastic waves in cylindrical symmetry.
The computer model was used to sbldy the influence of the
characteristics of the source stress on the resulting waves.
The rise time. source width. and the distribution of the
stress over the source were all considered. The dependence
of the mults on the cell size used in the computer model
was studied. and the computer requirements for an extension of this work to three dimensions were considered. The
effect of aperture size on the signal fidelity from potential
acoustic sensors was examined. Validation of the computer
model allows the model to be used for the sbldy of certain
acoustic emission phenomena which are difficult or impossible to measure in the laboratory.

The objective of the research reported here was the
verification of the calculated far-field dynamic displacement field due to a pencil lead break by comparing the
calculated out-of-plane displacements with those measured
experimentally by a wide-band. out-of-plane displacement.
AE sensor. In addition. the source parameters of rise time
and geomebic size were studied with respect to their effects
on the far-field displacement field. Also. convergence issues of the DFEM approach were examined in light of the
planned extension to three-dimensional DFEM codes.

1. IatroductioD
The well known pencil lead break has been extensively
used as a simulated acoustic emission (AE) source to experimentally study wave propagation of AE signals in
various specimens and structures. This simulated AE source
has proved to be very valuable, but it has very significant
limitations. For example. it can only be applied to the outer
surface of the test sample, and it can only be easily applied
as an out-of-plane source. Further. it provides a limited
range of source rise times and source dimensions.

2. Laboratory Measurements
The experimental measurements were carried on an
aluminum alloy plate of 3.1 mm thickness and lateral
dimensions of 1.5 m by 1.2 m. Out-of-plane lead breaks
(0.3 mm diameter. 2H. Pentel) were applied at the center of
the top surface and were measured at a distance of 0.254 m
using a National Institute of Standards and Technology
(NIST) Standard Reference Material (SRM) sensor. This
secondary standard sensor is supplied with a preamplifier
which provides a flat frequency response in the range from
10-20 kHz to 1.5 MHz when its output is loaded with 50
ohms (see Fortunko et a1. (1992) for calibration curves).
The preamplifier has a double-pole high-pass filter with 3
dB down point at about 300 Hz. Its response extends to
well above 2 MHz. The sensor crystal and mass continuation has response below 10-20 kHz but the size of the backing mass (609.3 g) is not sufficient to maintain the nat response to lower frequencies. The particular NIST SRM used
in these experiments has a out-of-plane displacement calibration factor of 177.83 MV/m. This factor was used to
convert the voltage response to an absolute displacement
response for comparison with the displacement versus time
records obtained from the DFEM calculations. The sensor
was coupled to the aluminum plate with Apiezon M grease.

We have begun the development of a dynamic finite
element (DFEM) approach for plate specimens to model
more general AE sources than the pencil lead break can
provide. This DFEM approach has three characteristics
which are extremely important to model realistic and practical AE. First. the full displacement field extends to the far
field (i.e. greater than 15 to 20 times the plate thickness)
where most practical AE technology is applied. Second. the
source force versus time characteristics can be varied. and
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The output of the sensor was digitally recorded (5 MHz
bandwidth) with 00 additional filteriog using a 12·bit waveform recorder operating at 10 Msamplesls.

the outer edge, can be either a clamped edge or a specified
surface stress. In all cases described here the outer edge
was clamped; that is, both components of the displacement
were set to zero along the outer edge. The surface stress,
s<t. r), on the upper surface is centered at the origin. A free
stress condition is imposed on the lower surface. The plate
domain is thus 0 ~ r ~ R. ·Dt ~ z ~ 0 where Dt is the plate
thickness. The outer boundary at r R is taken sufficiently
far from the source and the observation point, so that no
significant reflection is obtained at the observation point.
The horizontal displacement is set to zero along the center
at r o. The integrals over each cell that are required by the
finite element method are computed using Gaussian quadrature over a 2 x 2 set of points. The leapfrog scheme is
used to approximate the time derivative with the mass
matrix in this approximation lumped into a diagonal matrix
in order to obtain an explicit scheme (Hughes. 1987). The
variational formulation of the finite element method is
based on the integral

3.1be Numerical Model

The results described in the next section were obtained
from a finite element approximation of the initial-boundary
value problem for elastic wave propagation in an isotropic
plate of cylindrical symmetry. The finite element method
provides a solution of the fonowing equation for the vector
displicement. u(t. s) in the interior

=

=

=

with specified boundary stress N(u) s and the initial
condition of zero displacement u(O, s) O. The operator
L(u) involves the derivative of the components of the displacement as does the boundary operator N(u). The bound·
ary stress is a known function set. s) of the time and position vector on the boundary. We assume the boundary
stress anains a stationary value so(s) after a finite time
interval.

=

The specified stress on the six surfaces of the plate is represented by g. If a surface is clamped, the value of g is not

required. The solution. u = (u, w) is represented as a linear
combination of the basis functions which are obtained from
the bi·linear elements. The coefficients in this linear combination are the time dependent values of the solution at the
mesh nodes. The stress components are represented in
terms of the solution by

The laboratory experiments satisfy a different set of
equations, since the initial displacement i~ the equilibrium
displacement caused by the boundary stress 8o(s). This is
the stress field resulting from the load applied by the pencil
lead. The boundary stress is reduced to zero after a short
rise time. The measured displacement, denoted by w(t, x),
thus satisfies the same equation in the interior,

t, = AD + 2).ldu I

m-

te = AD+2J1·~.1 r
t z = U>+2...aul az
tl% = J1(dU I Oz+Ow I m-)

with the boundary condition N(w) = So(x) - S<t, x) and the
initial displacement Uo(x). This initial displacement is a
solution of the stationary problem L(Uo) = 0 with boundary
condition N(uo) = So' The solutions of the time dependent
problems are related by wet. x) = uo(x) - u(t, x). Therefore,
the solution wet, x) of the finite element model and the
measured solution u(t, x) at a given point x differ only by a
"dc" bias in time, namely. Uo(x). The finite element method
is not used to compute w(t, x) directly. because this would
require the computation of the static solution uo(x) for use
as the initial condition for the dynamic solution.

where 0

=dU I dr + u I r + Ow I dZ.

The strain components

are
£,

=du/dr,

£e

= u/r.

£z

=ou/az,

=(l/2)(du/dz+dw/dr).
The substitution of the displacements into the integral
yields a quadratic form in the unknown nodal displacements. The linear system of equations for the time derivatives of the displacements is obtained by the requirement
that this fonn be stationary with respect to a small variation
in the displacement values. The mass matrix which multiplies the time derivatives is then diagonalized to yield an
explicit system of equations for the time derivatives. The
leapfrog approximation is then used to discretizc the time
derivatives.
£1%

The finite clement model. used to obtain the results discussed in this paper. assumes cylindrical symmetry so that the

solution is obtained over a rectangular domain in (r, z)
where r measures the radial distance from the origin and z
measures the depth in the plate. A rectangular domain with
square grid cens in the (r. z) domain is used along with
bilinear finite elements. The boundary conditions on the
upper and lower surface of the cylindrical plate as well as
1118
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The numerical method follows that described by Blake
and Bond (1990). We are indebted to those authors for their
generosity in providing us with a two dimensional. Cartesian geometry. finite element code. which we found quite
helpful in the construction of our own models. The usual
finite element code is designed to handle an irregular structure. The code design used by Blake and Bond takes advantage of the regular rectangular cell structure within the
plate, in order to reduce the computational effort.

cells across the plate depth (0.60 mm to 0.023 mm cell
size). which leads to mesh sizes of from 6 x 1001 to 131 x
26001. and thus to experiments involving 2.4 x 104 to 13.6
x 106 variables (two displacements on two time levels are
required at each mesh node). We have generally run the
integration to 150 J1S with the time step from 0.082 J1S to
0.0033 J1.S chosen to satisfy the CFL stability condition
(Hughes, 1987). This condition requires the time step to be
less than the time taken by the wave traveling at the highest
velocity to cross a grid cell. The computing time for an
experiment. on a high-end workstation, ranges from 70 sec0nds to 100 hours. The output from an experiment includes
time series giving the two displacements at selected points
anywhere in the domain. One sample point is chosen to
match the location of the sensor in the laboratory measurements. This point is 0.254 m (10 in) from the source, which
places it welt into the far field.

In addition to the code for the case of cylindrical
symmetry. we have constructed a similar code for three dimensional C8nesian rectangular domain. The three dimen·
sional code will allow us to model lead breaks on the edge
of a plate as well as model embedded sources. The cylindrical symmetry model allows the use of much a smaller
cell size and, therefore. validation of the results obtained
from the three dimensional model without the use of a very
expensive computer.

4.1 Comparison with Loboratory Measurements
The waves in the laboratory were generated by a lead
break as described above. For the computer simulation of
the lead break. a normal stress of the form shown in Fig. I
is used. This is chosen to approximate the results described
in a paper by Breckenridge et al (1990). Note that the computer simulation uses the inverse of the force actually applied in the laboratory. as discussed in Sec. 3. The graph on
the right shows the stress used to study the effect of the
signal rise time. as described in Sec. 4.3. Here. the rise time
is the time required to achieve maximum stress. The
coefficient of this function is chosen so that the total force.
after the steady value is reached, is I N. This matches the
force in the laboratory experiments to within the variability
of the latter. The output is measured 0.254 m from the
source. No filter has been applied to the computed results
used in this comparison. The response of the measurement
system is given in the previous section. Ideally. the

4. Computational Results

In most cases these results were obtained on a high-end
workstation. which has 128 Mbytes of memory. The code
uses double precision only to assemble the coefficients in
the finite element scheme; the solution of the resulting
equations is done in single precision. Most of our numerical
experiments model a circular plate of depth 3.05 mm (0.120
in) with radius 0.6 m. The material is aluminum with compression and shear wave speeds taken from Kolsky (1953)
to be 6320 mls and 3100 mls. Unless stated otherwise, these
are the parameters used in the computations described
below. Since we are concerned with waves in thin plates.
which scale with the plate thickness. we expect the accuracy of the numerical approximation to be determined by
the element cell size relative to the plate thickness rather
than the absolute cell size. We have used from 5 to 130
159

between 80 and 90 IJS. Plots of the displacement components taken as a function of the vertical coordinate. z.
vertical component as a function of z at 140 JI5 shows this
component is constant to within 3%. The displacement
components of the higher modes are not constant in z. and
the lowest symmetric mode is linear in z. Therefore. almost
all the energy. at 140 fIS. is in the anti-symmetric Lamb
mode.

computed results should be filtered to match the response
of the measurement system. since the response of the latter
will affect the measured results. But this was not done
because the low frequency response of the NlST sensor bas
not been detennined. In this experiment the force is
spatially uniform over a source disk of diameter 0.457 mm
with the temporal dependence given in Fig. 1. The force is
a step function in the radius which vanishes outside the
source disk. This experiment used the highest resolution
which we were able to achieve with our workstation.
namely 130 cells across the plate thickness. Thus. our
source ndius was covered by slightly less than 10 mesh
cells.

Figure 3 compares the power spectrum of the computed and measured vertical displacement. These spectra
were computed by truncating the signal to zero following
the last zero crossing on the plots. The signal is then
extended. by zero fill. to include a number of points which
is appropriate for the FFr. Use of a Hamming window or
use of a longer time series. so that only very low frequencies remain. did not produce a reasonable spectrum; so the
signal was truncated at a zero and then the spectrum computed. This method was used for all the spectra described
below. The amplitude of the measured and computed peaks
in the displacement agree fairly well. based on the assumption of a I-N force exerted by the lead. This agreement may
be somewhat fortuitous. since the stress released by the lead
break was nol measured in this experiment. In addition to
the comparison in Fig. 3. the amplitude of the apparent
cycles in the computed output is compared with the corresponding cycles in the measured output in Table I. The
peak-la-peak amplitude of the first cycle in the symmetric
Lamb mode is the fll'St data column in the table. The ampli

The computed and measured response in the vertical
displacement is shown in Fig. 2 in nm units. The time is
measured from the start of the lead break. The lower part of
Fig. 2 shows the first portion of the wave, between 40 and
90 IJS. The time range is reduced in order to show more
detail in the leading portion of the signal. Note the close
agreement in the fine structure of the signal. particularly
during this time interval. indicate that the radial component
(UR) of the portion of the wave between 60 and 70 fIS is
nearly constant in the z direction. whereas the vertical
component (UZ) of the displacement is a nearly linear antisymmetric function of z. This describes the lowest sym·
metric Lamb mode. A transition occurs so that at later times
the wave structure is that of the lowest anti-symmetric
Lamb mode (Kolsky. 1953). A plot of the computed
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Table I Peak-ta-peak amplitude and ratio of cycle amplitudes.

Computed (pm)
Measured (pm)

3.5
5.4

Computed ratio
Measured ratio

0.007
0.011

TIme interval Q.Ls)

45:51

Peak-to-peak amplitude
6.1
76
184
97
129
10.8
141
134
177
233
Ratio of cycle amplitude to that of last cycle
0.013
0.161
0.206
0.274
0.391
0.022
0.285
0.271
0.358
0.471
Time interval containing cycle
69:72
80:83
83:88
88:95
95:105

tude is the difference between the maximum and minimum
in the vertical displacement over the interval between 45.3
and 51.2 J.lS. The second data column is the amplitude of
the slightly larger cycle between 69.3 and 72.0 ...s. The
remaining 6 data columns are for the first 6 cycles in the
flexure mode, which extend out to the first 150 J.lS. In Table
I, the ratio of the last (highest) cycle amplitude in the flexure mode to the preceding peak amplitudes is also listed.
. Comparison of the ratios eliminates the effect of the uncertainty in the source strength.

286
340

471
495

0.601
0.687

1.000
1.000

105:120

120:140

by dividing the integral over each disk by the area of the
disk. The output was normalized in this way in order to
make any distortion due to the integral evident. since for a
constant signal the integrated output would be identical to
that at the center of the disk. However, the actual output.
for sufficiently long wavelengths, would be proportional to
the square of the radius. Figure 4 shows the output for the
three disk diameters compared to the output taken at the
center of the disk. The output from the 2.0 mm and 3.18
mm disks was very nearly the same as the output computed
at the point in the center of the disks. Therefore, the output
from these smaller disks is not shown. Accurate results are
still obtained at a sensor diameter of 6.35 mm. However,
the output from the two larger disks is severely distorted.
Figure 5 shows the same output, but with a 100 kHz highpass fourth-order Butterworth filter applied to the output.
The distortion and loss of signal, relative to the that at the
center of the disk. is only slightly greater for the filtered
signal than for the unfiltered signal in Fig. 4.

4.2 The Variation with Sensor Diameter
As the diameter of the sensor used to detect the signal
is increased to become comparable to the wavelength, there
is the possibility of distortion due to the size of the sensor.
To study this effect the out-of-plane displacement was integrated over a circular disk. The disk was centered at a distance of 0.254 m from the source, then the cylindrical
symmetry of the output was used to integrate the signal
over the disk at each instant in time when the signal was
sampled. Here we assume that the electrical output of the
sensor is proportional to the integral of the out-of-plane
displacement over the contact area of the sensor. This output can then be compared with that at the center of the disk
to determine the effect of the size of the disk. The output
for disks of diameter 2.0 mm, 3.18 mm, 6.35 mm, 12.7 mm
and 25.4 mm was computed. This output was normalized

4.3 The Effect ofSource Rise Time
The computer experiments allow us to examine the
effect of the source rise time which is an important AE
parameter. Figures 6. 7 and 8 show the effect of the rise
time of the source on the output. The output is again measured at 0.254 m. In this experiment the temporal dependence of the surface stress is
161
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tiT
s(t)= { I

tST

Figure 8 shows the effect of combining the higher rise
time with a high pass 100 kHz filter as might be used in AE
experiments. This 4th-order Butterworth filter was applied
to the output obtained from the I J1S rise time as well as the
output from the 10 J1S rise time. The resulting out-of-plane
displacements are shown in Fig. 8 and their relative spectra
in Fig. 9. In the case of this filtered output. the longer rise
time results in a more severe drop than that for the
unfiltered signal.

t >T.

where T denotes the rise time. In order to insure adequate
resolution around the source. without the need for lengthy
computer runs, we used a wide source for these comparisons. In addition the source was modified so that it was
continuous in the radial direction, rather than having a step
function discontinuity. The force was constant for 0 S r S
0.91 mm, with a linear taper down to zero for 0.91 mm< r <
1.82 mm. The coefficient on the time dependence was
adjusted so that the total force remained at I N once the
final steady value was attained. These computations were
performed with 25 cells across the plate thickness.

4.4 A Constant Force Growing with Time across the Source
Dis/c
In these experiments a vertical stress of the form
rSrot/T and tST
c
s(t)= C
rSro and t>T
{o
otherwise
is used. This represents a force of constant intensity applied
to a circular region. the radius of which increases with time.
as might be expected for an AE source. The time-series plot
of the normal displacement at 0.254 m is shown in Fig. 10
for different values of the rise time T. A comparison with
Fig. 6 shows little difference between the temporal and spatial increasing force at the lower rise times of I and 10 JIS.
The spatially increasing force in Fig. 10 shows lower amplitude than the temporal increase of Fig. 6 at 40 and 100

Figure 6 shows the vertical displacement computed at
0.254 m from the source for four rise times. Figure 7 compares the spectra for the signals shown in Fig. 6. The spectra are computed by truncation of the signal at the first zero
which occurs after 160 J1S. and then zero fill.aut to a convenient multiple of a power of two. The upper left plot is
the spectrum for the I J1S rise time. The remaining three
plots display the spectra for the longer rise times divided by
the spectrum obtained from the I JIS rise time. This demonstrates the loss of amplitude, and that all the spectra have
roughly the same shape.

J.IS.
164

Rise time=10 micro S, 100K high pass

Rise t1me=1 micro., 100K high pass
.. 2 O r - - - - - - - - - - - - ,

.. 2 O r - - - - - - - - - - - - ,

f
•

·e

i

0

r=

j:
.

i~
0:

~-80

-80'-----------.
. .1
o
0.5

0: -80'-----...r..------'

o

Frequency (MHz)

0.5
Frequency (MHz)

1

Rise ttme=1oo micro ., 100K high pass

RIse tirnec40 micro., 100K high pau

~2O

.s.
!8

0

~

0
.s.
m -50

0

"E-1oo
fi§.-150

r=
~-60

GI

.2:-200
~

-I
0: -801.:-.-----.1-...;......;...---'
o
0.5
1

'iii

a:

-250'------------'
o
0.5
1
Frequency (MHz)

Frequency (MHz)

Fig. 9 Spectra of filtered response as a function of rise time. Conditions same as in Fig. 8.
Spatial rise tirne=l micro B
0.5~---.......- - - - . . , . -....

-0.5

80

100

Spatial rise t1me=10 micro S

0.5,.....---------------r....,

-0.5 80

120 140 180
Time (micro .)

Spatial rise t1rne=40 micro s

..

~

-0.1

.~

.

Spatial rise tlme=1oo micro s

·
··

0.01 .:

:.

.
80

.

~

:.

.
100

~

.

:.

~
.

:

.

.;
..
.

..

..
:
:
.
.

~
.

;

.

.

..

;

.

.

o:

...

.

120 140 160
Time (micro s)

0.02,.....--.---.---.---.--...,

- .~. ······}····.. ·~. ··.. +····.. i···...
!-o.OS
...
..
...
.
-.

100

·
.

:......

-0.01 .:

.

:

.

:..
.

: : :

. . ..
.
.
120 140 160
Time (micro .)

"
-002 '
.
.
.
. 80 100 120 140 160
Time (micro s)

Fig. 10 Response in out-or-plane displacement at 0.254 m as a function or spatial rise time. Source diameter 3.65 mm;
resolution 2S cells.

185

Source diameter a 0.3mm

Source diameter a 0.48mm

0.4,,........------..----..--.

0.4,........-----~--.-

0.2 .. ~

0.2 .. ~

~

~

··
···

..

..
...

-0.2 ..:-

:....
.

.

.:-

o :
··
···

-0.4'
80

~

.
.

~..

.
..

.
...
.

.

~

...

..

E
.s
..

..

.
100
120
11me (micro 8)

.
140

=

100
120
11me (micro 8)

140

0.4r-t"-----~--.-

Source diameter = 3.6emm
0.4,.....,.--...,...--.----..----.

0.2 .. ~

0.2 .. ~

Source dlameter Q.91mm

~

!

..

.

·

.....

~

···
·

~...

..

...

... : ..

.

~

-----,i""".;.
..
140

-o4.......· - -........
•

80

-0 4 .......·---'----'----~...I
• 80
100
120
140
11me (micro s)

100
120
TIme (micro .)

Fig. 11 Response in out-of-plane displacement at 0.254 m as a function of source diameter. Zero rise time (step function);
resolution 80 cells across plate.

Radial displacement

Radial dlsplacarnent
0.1 ............- - - - . . - - - - -...

0.05

I_
a:

;

. 0.02 ....... ~ ....... ~ ........~........ ~ .....

:- ..

I......

OI-l:~ ......-m'H

a:

;:)

;:)

-0.05

:-

-0.1 L.-.....
50

:

..

0.01

0

100
11me (micro s)

150

!

0

:-

:

..

:

;

.

··

~

N
:
:;).

-0.1

-0.2

..

..

.:

;

~

~

:

··
50

..

100
11me (micro 8)

..

;

~:

~

~

-0.02

:

~

~

~

•

.

.

···

50

~.

..
.
.
..

80
70
80
11me (micro s)

Vertical displacement
.
.
.

·

0.02

:

~

:

:.

0.01

:

~

:

;

L~I

'Hi

I

_~
0

'rvv'r'" 'r"
H

.,,~

-0.01 ....... !....... ~ ........~........;

··
·

.

:

.

;

40

~

~

~

-0.01

Vertical displacement

__ 0.1

.

.i....-_ _.......;::-J

0.3,......,.------...,...-----,
0.2

..

.
..

...

-0.02 ....... :....... ~ ....... -:........:
40

150

50

60
70
80
TIme (micro .)

Fig. 12 Comparison of in-plane and out-of-plane displacement. Conditions same as in Fig. 2.
118

.

NORt.W.. DISPlACt.4ENT AT 100 micro s

O'02Os::----------~=~.=:=::...::::;=:.::;::.~:....:.;~.::,:.:l~~----------:::lI

-

0.010 ,.

1

0.000 -

.....

-

N

~ -0.0'0
-0.020 -

-0.030'=-

......

~

02

o.•

..3

0.'

0.4
R (rn)

,.....------r------or-------,..------.,.....-----......,

-.&._----.. . .- . . .- ----.. . .

-o.•
......................
o. ~-----~:__'
'0
0.20

0.30

0.40

R (m)

-:J

...&...o.............................

0.50

0.60

'oo~---------~r------------,-----------:::lI

o

-

-'00

1-- -200
S

-300
-400

-SOO~---------~~---------......I"------------...:t
0.0
0.2
0.4
0.6
R (m)

Fig. 13 Instantaneous out-of-plane displacement as a function of position along the top surface. Resolution of S cells (size
0.60 mm) across plate; linear I J1S rise time; soun:e diameter 0.91 mm.
exceeds O.S J,lS. even if the force has a step function spatial
distribution. This figure seems to indicate that there is some
variation in the amplitude. but little variation in the shape
of the output or the time of the zero crossings. However.
with a soun:e of 0.3 mm. there are fewer than 4 cells across
the source. Therefore the results in this figure are likely to
be heavily influenced by the number of cells across the
source. as well as the source size. We need to extend our
model to allow mesh refinement in the neighborhood of the
source. if the effect of smaller source sizes is to be determined.

4.5 The Variation with Source Size
Here. the study of source size is made with a source
whose temporal fonn is a step function; that is. the full
force is suddenly applied to the surface. The spatial structore is also a step function. the force is conslant across the
source and drops to zero at its edge. Different source diameters were used. as shown on the plots. The time series for
the vertical displacement at 0.254 m is shown in Fig. II.
All the plots were computed using a resolution of 80 cells
across the plate. The noise in the output is primarily due to
the step function in time; it is not evident if the rise time
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4.6 The Structure of the Plate Wave

sional models, in which the cylindrical symmetry is not
assumed. If more than S or 10 cells across the plate depth
are required, than a workstation is no longer sufficient for
the computation; instead a more expensive vector- or parallel-processing computer is required. Figure 14 displays the
time series for the vertical displacement, at the source, for
resolutions of 5, 25, 60, and 80 cells across the plate thickness. The computations for this figure used the same
tapered SOlD'Ce of diameter 3.64 mm described for the rise
time experiments. The temporal structure of the source is
again that of the lead break. Since this is a relatively wide
sou~e, with a smooth spatial distribution, the effect of the
source should be relatively accurately represented by the
finite element solution. The cell sizes correspond to 5, 25,
60. and 80 cells. In this figure the displacement is shown at
the source; that is, at r O. There is clearly a great variation
in the displacement amplitude. In addition, there is a signifieant change in shape. At the highest resolution, the displacement is not monotonically decreasing, but shows the
beginning of an oscillation. As we have DOted in the previ0us section, at a resolution of 5 cells across the plate. each
spatial cycle is covered by about 15 cells. In the absence of
a cusp. boundary layer, or other irregularity in the solution,
experience with numerical solutions would lead us to
expect better results than these (Blake and Bond, 1990).

Use of the computer model allows us to display the
spatial variation of the displacement components, as well as
the time series at a given poinl Also. both the in-plane and
out-of-plane displacements are easily available. Figure 12
compares the radial (in-plane) and venical (out-of-plane)
displacements for the same computed case as Figs. 2 and 3.
The radial component has a much higher initial pulse than
. the vertical component. However, the signal strength in the
flexure mode is less for the radial component.
Figure 13 shows a "snapshot" of the spatial variation in
the vertical component along the upper Burface, taken at
100 J1S. Only 5 cells across the plate depth. that is 16 cells
per centimeter, were used to compute this OUtpUl Because
of the large dynamic range (more than 90 dB) in the output,
the results are displayed in three sections. The first shows
the higher frequency initial portion of the wave, the second
the flexure mode, and the third shows the entire model
domain which is dominated by the displacement in the
neighborhood of the source. Note that each cycle in the
spatial dependence shown in the upper plot is covered by
approximately 15 mesh cells with the cell size of 0.60 mm.

=

4.7 The Convergence as Q Function ofCell Size
The solution in the far field shows better convergence
with increasing resolution than that observed at the source.
Figure 15 shows the out-of-plane displacement component
at r 0.254 m; otherwise the parameters are the same as in

Here we are concerned with the numerical resolution
required to accurately reproduce the wave structure. The
resolution requirements are very imponant for three dimen-
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Fig. ] 4. The amplitude and zero-crossing points vary from
one plot to the next, so we can not say that the solution at
cell size 0.38 mm is a converged value. We might see further changes if we used finer mesh resolution. However. the
variation is not large so that even the computation with cell
size 0.6 mm represents the solution quite well. This coupled
with the good agreement between computed and measured
results shown in Figs. 2 and 3 indicates that the finite element model. running on a workstation can be a useful tool
for the study of waves in thin plates.

lution is needed in the neighborhood of the source in order
to properly launch the wave. However. we can not determine why this resolution is required. nor have we been able
to locate a problem in the finite element algorithm. which
would explain the variation in the near field solution. Since
we can obtain useful results using only 5 cells across the
plate. three dimensional computations for thin plates should
be possible on the powerful workstations that are now
available. This means that many useful results should be
obtained. at reasonable cost. on a small cluster of workstations or even on a single workstation.

6. Conclusions
In addition. there are conclusions from this study relevant to the application of AE technology. In particular, the
rise time of the source has a very dramatic effect on the
detection of the source. For detectability of sources with
rise times up to 40 J.IS. the AE measurement system must
have good response to relatively low frequencies. For typical AE monitors with little sensitivity below 100 kHz. the
source rise time must be on the order of 10 J.IS or less. Also.
there is an important implication from these results concerning the maximum allowable sensor diameter. Clearly.
for the waves considered here. the fidelity of the measured
waves is not preserved for diameters above about 6 mm.
Finally. the lack of large effects for changes in the source
size. or a force increasing in area rather than intensity t is of
considerable interest for AE studies of source effects on the
resulting AE signals.

Our objective was to first validate our computer model
against laboratory experiments. and then apply the model to
study the structure and measurement of waves generated by
a lead break. The reasonable agreement with the measured
data indicates that the computer model at the high resolution reproduces the wave structure in the far field quite
well. More importantly. the qualitative structure of the
waves is reproduced well using only 5 cells across the
plate. However. at the low resolution. the amplitude of the
some of the peaks in the far field can differ by a factor of
two or more from those obtained in the high resolution
runs.
In the near field the qualitative nature of the solution is
affected by the resolution. We surmise that the higher reso1.
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Improving the Coupling Reproducibility of Piezoelectric
Transducers
D. Geisse
Abstract

2. Experimental

The repeatability of consecutive sensor coupling tests
was investigated. It was found that conventional coupling
of piezoelectric transducers does not allow satisfactory results. An improved transducer provides a better reproducibility but also low coupling amplitudes. A new coupling
agent based on ferromagnetic material was developed. The
perfonnance of the coupling agent and the reproducibility of
consecutive tests were compared to conventional coupling
methods.

An abraded steel plate was used for the examination of
the coupling (Fig. 2). Two similar AE-transducers (type
RIS. PAC) were used as a transmitter and receiver. The input signal (continuous sine-wave at 150 kHz, 1 Vamplitude) was produced with a function generator. The receiver
signal was recorded with a transient recorder connected to a
computer. For optimization of input signal stability. the
transmitter was fixed with a fastener onto the steel plate.
Because of its higher viscosity mineral grease generally
showed a better behavior, so it was used in the following
experiments.

1. Introduction

3. Results and Discussion

Acoustic waves are convenient for nondestructive inspection of solids. The reason is their reflection at boundaries which is due to a local impedance mismatch. This
impedance mismatch requires a suitable coupling agent if
sound is supposed to propagate from a sound source into
the sample to be inspected and then out of it into a transducer. The repeatability ofexperimental data depends stronglyon the reproducibility of this coupling. and this is a
major problem if one investigates acoustic emission (AE)
to characterize materials and processes.

3.1 Influence ofLayer Thickness
The layer thickness of the coupling agent affects the
quality of the coupling (level of amplitude. Fig. 3). In general. the amplitude increased when the coupling agent was
sqeezed out of the gap so that the transducer came into direct
contact with the surface roughness of the steel plate. as
shown in Fig. 4. But lack of the coupling agent can also
cause low amplitudes. Only a thick layer provides a good
coupling repeatability. For constant pressure and coupling
layer thickness an improved transducer was manufactured
(Fig. 5). The layer thickness of the coupling agent was
maintained by a thin plastic washer of 120 J,lm thickness.
bonded onto the surface of the transducer. Figure 6 shows
the amplitudes of the transducer with and without the plastic washer. It shows an increased repeatability in comparison to Fig. 1. but mean amplitudes are low.

To iJlustrate this problem. Fig. I shows the fluctuation of signal amplitude observed during repeated coupling
of AE-transducers on the same location on an abraded steel
plate. The signal extrema vary by a factor of 3 when minerai grease is used and up to 4 if an ultrasonic coupling
agent is used. As this poor repeatability was obtained for
constant acoustic input. there is some doubt about the significance of results where signal amplitude is involved.
Obviously it is difficult to compare different measurements,
and there is some risk of incorrect interpretation of material
behavior. The problem cannot be solved by using laserinterferometric transducers because they are not as sensitive
as piezoelectric transducers. Therefore, it is highly desirable
to find methods allowing for improved repeatability. The
experiments described in the following illustrate one
approach to solve the problem.

3.2 Enhancement ofAmplitude
Narrow gaps provide high signal levels at a low repeatability. Larger gaps improve repeatability while signal level
is low. The contrary requirements are that the coupling
layer should have the high amplitudes of a thin layer. but
the repeatability of a thick layer. To solve this contradiction
the basic idea is to bridge the gap with micro acoustic

waveguides and to connect them intensively with the
surface. This requirement can be fulfilled with the insenion
of a ferromagnetic material and a magnetic field (AItschuller, 1984). The principle is shown in Fig. 7.

Received 30 September 1994. The author is affiliated with
Institut fUr Kunststoffprtlfung und Kunststoffkunde. Universitllt
Stuttgart. Postfach 801140. D-70S II Stuttgart. Germany.
loumlll or Acoustic Emission
Volume 12. Numbers 3/4

m

073O-00SOI94/12171-176
Copyright 01 994Acoustic Emission Group

500

----- mineral fat
- -

400

- ulltasonlc coupling

agent

'>
.s
300

100

o
1 2 3 4 5 8 7 8 9 10 11 12 13 14 15 18 17 18 19 20 21 22 23 24 25 28 27 28 28 30

Number of measurements
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Fig. 2 Experimental arrangement.

Fig. 4 Contact with surface roughness for thin coupling
layers.
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Because a rare-eanh magnet generates a static field. it was
unsuited to demonstrate an interaction between the magnetic
field and a ferromagnetic coupling agent. In order to
examine magnetic coupling agents at variable magnetic
fields a transducer was manufactured that was provided with
an electro-magnet (Fig. 8). A magnetic coupling agent was
made by mechanical mixing of barium-ferrite powder with
mineral oil. This magnetic coupling agent fiJls the gap
between the transducer and the steel plate. while the
remaining coupling agent is sqeezed out. At the beginning
of the experiment (no current) the magnetic coupling agent
shows an amplitude. wruch is about twice the value found
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Fig. S An improved transducer.
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Fig. 6 Coupling at constant distance and constant force.
for the same gap filled with the mineral grease. This can be
an effect of its higher density and viscosity. The electromagnet generates a field perpendicular to the steel surface.
The current and hence the magnetic field was increased step
by step. and was hold for about 30 seconds. Figure 9 shows
some results of the magnetic effect of the coupling agent
with a mixture ratio of oil: barium-ferrite-powder of 1:3.
which has achieved optimal results. The magnetic field
causes positive interaction with an increase of the amplitude
up to the saturation of 0.8 Ampere. Under influence of the
field the magnetic coupling agent causes amplitudes up to
four times the amplitudes measured with grease using the
same transducer. Part of the oil can be squeezed out in high
magnetic fields, so the amplitude decreases slightly. Therefore. it is possible to compensate at least a part of the
disadvantage of thicker coupling layers.

N

s

Because the magnetic field is perpendicular to the
surface. the barium-ferrite grains arrange themselves in the
direction of the magnetic field to form an acoustic
waveguide, connecting the transducer to the steel plate. In

Fig. 7 Formation of barium-ferrite waveguides under
influence of a magnetic field.
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contrast to ordinary ultrasonic coupling agents, which
basically only displace the air in the gap, the magnetic
coupling agent is a boundary-active agent that joins the
surfaces by solid-to.solid paths.

Code No. S, 1985). However, to compare different coupling
media an extended definition of reproducibility is required.
In a OGZfP document (Richtlinie SE 2. 1992) repro.
ducibility is defined as the difference between the lowest and
highest mean value of five coupling tests each with five
measurements (pencil lead reference source). This definition
does not allow to compare several measurements because
the absolute height of amplitudes is not considered.

3.3 Reproducibility 0/ Several Coupling Conditions
Severa) guidelines exist for the application of piezo.
electric transducers (ASTM Standard E976. 1984; EWGAE
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To detennine the reproducibility for different coupling
conditions, 15 measurements were made in succession (0
IS). The mean value A of the amplitude was calculated
from the individual results At.

surface. Under the influence of a magnetic field the reproducibility reaches a maximum of 42. As seen in Fig. 9, the
reproducibility can decrease above the magnetic saturation,
because oil can be squeezed out at high magnetic fields so
that the magnetic coupling agent changes its properties.
The results are summarized below.

=

1 n
A = - LAk
n k=I
Therefore, the mean square deviation M from the average
A is detennined according to

Condition
conventional
with washer
magnetic coupling
.high field magnetic

n

L(A-Ak )2

M

=1/.!lk,:;=I!.-

Reproducibility
7.9
20.6
24.4
42

_

n (n -1)

4. Conc:lusion

where AA corresponds to noise width in time-dependent
measurements. Consequently a quantity corresponding to
the conventional signal to noise ratio AIM characterizes
here the reproducibility R which allows to compare the
quality of different coupling arrangements: R = AIM.

The coupling of piezoelectric transducers with conventional coupling agents suffers from poor repeatability. The
coupling definitely improves when the thickness of the
coupling layer is about 100 J.UI1 or less, but then the amplitude decreases substantially. By the use of a novel magnetic
coupling agent based on barium-ferrite and by application of
a magnetic field this disadvantage can be compensated to
such a degree that the quality (amplitude) and repeatability
of the coupling can be clearly improved. By variation of the
current a group of electro-magnet transducers can be tuned
to the same coupling level. As the coupling quality under
influence of a magnetic field remains constant, this can be
useful. e.g. in the examination of large metal vessels.
Presently no optimization has been perfonned. Therefore
further enhancement of repeatabilities should be possible.

By the application of the magnetic coupling agent, the
reproducibility was measured at different magnetic fields
(Fig. 10). Proceeding from conventional coupling with a
value of 7.9 the results show that the use of a thin plastic
washer improves the reproducibility to a value of 20.6. Use
of the magnetic coupling agent instead of grease improves
the reproducibility further to a value of 24.4. Because the
barium-ferrite grains are representing micro-magnets for
themselves, this can be an effect of interaction with the

175

AckaowledglDeat
The author is grateful to Mr. Bonk of the Magnetfabrik
Scbramberg for kindly providing rare-earth magnets and
bari....ferrite powder used.

Relereaces
G.S. Altschutler (1984), nErfinden - Wege zur Lasung
teehnischer Probleme", VEB Verlag Technik, Berlin, pp.
34-44.
ASTM (1984), "Determining the reproducibility of acoustic
emission sensor response", ASTM-Standard E 976, Annual
Book of ASTM Standards, Vol 03.03, ASTM, Philadelphia, pp. 795-803.
DGZfP (1992), "Richtlinie zur Charakterisierung der
Aufnehmer und Ihrer Ankopplung im Labor", DGZfPRichtlinie SE 2, DGZfP Bertin, pp. 7.
EWGAE (1985), "Recommended practice for specification,
coupling. and verification of the piezoelectric transducers
used in acoustic emission", EWGAE Code No. S. NOT
International. 18(4). 185-193.

AE Literature
Trends of Recent Acoustic Emission Literature
Kanji
Abstnet

key word of acoustic emission, the titles and abstracts of
2179 papers were downloaded. These papers have been published in the past five years, 1989 to 1993. Some 1994
papers are included as well since the data was downloaded in
July 1994. Documented infonnation on some activities,
especially commercial applications, is not nonnally available and only a limited number of such papers appear in the
listing. Therefore, such applications are not adequately represented in this analysis. Relying first on the titles of the
papers, then selectively on the abstracts, I strive in the following to sketch general status of a particular segment of
the AE field. It is hoped that a collection of these sketches
will provide the reader a sense of the whole pattern. What
emerges is quite surprising in tenns of diversity of the uses
ofAE.

This report examines the present swus of acoustic
emission (AE) research and applications from papers collected by a database, known as INSPEC over the period
from 1989 through July 1994. In order to obtain an overall
picture of the current status of AE studies and uses, I
reviewed the titles and abstracts of about 1000 AE papers,
reading some of the papers as needed. Selected papers are
summarized to provide representative status ofeach segment
of the field, which is divided into research (600 papers),
applications (160 papers), signal detection, generation and
processing (180 papers) and others (60 papers). These are
subdivided further. From these evaluation, one finds that
composite and ceramic materials are studied actively, but
metals are researched just as much with emphasis on fracture and fatigue. Various materials topics like martensite
and magneto-AE also get surprising attention. As expected,
applications papers are fewer, but certain areas do have
strong activities. Signal detection attracts strong interests,
so as signal processing methods. It is hoped that this snapshot gives readers a general idea of where the AE field
stands at this time. Abstract of cited papers are given.

My impression of how the AE field has evolved in the
past 25 years may be summarized as follows:
When I started my AE research in 1969, the main thrust of
the field was aerospace applications with special attention
given to metal welds. In the 1970's. nuclear applications
became the mainstay and composite applications started to
emerge. With the Three Miles Island accident holding off
the nuclear applications. uses of AE in composites took off
in the 1980's. The most recent trend appears to be the
proliferation of faster digital instruments including computers and the diversity of applications resulting from userfriendly AE instrumentation. In this report. I will try to
summarize current AE studies based on the papers from the
last five-year period.

1. Introduction
In this report, I attempt to capture an overall view of
the field of acoustic emission. Obviously, it is impossible
to ponray an accurate picture because the field has expanded
tremendously. It may not be realistic for an individual to
even try. Yet, I have some advantages over a typical AE
worker. As Editor of J. Acoustic Emission, I carefully
review fifty or so papers annually before these are published
in the Journal. Since some of them are not directly related
to my own research, the experience of last twelve years as
Editor has broadened my knowledge of AE. Of course, I
also study additional papers in connection with own work.
Still, this is nowhere near the needs to find an overall view.
For this task, I decided to obtain the broadest possible coverage by relying on a database. called INSPEC. With the

2. Methodology
After the titles and abstracts of papers were downloaded
with a search using the keyword of "acoustic emission",
these were perused to eliminate 11S0 unrelated or marginal
papers (because any paper with "acoustic" or "emission" in
its keywords is included). The remaining papers were
classified by their main topics. This step produced 24 files
and each paper is numbered in reference to a single list of
abstracts. Another set of searches conducted with an
additional keyword referring to the category name was
hardly useful because many unrelated papers or those of
secondary interest turned up, requiring another one-by-one
review of their contents. From the classified lists, abstracts
and texts of selected papers were then examined. This article
is a result.
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3. AE Researcb
3.1 AE ill

terizing fatigue damages in composites. Only eight papers
are included on AFJfatigue studies.

Compos;t~s

Applications to structures are reported in only 10
papers even including work on composite tubes. Since
much commercial AE uses are underway, in many cases
quite successfully, this low publication activity is disappointing. Tyner (1989) discusses the inspection of aerial
devices, an important routine for electric utilities. The
strength and reliability of aerial-lift equipment are checked
using various NOT techniques including acoustic emission.
Wei and McCarty (1993) reported on AE evaluation of
composite wind turbine blades during fatigue testing. Two
fiberglass reinforced composite blades were fatigue tested on
a full scale blade testing facility. AE was used to evaluate
blade damage developed through a fatigue process from
dynamic loading. AE signature analysis focused on counting, amplitude distribution and location. This gives assessment of damage status. failure modes and failure location.
Degradation of blade structural integrity was correlated to
AE signatures. AE is concluded to be a practical NOB technique and can be used in predicting fatigue damage.

AE in composites are the most active area with 180
papers. SummerscaJes (1990) earlier provided an overview
on NOT of advanced composites. AE behavior of variously
configured polymer-matrix composites has been investigated by a large number of workers. It is noteworthy that
digital signal analysis techniques can classify different
wavefonns and correlate them to underlying microfracture
processes (Ono and Kawamoto. 1990). More recent review
on this topic by Ono and Huang (1994) was presented at
12th International AE Symposium. held in Sapporo. Japan.
Metal- and ceramic-matrix composites are still undergoing development and their behavior can be examined with
the aid of AE. 23 papers are on these materials. Mummery.
Derby and Scruby (1993) studied acoustic emission from
SiC paniculate-reinforced aluminum matrix composites
regarding the effect of microstructural parameters on the
fracnne behavior. AE has been shown to be related to the
rate of void nucleation at the reinforcing phase. Void nucle·
ation was observed from the onset of plastic defor-mation
and a linear relationship between damage initiation rate and
strain was found. The rate of emission increased with reinforcing panicle size and volume fraction but was independent of matrix alloy composition and heat treatment. indicating that the failure strain of paniculate metal matrix
composites is not controlled solely by the onset of void
nucleation at the reinforcing phase. A critical number of
fractured panicles seems to be required before failure. See
also Sato and Kurauchi (1992) and Kishi et al. (1991).

3.2 AE in

C~ramics

Nearly 100 papers dealt with ceramics. About one-third
studied AE from brittle fracture-related phenomena, microcracking in particular; e.g., Wakayama and Nishimura
(1992), Rega et al. (1992), Reuter. Epstein, and Haggag
(1991). Another 20% discussed AE in superconducting
ceramics. Stains and Flower (1991) reported on AE in
YBCO ceramics during sintering and heat treatment with or
without Ca and La substitution. Intense AE due to microcracking caused by anisotropic lattice contraction occurs in
a relatively narrow temperature range on cooling after sintering. No evidence for microcracking associated with the
tetragonal to orthorhombic phase transition.

Ten papers studied interfaces and their effects with AE.
For example, Prosser and Hinkley (1994) probed thermoplastic composite interfacial bonding by laser-induced
thermo-acoustic emission. Roman and Aharonov (1992)
used AE to mechanically interrogate interfaces in mono-filament model composites of continuous SiC fiber-aluminum matrix. Single-filament model composites have
been used in II studies (e.g.• De Bandt et al. (1993).
Farrow. Hughes and Darby (1994), Sachse (1990) and
Sachse et al. (1992». These studies also are directed to the
interfacial strength characterization.

Other papers discussed thermally induced cracking during thermal cycles (8 papers) and during processing (6
papers). Konsztowicz (1990) examined crack growth AE in
ceramics during thermal shock, while Konsztowicz and
Fontaine (1989) studied AE from crack growth in an
advanced zirconia refractory also under thermal shock. AE
during processing is defi~itely the area that needs more
work as ceramic processing still lacks adequate NOE meth-

Acousto-ulb'asOnic (AU) techniques are used to characterize overall composite properties due to a distribution of
numerous small defects. Only eight papers are included, but
there are 19 additional papers just in Proceedings of Second
International Conference on Acousto-U1trasonics [edited by
A. Vary. ASNT. 1993]. Complete bibliography on AU was
published in J. Acoustic Emission recently (vol. 12, Nos.
112). Despite some attempts of linking theoretical consideration (Guo and Cawley, 1993), this useful characterization
technique remains to be essentially empirical (Doyum,
1991). Definitive AE and AU studies are desired in charac-

ods.

In ferroelectric ceramics (10 papers), domain wall
motion or cracking creates AE as in magnetic or typical
ceramic materials. Arai. Sugawara and Uchino (1990)
reported intense AE in PLZr ceramics. Due to a difference
in the domain reversal mechanisms. the rhombohedral-phase
exhibited larger AE both in number and in level than the
tetragonal-phase. Canner. Mandai and Wakino (1990)
applied AE to thermal crack detection of multilayer capacitors. Artt. Bottger and Witte (1993) theoretically predict
111

emission of GHz shear waves by ferroclastic domain walls
in fenoelecttics.

less steel with 2S"C water containing either 15 ppm of
Na2S203 or 100 ppm of NaC!. Intergranular stress corrosion cracks of 200 to 300 pm length by 100 to 200 pm
depth could be reliably detected. Shallow l().pm-deep longitudinal flaws were also detected in tests conducted in the
100 ppm NaC! environment. See also Jones et aI., (1991).

3.3 AE in Metals
About SO papers are listed in the area of AE from plastic defonnation. Another 50 papers are listed in the area of
AE from fracture.

Muravin and Makarova (1991) used AE to detect the
processes of corrosion of metal in concrete. The amplitudefrequency characteristics of AE signals corresponding to different processes of corrosion failure were detennined. Meier
and Pettit (1989) used AE in developing high-temperature
corrosion resistant coatings for nickel-base superalloys.

In the area of AE from plastic defonnation, behavior of
some new materials systems are reported; e.g., Miura et aI.
(1992) examined pseudo-binary compound Ni3AI-C03Ti
single crystals. Unfortunately, many papers followed traditional approaches with only slight changes.

Separately, 13 papers were listed in the area of AE
from hydrogen effects, such as hydrogen induced cracking
(HIC), hydride cracks, hydrogen permeation, etc. Hsu, Tsai,
and Oung (1990) monitored HIC in HSLA steel. Hydrogen
induced cracking of steel occurs when the amount of hydrogen is greater than a critical concentration, Ck, which is 1-2
ppm in SPVSOQ low alloy steel for liquefied petro-Ieum
gas tanks. Both hydrogen permeation and AS were analyzed
10 characterize the HlC in the steel. Hayashi and Takemoto
(1990) developed an AE source inversion system and
applied to the monitoring of HIC of low alloy steel.

In the area of fracture, uses of quantitative source characterization methods revealed details of microfracture processes; e.g. Buttle and Scruby (1990), Takatsubo and Kishi
(1990), Ohira and Pao (1989). Scruby et aI. (1990) applied
broadband AE measurements during hydrotest and cyclic
fatigue of a 115 scale PWR vessel. The AS activity recorded
during the hydrotest was low as no significant defect growth
took place. Of the 24 AE sources recorded, several could
have been due to defect growth. Most of the events from
fatigue were located at the longitudinal weld defect. The
three-dimensional source location method gave high accuracy data on source depth through-thickness. There was evidence of substantial crack growth between the two monitoring periods.

On oxidation of metals, twenty-four papers on AE were
given. In all the papers, cracking and spalling of oxide scale
at high temperatures are the origin of AE and were used to
assess oxidation behavior of various materials. See e.g.,
Gobel et aI. (1994).

About 50 more papers were published in the areas of
fatigue and stress corrosion cracking. Buttle and Scruby
(1990) characterized fatigue source mechanism of aluminum
alloys by three dimensional locations of each emission
event. Each primary emission event was found to be associated with the sudden growth of a microcrack from the
fatigue crack tip to a fractured inclusion just ahead of the
crack front. The errors in location were 100 J.lm, which
enabled the events to be located within ±90 J.lm of the plane
of the crack front. Fiedler and Kolitseh (1994) used AS for
NOT of fatigue progress in automotive components. The
fatigue lifetime of components was estimated with a considerable reduction of testing time in the quality assurance.
The method has been verified for two safety components
successfully.

3.4 AE in Various Materials
Thin films and coatings are used in electronics, corrosion/oxidation protection and machine tools among others.
Thiny papers are reported in this area using AS to detect the
breakdown of adhesion of films or coatings. Adhesion is
often measured by using a scralch tester with an increasing
load application, simultaneously monitoring AE. The load
at which AS activity jumps corresponds to adhesion loss.
Peebles and Pope (1990) analyzed 2.S J.lm thick diamond
films on silicon. The film is considerably harder than the
silicon substrate and is highly adherent. During acoustic
emission scratch adhesion testing, the film exhibits a critical load for failure of 11.2 N. At this load the film spalls
from the substrate, at the film interface. Almost 50% of the
scratch tests also show limited local failure (partial film
loss) at a critical load of 2.6 N. Both failure modes may be
similar to cohesive failure modes in the underlying silicon
substrate which shows critical loads of 4.1 and 10.0 N. The
separate failure loads may be related to processes with different friction coefficients. Coatings subjected to thennal
cycling fail by spalling, which produces AS. This method
has been applied 10 a variety of coating systems (e.g.
Bordeaux et aI., 1992).

Iones and coworkers have been active in examining AE
from corrosion and stress corrosion cracking of steels. Jones
and Friesel (1992) measured the AS response of a 304 stainless steel during pitting and transgranular stress corrosion
cracking. Tests were conducted in 0.01 and I M NaCI with
the pH adjusted to I with Het at potentials of -380 mV and
o mV (SCE) for no applied stress and with a stress equal to
75% of the yield strength of the material. The AS activity
during pitting corrosion was significant. In 32, AE
response was used to detect the development of short intergranular stress corrosion cracks in sensitized type 304 stain171

AB due to phase ttansfonnatioD is discussed in 36
papers. The majority of them is on mutensitic transformation. In addition to iron-base alloys, papers on copper-base
shape memory alloys are prominenL Man0S8 et aI. (1990)
studied the AE from martensitic transformations and proposed a source model containing both a shear and a volume
change mechanism. The dynamic Green's function formalism for a continuous elastic media enables one to obtain the
radiation (pattern and kinematics) characteristics of the
source. The experiments conoborate that the acoustic radiation pattern in such ttansformations ccmesponds to a predominant shear mechanism in the (110)(110) system and a
volume change. The kinematics of growth for martensite
plates has been experimentally obtained by making use of
the Doppler effect for acoustic emission waves allowing
them to obtain the velocity, depth and growth length of
ttansformation steps.
Other aspects of phase transformation included solidification, polymer crystallization and ulttahigh pressun: efJecL
Henkel and Wood (1992) studied AE from a solidifying pun:
AI, AI-Co and Al-Li alloys and found repeatable patterns of
AE activity as a function of solidification time. The solidification of pure AI produced high AB activity when the last
10% of solidification while alloys generated two discrete
periods of AE activity attributed to the release of internal
sttesses developed dming grain-boundary formation. Galeski
et a1. (1990) detected AE during crystallization of polymers.
i.e. spherulitic crystallization of polymers from the melt
The source was identified as an abrupt negative pressure
release in regions of melt occluded by spherulites (weak
spots), leading to cavitation nearing the end of crystallization. Meade and Jeanloz (1989) reported AB attributed to
shear instabilities during phase transformations in Si and
Oe at ultrahigh pressures. AE from cracks are commonly
observed below 5 OPa, but not above. AE associated with
the 8-Sn to simple-hexagonal phase transfonnation was
found in Si and Ge to pressures as high as 70 OPa.
In theory of AE. dislocation models of cracking dominate the topics of 30 papers published (see Chishko, 1992).
Hirose and Achenbach (1991) made elastodynamic computation of AB from a growing penny-shaped crack by using the
time-domain boundary integral equation method. A crack of
radius R1 is initially in equilibrium. The crack then propagates with a given rupture velocity, but stops abruptly
when its radius reaches R2. The numerically calculated AE
in terms of the radial displacement was compared with the
usual approximation in which the AE is generated by a system of three double forces whose magnitudes are proportional to the crack-opening volume. AE from cavity collapse was also analyzed (Kumart and Brennen, 1993).
35 papers were listed in magneto-acoustic emission
(MAE) ranging from theory to practical applications.
Brodovoi and Protsenko (1992) discussed MAE in semiconductor structun:s with magnetically sensitive leads. They

found that one of the mechanisms for setting up acoustic
vibrations in silicon structures with a Schottky banier or a
p-n-junction is field-induced deformation of the lattice in the
space-charge region (SCR) caused by electrostatic interaction of ionized dopants and by electrostrietion.
Eight papers were found on AS from various carbon
materials like coal and graphite. Tucker and Mclachlan
(1993) reviewed fractun: and microstructure of graphites.
Models of graphite failure were reviewed in relation to
experiments on die failure and deformation properties of
graphite in tension and bend. Microstructural processes are
used to predict strain hysteresis and a component of AE.
Another AE component is attributed to pore extension by
cracking.

4. AE Applications
Because of the omission of proceedings ofIAES-I0 and
-II in Japan, International Symposium on AS from Composite Materials (AECM-3 and -4) and World Meeting on
AE (WMAE-3 and -4) in the US and Europe, a large seg- .
ment of AS applications are not covered in the INSPEC.
Monitoring of pressure vessels and tanks via AE has been a
spectacularly successful accomplishment. but this is not
revealed in this database. For this area. Monpac technology
Applications features in J. of AE, vol. 8, no. 3, 1989 is
still a good reference. See also the conference proceedings
listed above.

4. J AE Monitoring in Manufacturing
38 papers appeared on AE applications to the monitoring of machining, tool wear, machinery conditions. and
signal processing for these needs. Monitoring of manufacturing processes was covered in 13 papers. Heiple et al.
(1994) analyzed AB from single point machining, concluding that chip deformation is not a major source of AE in
single point machining, but that sliding friction between
the nose andlor flank of the tool and the newly machined
surface is the primary source of AB. Changes in AS signal
characteristics with tool wear varied for all materials tested,
but for a given material AE can be used to monitor tool
wear. Straube (1993) analyzed AE on deep-drawing tools,
while, to define tool tife, Inasaki and others (Takeshita and
Inasaki, 1993; Wakuda et aI., 1993) examined milling and
grinding processes using innovalive sensor arrangements.
Use of neural networks and other signal processing schemes
for monitoring of manufacturing processes is discussed in 9
papers and special sensors are covered in several papers.
Tool wear monitoring is a critical task in automated
manufacturing operation and is discussed in 9 papers. Jiaa
and Dornfeld (1992) employed gradient adaptive lattice and
pattern recognition analysis in AE detection of tool wear in
a turning operation. The approach integrated cutting force
and yielded accurate recognition of tool wear states in a wide

duce intermittent asperity contae:ts. It operates in a mixed
sliding and Oying region. or in a zone of interaction where a
signific:ant number of asperity contacts occur and uses an
AE sensor to detect asperity contacts. AE signal is
processed by fast Fourier transform to detect significant
increase in the frequency and severity of the contae:ts. Jeong
and Bogy (1990) studied slider-disk interactions during the
load-unload process by using the LDV (laser Doppler
vibrometer) and AE to detect possible slider-disk contacts
during the loading process. The AE signal showed some
bursts which have the slider ringing-frequency components.
By comparing the AE signal with the LDV results before
and after lubricating the gap between the pivot and suspension, the sources of the AE bursts were found to be the
normal contact and slip between the pivot and suspension.
It was concluded that c:arrying out the load-unload process of
the positive pressure slider using a mechanism which
actuates the middle part of the suspension is a suitable
solution to high stiction and friction problems that can
develop in the contaet-start-stop process.

range of c:utting c:onditions. Both unsupervised learning
technique (fuzzy C-means algorithm) and supervised
learning technique Oinear discriminant analysis) were used
in the pattern recognition analysis. Moriwaki and Hino
(1991) applied neural DetwOrk to AE signal processing for
automatic detection of coated carbide cutting tool life. The
AE signal detected during turning changes its c:haracteristic
features as the tool wears and approaches its end of life.
Such changes of the AE signal are correlated to the wear of
the ceramic coating and the carbide matrix on the rake face
of the tool. In order to identify the life of the coated tool
based on the measured AE signal. a neural network is
applied. The statistical values of the AE signal. such as the
mean. the variance and the higher order moment. are used as
the input to the neural network. which successfully
identified the state of tool wear. Osuri. Chatterjee and
Chandrashekhar (1991) used a simpler approach with rms
voltage for on-line condition monitoring of tool wear in end
milling.

4.2 AE MoniJoring 01Friction and Wear
4.3 AE in Electric Utilities
30 papers dealt with this subject. 17 of which examined AE from various friction and wear problems and 7 were
concerned with head-disk contact problem in computer disk
drives. Three papers each considered rolling friction and
particle impact-erosion issues.

Matsuoka, Fonest and Tse (1993) used AE for on-line
monitoring of the wear rate of materials subjected to
abrasion. The energy in the AE signal is directly related to
the energy required for material removal in the abrasion
process. The technique was successfully applied to monitoring the wear of magnetic recording head materials using
lapping tapes over a wide range of wear rates and to estimating the total wear volume. This system provides a
quantitative measurement technique for tribological studies
and for on-line machine or process diagnostic applications.
Hanchi and Klamecki (1991) reported on AE monitoring of
the wear process. AE comes from processes resulting in
material wear and is useful for continuously monitoring
wear and for basic studies of the wear process. Changes in
wear rate and AE activity were measured across the mildsevere wear transition in the sliding of metals. Changes in
AE count rates corresponded to changing wear rate. AE
amplitude distributions and energy measurements indicated a
strong potential for the use of these two parameters in the
identific:ation of different modes of failure during the wear
process.
In magnetic recording disk monitoring applications.
Peck et al. (1993) adopted AE for an accelerated wear test
Future disk files will operate at lower flying height, thus
increasing the possibility of asperity contacts. Conventional tests include sliding (pin-on-disk or slider-on-disk),
flying (f1yability tests), or contact start/stop modes of
operation. An accelerated water test was developed to pro-

AE inspection techniques for nuclear power plants are
subject of 34 papers. There are additional 30 papers on
partial discharge detection and on electrical transmission
systems.
In the nuclear power field. European activities are significanL Macleod et al. (1991) gave a general review on the
state of the art of AE monitoring techniques for structural
integrity. This is illustrated by specific applications including the detection of high pressure Ouid leaks from pipelines
or storage facilities. the detection of loose parts or rattling
tubes in operating plant and AE monitoring of crack growth
by 3D source location of secondary AE sources caused by
fretting of the crack surfaces. Streicher (1991) discussed AE
monitoring systems for continuous monitoring of primary
system components to ensure safe operation and high availability of nuclear power plants. The AE systems are able to
detect loose parts. leaks and cracks. which have been developed. delivered and installed in numerous power plants all
over the world. However. crack monitoring systems based
on the usc of AE are still an object of research and devel. opment. These currently available monitoring systems,
together with others (e.g. systems for fatigue and vibration
monitoring) serve to: (a) provide the operating personnel
with information on plant integrity, (b) permit early recognition of deviations from normal operation and anticipated
operational occurrences to enable initiation of remedial
actions. (c) avoid endangering personnel and prevent damage
to the environment or equipment. (d) maintain the plant
operational beyond the specified life expectancy of 40 years.
An American overview was given by Hutton (1989).
Deuster, Sklarczyk and Waschkies (1991) conducted
many hydrotests. cyclic fatigue tests and thermal shock
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reviewed AE technology for detecting mechanical disturbances in high-performance superconducting magnets.
Sakamoto et al. (1993) conducted excitation experiments for
one of the R&D coils called TOKJ-MC to simulate the
condition of excitation of helical coils for the Large Helical
Device (LHD). TOK!-MC is a pool-cooled twisted solenoid
coil with aluminum stabilized superconductors that were
obliquely wound around an elliptical bobbin. In all nominal
current excitations, quenches were initiated around 17 kA
while the design current was 20 kA. There was no training
effect AE signals indicated that the quenches were biggered
by mechanical perturbations. It was found that the conductor of TOKJ-MC moved freely without restriction due to
the electromagnetic force, and that the winding moved
reversibly.

tests on reactor pressure vessels, which exhibited crack-like
defects, with the aim to develop the conditions of detectability of srowing and non-growing cracks by AE. The AE
generated during these experiments was separated between
AB-events from crack growth and crack surface friction by
risetime. Crack srowth can be detected with high sensitivity
at thermal shock and fatigue tests, whereas the delectability
of crack surface friction increases, as the amount of compressive stresses between the crack surface grows. At hydrotest only a low level AE is produced by non-growing cracks
due to the lack of compressive stresses. Scruby et aI. (1990)
reported on AE measurements during hydrotest and cyclic
fatigue of a 115 scale PWR vessel.

Keyvan and King (1991/92) discussed the role of AE
monitoring as a diagnostic tools in nuclear reactors.
Kupperman et aI' (1989) characterized AE signals from
leaking intergranular stress-corrosion cracks in nuclear
reactor component materials.

4.5 Various Other AE Applications
Uses of AE are reported in 10 biomedical papers.
Topics include fatigue life of composite femoral prostheses,
failure of bone and antler, firing of dental porcelain, sounds
from the disintegration of kidney stones, etc.

The other prominent use of AE in the elecbic utilities
is the detection of partial discharges (PD). Lundgaard (1992)
presented an overview ofthe basic acoustics theory required
to understand the finer points of AE PD detection systems.
Cornick (1994) reported on the acoustic detection and
location of PO in gas insulated substations (OIS). Test
cells were constructed to reproduce major types of PO
sources in OIS, i.e. free moving conducting particles,
protrusions, and electrically 'floating' objects. These were
mounted in a full-scale 400 kV GIS bus-bar chamber.
Results indicated that AE can be used effectively to pinpoint the location of PO produced by loose conducting
particles. For other sources of PO, sharp protrusions, etc.,
the technique was Jess effective. Jones (1990) was more
successful in the detection of PO in power transformers
using computer aided AE techniques. The system was
. designed to facilitate the detection and location of PO in
power transformers during normal service operation. The
system is now being used as a front-line diagnostic tool and
a useful complement to dissolved gas analysis. It has been
shown that electrical discharge pulses can be measured
during normal service operation by correlating the electrical
signal with AE. The system has identified IS transfonners
with insulation faults. Nine of these transformers have been
inspected andlor repaired. This test has had a considerable
impact on maintenance practice. The known location of the
PO source has allowed maintenance and repair decisions to
be made before opening the transformer. Most repairs have
been effected on site, and in some cases the location of the
source has permitted transformers to remain in service due
to the noncritical nature of the fault

Three papers were found on AE from microelectronic
components. Subjects were bonding technology for electronic packaging, inspection techniques for die attach, and
sound from bipolar transistors.

s.

AE Signal Detection, Generation and
Processing

5./ Sensors
The vast mejority of 116 papers on signal detection and
generation dealt with the detection. Sensor calibration is
critical in obtaining source waveforms as demonstrated by
Proctor and Breckenridge (1991192), who calibrated a transducer using a glass-break source. This transducer was used
to measure dynamic force waveforms from elastic sphere
collisions with the plate. Hertz theory calculations agree
closely with the measured waveforms. Fay and Reimann
(1994) extended reciprocity calibration to ultrasonic contact
transducers of 2-12 MHz. It is necessary to determine the
diffraction losses associated with the test objects such as
half cylinders and half spheres. The calculated diffraction
loss for the half cylinder was experimentally verified and
can be used in practical investigations. Laser calibration
methods were also reported (Jacobs and Woolsey, 1993).
As for sensors, optical (laser interferometers), electromagnetic and piezoelectric types were studied. Murphy et al.
(1990) constructed an actively stabilized, homodyne laser
interferometric probe for detection of acoustic emission. It
employed quadrature detection of changes in the path-length
differences between signal and reference anns of the interferometer that was designed to eliminate the effects of
specimen drift and environment noise below 100 kHz

4.4 AEfrom Superconducting Magnets
Fifteen papers were found on AE from large-scale
superconducting magnets. AE is a useful tool in detecting
premature quench (loss of superconductivity). Iwasa (1992)
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duougb a combination of path-length control using a piezoelectrically mounted minor and an elec1rcH)ptical modulator. The resulting system has a flat frequency response up
to approximately 4S MHz, with a sensitivity of approximately 0.1 nm. Laser interferometers using optical fibers
have a potential for an embedded sensor in a composite
structure (Gunther et al.• 1993).

sis). These include Kalman filtering. high order crossing.
chirp-Z analysis. low-order autoregressive modeling. split
spectrUm and wavelet analysis, etc. When these become
commonly available for AE workers. more valuable information can certainly be extracted from AE signals. Among
these, work of Sin and Chen (1992) on deconvolution
techniques may be useful immediately. They adapted several
major deconvolution techniques commonly used for seismic
applications for ultrasonic NOE applications. Comparisons
of the relative merits of these techniques were given based
on a complete set of simulations on some real ultrasonic
signals. Methods that rely largely on a reflection seismic
model, such as one-at-a-time L1 spike extraction and minimum variance deconvolution. are not suitable for NOE
because they are limited by their underlying model. L2 and
Wiener filtering, on the other hand, do not assume such a
model and are. therefore. more flexible and suitable for
NOE. The L2 solutions. however, are often noisy due to
numerical ill conditions. This problem is partially solved in
Wiener filtering. simply by adding a constant desensitizing
factor q. The computational complexities of these Wiener
filtering-based techniques are relatively moderate and are
more suitable for potential real-time implementations.

Piezoelecbic polymer sensors were discussed in S
papers. including Brown (1992). Piezoelectric polymers,
such as PVDF and its copolymers. have high compliance.
low acoustic impedance. availability in large areas. and
broadband acoustic performance. and are useful in applications requiring low-profile inspection of fiber-composite
structures. especially for non-planar surfaces.

5.2 Sig"",' Generation
Laser beam is useful in order to produce ultrasonic
signals without contact 21 papers used laser for this purpose while 10 papers used electromagnetic principle for
generation. Huber and Green (1991) developed noncontaet
acousta-ultrasonic system using laser generation and laser
interferometric detection. Gusev (1990) discussed the generation of picosecond acoustic pulses by laser radiation in
piezosemiconductors, while Taylor, Edwards and Palmer
(1990) hailed C02 laser as a new ultrasound source.

Another approach may become useful in AE analysis.
Li and Bilgutay (1992) studied wavelet analysis and split
spectrUm processing for the detection of the ultrasonic pulse
location in the nonstationary noise environment. In order to
suppress the noise. the detector based on the split spectrum
processing technique has been developed. This detector con·
sists of a bank of parallel bandpass filters and a statistical
operator. In the past. several algorithms have been used and
resulted in the signal.ta-noise ratio enhancement. The nonstationary process has been analyzed using time-frequency
and wavelet theory. The spectrogram and the scalogram of
the ultrasonic data are obtained using the shon time Fourier
transfonn and the wavelet transform respectively. Furthermore. the split spectrUm processing technique based on the
wavelet transform has been studied. The results can be used
to design more efficient noise suppression techniques for
the location detection problem.

5.3 Signal Processing
About 60 papers were listed in signal processing
category. Ten papers dealt with source location procedures
and their improvemenL H611er et al. (1991) developed a new
approach for location of continuously emitting acoustic
emission, because usual burst-like AE is localized by
triangulation. which is invalid for continuous AE, e.g.
. from leakage. Their method is based on a phase-controlled
probe array which consists of many single sensor elements.
The AE signals received by the different sensor elements are
delayed according to their time-of-night differences from the
source to the single elements of the receiver array. By
choosing special combinations of time differences between
the array elements the directivity pattern of the sensitivity
of the array can be changed, e.g. rotated in the plane of a
large plate. Thus, the source direction can be determined by
one array. Some preliminary experiments with an artificial
noise source. positioned on a large steel plate, have been
performed and have demonstrated the feasibility of this
approach. Other papers considered cylindrical surfaces. faster
conversion algorithms. etc. Eight papers each devoted the
attention to various neural network schemes and to source
characterization methods. Ten other papers approached from
conventional AE parameters. such as amplitude, energy.
hit. and multipanunetric analysis.

Dickstein, Spelt and Sinclair (1991) discussed still
another method of potential use to NOB. They outlined the
essential elements of the higher order crossing (HOC)
method for signal analysis. The method is relatively simple
to apply. has remarkable data and information compression
capabilities. preserves the spectral parameters of the signals
and has good feature discrimination abilities. These propenies make the HOC method attractive whenever the
inspection techniques involve the accumulation and processing of time domain signals.
6. Other Topics

About 90 papers have not been classified into the
categories discussed above. About a half could be fitted into

Nearly a half or 26 papers studied signal processing
schemes (not necessarily new. but new to AE signal analy183

one or more category, but were left behind. The others have
their own type. Some of these are summarized here.

are divided into research. applications. signal detection,
generation and processing and others. These are subdivided
to give suitable categories. Selected papers are summarized
to provide general view of each category or sub-field. From
these cvaluation, one finds that composite materials are
studied most actively, but metals are researched just as
much with emphasis on fracture and fatigue. Various
materials topics like manensite and magneto-AE also gct
surprisingly strong attention. As expected, applications
papers are fewer, but certain areas do have substantial
activities. Signal detection attracts strong interest, so as
signal processing methods. It is hoped that this snapshot
gives readers a general idea of where the AS field stands at
this time.

Bubble and Cavitation: 8 papers. AS from bubble
plume, cavitation bubble, etc.
Welds: 7 papers. An BPRI repon may be of interest
(BPRI, 1989).

Ice: 6 papers. AS from the Arctic ice sheet, sea ice
under load. etc.
Nuclear Fusion: 4 papers. Detection of AS with neuIrons discussed in low-temperature fusion experiments.
Chemical Processes: 3 papers. Soulsbury et a1. (1992)
obtained AB wavefonn characterization rules for three
chemical systems. For pyrolysis of polyvinyl chloride,
noise signals were effectively discriminated from signals
from the chemical process. Rules for copper (II) sulfate
recrystallization resulted in improved certainty in determining the time of the onset and the rate of crystal fracture.
In hydration of silica gel, rules automatically classified
signals as being from fracture or gas evolution.

RefereDces
(The number in parentheses preceding the author(s) refers to
the sequentia1listing in the original downloaded file.)

(1341). Anon. (1990), Midland's new weapon in fraud
battle. Banking World. Nov.• vol. 8, (no.ll): 44.
Midland Bank is investigating a new technique for
verifying the signatures of customers using its cards at
EFI'POS tenninals. The system, developed by Rolls-Royce
Business Ventures, is based on 'acoustic emission' or high
frequency sound. This system would allow customers to
identify themselves by signature; the signature would be
matched, as it is written. against an 'ideal' version of that
signature, held in a chip on the customer's payment card (8
'sman' card). The aim is to reduce opponunities for fraud
and to relieve customers of the burden of remembering PIN
codes. In trials of the system, in which bank staff acted as
participants and as 'forgers', 96 per cent of genuine
signatures were accepted at the first attempt.

Banking: I paper (Anon., 1990). Midland Bank is
investi-gating a new technique for verifying the signatures
of customers using its cards at bank terminals. The system, developed by Rolls-Royce Business Ventures, is based
on AB. This system would allow customers to identify
themselves by signature; the signature would be matched,
as it is written, against an 'ideal' version of that signature,
held in a chip on the customer's bank carel. The aim is to
reduce opponunities for fraud and to relieve customers of
the burden of remembering secret ID codes. In trials of the
system, in which bank staff acted as panicipants and as
'forgers', 96% of genuine signatures were accepted at the
first attempt.

(1678). Arai, M.; Sugawara, Y.; Uchino, K. (1990), AE
measurement in ferroelectrics. IN: IEEE 1990 Ultrasonics
Symposium Proceedings (Cat. No.9OCH2938-9). New
York. NY, USA: IEEE, p. 1197-1200 vol. 3.
Acoustic emission was intensively measured in PLZr
ferroelecbic ceramics. The difference between the data observed for the rhombohedral- and tetragonal-phase samples is
stressed. The rhombohedral-phase sample was found to exhibit larger acoustic emission both in number and in level
than the tetragonal-phase sample. This difference can be
explained by considering the domain reversal mechanisms.

7. CODclusioD
This repon examined the present status of acoustic
emission (AE) research and applications from papers
collected by a database, known as INSPEC over the period
of 1989 to early 1994. Since the parent organization of this
database is an electrical engineering society, some areas do
not receive adequate coverage. For any database, conference
proceedings are difficult to cover and lABS and AECM pr0ceedings are in fact not covered. For many AS applications,
this is a serious drawback, especially, geotechnical and civil
engineering applications. However, other AS fields appear
to be represented quite well. Thus, we can obtain an overall
picture of AS studies and uses by examining the titles and
abstracts of 2179 papers cited. Actually, the number of AB
papers is only about 1000 as certain "acoustic emissions"
(such as jet aircraft noise, acoustic phonon emission) are
not included in our working definition of AB. The papers

(180). Arlt, G.; Bottger, U.; Witte, S. (1993), Emission of
GHz shear waves by ferroelastic domain walls in ferroelectrics. Applied Physics Letters, 2 Aug., vol. 63. (no.5):
602-4.
The 90' domain walls and comparable ferroelectric
domain walls are strong sound emitters in the GHz range.
The elastic medium on both sides of the domain wall with
its mass and elastic properties is a quasi-infinite transmission line into which the sound is emitted. This
emission causes a strong dielectric dispersion at GHz frequencies and may fonn the basis for many dispersive effects
in this frequency range which were observed during the last
184

piezoelectric polymer ultrasound transducer technology in
both the medical and nondestructive testing (NOT) application areas. The presentation covers recent developments in
invasive medical ultrasound transducers and transducer
systems that employ the piezoelectric polymer technology
for such applications as intraluminal imaging of the coronary arteries. A discussion of piezoelectric polymer ultrasound sensor arrays for NOT of fiber composite structures
is also included.

40 years in many ferroelectric and even some magnetic
maaerials. A simple elastic-electric equivalent circuit describes the mechanism of sound emission.
(724). Bordeaux, F.; Moreau, C.; Saint Jacques, R.O.
(1992), Acoustic emission study of failure mechanisms in
TiC thermal barrier coatings. Surface and Coatings
Technology, 16 Nov., vol. 54-55, (no.I-3): 70-6.
The failure mechanisms of thick plasma-sprayed TiC
coatings subjected to severe thermal shocks were investigated using acoustic emission (AE), detected during and
after the thcnnal shocks. The AE signal was triggered at the
onset of the thermal shock and was completely captured for
time durations up to 3 s. Signals were then studied and
quantified directly by integrating the square of the waveform
signals (i.e. calculating the electrical energy). This method
was compared with the more classical ringdown counting
and with the maximum-amplitude method. The electrical
energy demonstrated the best results that could be correlated
to physical events. Besides the coating segmentation, two
modes of delamination were observed: a sudden delamination during heating due to the bending of the coating
under compressive stresses and a progressive delamination
during cooling after plastic deformation had taken place at a
high temperature during the thermal shocks.

(1370). Bunle, OJ.; Scruby, C.B. (1990). Characterization
of fatigue of aluminum alloys by acoustic emission. I.
Identification of source mechanism. 1. Acoustic Emission,
Oct.-Dec., vol. 9, (no.4): 243-54.
Two series of acoustic emission (AE) measurements
were carried out on 7000 series aluminum alloys. The first
series investigated the material processes responsible for
primary AE during fatigue of compact tension specimens,
whilst the objective of the second series of experiments (see
ibid., vol. 9. no.4. p.255-69, 1990) was to distinguish
between different emission sources during high cycle fatigue
of riveted test coupons. The conclusion of the first series of
experiments was that each primary emission event was
associated with the sudden growth of a microcrack from the
fatigue crack tip to a fractured inclusion just ahead of the
crack fronl. This conclusion was reached by analyzing the
three dimensional locations of each emission event using
extremely accurate transducers and advanced signal processing. The errors in location were 100 I!m. which enabled
the events to be located within ±90 J.UIl of the plane of the
crack fronL

(455). Brodovoi, V.A.; Protsenko, A.S. (1992). Acoustic
emission in semiconductor structures with magnetically
sensitive leads. Izvestiya Vysshikh Uchebnykh Zavedenii.
Radioelektronika, vol. 35, (no.3): 61-3. Translation: Radioelectronics and Communication Systems, vol. 35, (no.3):
48-9.
There are familiar methods of nondestructive testing of
semiconductor devices based on measurements of phase.
spectrum and duration of signals which are generated in
semiconductor structures in different modes of operation.
Scanty knowledge of the mechanisms of acoustic emission
(AE) is an obstacle in the way of extensive introduction of
such methods into practice. The authors have established
that one of the mechanisms for setting up acoustic
vibrations in silicon structures with a Schonky barrier or a
p-n-junction is field-induced deformation of the lanice in the
space-charge region (SCR) caused by electrostatic
interaction of ionized dopants and by elec:trostriction.

(676). Brown. L.F. (1992). New developments in
piezoelectric polymer ultrasound transducers and transducer
systems. Proceedings of the SPIE - The International
Society for Optical Engineering. vol. 1733: 27-36.
Piezoelectric polymers. such as PVDF and its copolymers. are finding increased use for ultrasound transducers in
both medical and nondestructive testing applications.
Because of their inherent properties of high compliance.
low acoustic impedance, availability in large areas, and
broadband acoustic performance, they are particularly useful
in medical applications that require miniature transducers for
high-frequencylhigh-resolution and low ultrasonic penetration. such as invasive medical imaging. The technology
also provides great utility in nondestructive testing applications which require low-profile ultrasonic inspection of
fiber-composite structures. especially for non-planar
surfaces. The author reviews some recent developments in

(1730). Canner. 1.; Mandai. H.; Wakino. K. (1990), The
application of acoustic emission to thermal crack detection
of multilayer capacitors. IN: 10th Capacitor and Resistor
Technology Symposium. CARTS '90. Huntsville. AL.
USA: Components Technol. Inst, p. 24-8.
The application of acoustic emission (AE) in the study
of physical flaws in multilayer capacitors (MLC) is well
known. In this paper. AE is used to study crack generation
due to thermal shock generated by immersing a MLC into a
solder bath. The dependence of cracking due to solder
temperature and dipping speed was investigated. AE output
in terms of number of events, maximum amplitude of an
event, and average total output are correlated to whether the
destructive physical analysis (DPA) showed cracked parts or
non-c:racked parts. Data taken at three solder temperatures
(430.450. and 470°C) and at three dipping speeds (40, 45.
and SO mm/sec) show the sensitivity of the test to these
variations. Weibull statistics show good discrimination of

data.
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(747). Chishko, K.A. (1992). Dislocation mechanism of
the emission of sound during growth of a crack in a crystal.
Fiz. Tverdogo Tela, March. vol. 34, (no.3): 864-9. Translation: Soviet Physics-Solid State, March, vol. 34. (no.3):
462-5.
A model of a fatigue crack as a source of sound in a
crystal is proposed. The growth of a defect is interpreted as
the annihilation. at the crack edges. of dislocation fluxes
from the interior of the medium. The evolution of these
fluxes in time and space is related in a self-consistent

manner to the motion of the crack edges when the time
dependence of the crack length 2L(t) is given. The total
acoustic radiation represents pulses of transient emission of
single dislocations reaching the open surfaces of the crack.
If the crack edges move at the same velocities and accelerations in different directions, the crack does not emit dipole
radiation and the quadrupole term dominates the radiation
field. Calculations are reponed of the field of displacement
velocities of the points in the medium and of the field of
stresses in the wave zone far from the crack. The amplitude
of the acoustic radiation field is basically proportional to
the second derivative (with respect to time) of the free
volume which opens up in a growing crack.

which exhibited crack-like defects, with the aim to develop
the conditions of delectability of growing and non-growing
cracks by acoustic emission (AE). The AE generated during
these experiments has been recorded and analyzed. Techniques for evaluation of AE-data have been developed which
allowed the separation of AE-events from crack growth and
crack surface friction by risetime. Crack growth can be
detected with high sensitivity at thermal shock and fatigue
tests, whereas the detectability of crack surface friction
increases, as the amount of compressive stresses between
the crack surface grows. At hydrotest only a low level AE
is produced by non-growing cracks due to the lack of
compressive stresses.

(30). Cornick, IU. (1994), Research into the acoustic
detection and location of partial discharges in gas insulated
substations. IN: lEE Colloquium on 'Partial Discharges in
Gas Insulated Substations' (Digest No.l994/093). London,
UK: lEE, p. 4/1.
.
Test cells constructed to reproduce certain of the major
types of partial discharges in GIS, i.e. free moving conducting particles, protrusions, and electrically 'floating'
objects, were used as partial discharge sources. These were
mounted in a full-scale 400 kV GIS busbar chamber for
experimental work which involved the use of different types
of partial discharge test cell, gases, gas pressures, and
voltages. Results from these tests, indicate some of the
infonnation that can be obtained. It is concluded that
acoustic techniques can be used effectively to pinpoint the
location of partial discharges produced by loose conducting
particles. For other sources of partial discharge, sharp
protrusions, etc., the technique is less effective. Even so,
with further improvement in techniques and equipment,
there are good prospects for accurate location of such
sources. In particular, emphasis on research into better data
processing could yield significant advances.

(1063). Dickstein, P.A.; Spell, J.K.; Sinclair. A.N. (1991),
Application of a higher order crossing feature to nondestructive evaluation: a sample demonstration of sensitivity to the condition of adhesive joints. Ultrasonics,
Sept, vol. 29, (no.5): 355-65.
In this study, the essential elements of the higher order
crossing (HOC) method for signal analysis are outlined.
The method is relatively simple to apply. has remarkable
data and information compression capabilities, preserves the
spectral parameters of the signals and has good feature
discrimination abilities. These properties make the HOC
method attractive for application to non-destructive evaluation (NnE) analyses whenever the inspection techniques
involve the accumulation and processing of time domain
signals. As a sample case, features of the HOC method
were applied in this work to the analysis of experimental
ultrasonic echo signals obtained from metal-to-metal and
composite adhesive joint specimens. The HOC features
revealed sensitivity to both the adhesive and cohesive
properties of the joints. The sensitivity, which was verified
by means of statistical tests. enabled the classification of
the specimens according to their bond characteristics.

(95). De Bondt, S.; Frayen, L.; Delaey, L.; Deruyttere. A.
(1993), Finite element simulation of acoustic emission due
to fiber failure in a single fiber composite. J. Acoustic
Emission, July-Sept., vol. II, (no.3): 95-9.
It is the aim of this research to quantitatively describe
dynamic aspects of failure mechanisms in metal matrix
composites. A single fiber composite model is developed.
Its dynamic response to fiber failure (including the debonding process along the interface between fiber and
matrix) is calculated using a finite element method. This
method takes into account essential component properties
and typical production characteristics. The influence of
interface shear strength and friction coefficient on the
dynamic behavior is evaluated. The debonding process is
characterized quantitatively in terms of debonding length and
speed. Dynamic aspects are illustrated with helpful
graphics.

(1120). Doyum, A.B. (1991), Acousto-ultrasonic technique
for nondestructive evaluation of composite materials. A
review. 1. Materialpruefung. June, vol. 33, (no.6): 175-7.
In a two part study, a review based on the emerging
technique of determining the Kousto-ultrasonic stress wave
factor is presented. In Part I, the principles and applications
of the method are described. Some of the key publications
on acousto-ultrasonic which use the technique for material
strength correlation and damage assessment in fibre reinforced composites are outlined. In Part 2, further applications of the method along with its advantages and limitations, and possible means of improvement will be dis-

cussed.
(1813). EPRI (1989), In-process acoustic emission
monitoring of dissimilar metal welding. Electr. Power Res.
Inst.• Palo Alto. CA, USA, IS Sept.
A new acoustic emission weld monitoring systeminvolving real-time, in-process acoustic emission monitoring has been developed and demonstrated to be reliable in
detecting and locating flaws in critical bimetallic welds. The
system could provide inspection of critical welds in cases
where conventional nondestructive evaluation would be
costly or impossible to apply.

(1081). Deuster. G.; Sklarczyk, C.; Waschkies, E. (1991),
Detection and analysis of defects in reactor pressure components by location and interpretation of acoustic emission
sources. Nuclear Engineering and Design, Aug., vol. 129,
(no.2): 18S-90.
Many hydrolests, cyclic fatigue tests and thermal shock
tests have been carried out on reactor pressure vessels.
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(116). Farrow, OJ.; Hughes. J.D.H.; Darby, Ml. (1994).
Acoustic emission from single carbon fibres and model
microcomposites. J. Physics 0 (Applied Pbysics), 14
March, vol. 27. (no.3): 644-51.
It is difficult to interpret acoustic emissions generated
within stressed fibre composites. To obtain a better understanding of the characteristic features of acoustic emission
at source in carbon fibre reinforced plastics. a number of
experiments have been performed to measure the emission
from the fracture of single carbon fibres alone and of single
fibres in microcomposites. An exponentially shaped steel
cone was used as a waveguide to couple a single fibre to a
transducer and tensile loading was achieved by slowly
adding water to a container suspended from the sample. The
microcomposites consisted of a single carbon fibre surrounded by a small number of glass fibres, all bonded by
acrylic or epoxy resin. Measurements were made on five
different types of carbon fibre. For freely mounted single
fibres the amplitude of the acoustic emission produced at
fracture was higb, and it increased approximately linearly
with strain energy in the fibre prior to fracture. A similar
carbon fibre in a microcomposite suffered a succession of
failures, and the amplitudes of the emission were lower, in
qualitative agreement with the strain energy being lower at
fracture. Resu]ts are also given for the acoustic emission
produced during torsion tests on a microcomposite. In these
samples the fibres remained intact and emissions were
produced by debonding and/or matrix cracking.

microscopy and acoustic emission. Materialpruefung. May.
vol. 36, (no.5): 167·8, 170-2. Gennan.
In order to guarantee the quality and the reliability of
safety components in the car industry during the whole
period of production, the fatigue lifetime of components is
usually tested in single step tests. Beside the large number
of specimens considerable testing time is consumed. Today
the time between supply and assembling of components is
very short. Therefore, reduction of testing time in the
quality assurance is challenged. This paper deals with new
methods for estimation of fatigue lifetime on the basis of
thermography. thermal wave microscopy and acoustic
emission that enable a considerable reduction of testing
time in the quality assurance. These methods have been
verified at two safety components successfully.
(1491). Oaleski, A.; Piorkowska. E.; Koenczoel, L.; Baer.
E. (1990), Acoustic emission during crystallization of
polymers. J. Polymer Science, Pan B (polymer Physics),
June, vol. 28, (no.7): 1171-86.
Ultrasonic emission was found to accompany spheruUtic crystallization of polymers from the melL The source of
acoustic waves was identified as an abrupt negative pressure
release in regions of melt occluded by spherulites (weak
spots) in the course of crystallization. The buildup of a
negative pressure in occluded areas is a result of a density
change during crystallization. When the level of stress
approaches the limit related to melt cohesion, cavitation
occurs, the stress is released, and acoustic wave is emitted.
On the basis of a statistical approach to the description of
spherulitic structure formation, it was predicted that most
acoustic events should occur at a high degree of conversionclose to the end of crystallization. The ultrasonic emission
was found during isothermal crystallization of isotactic
polypropylene and poly(methylene oxide). In the case of
nylon 6. acoustic emission was attributed to environmental
stress cracking and degradation. No acoustic events were
recorded during crystallization of high-density polyethylene
and during similar thermal treatment of a series of noncrystallizable polymers.

(114). Fay, B.; Reimann, H.-P. (1994), Reciprocity
calibration of ultrasonic contact transducers. IEEE Transactions on Ultrasonics, Ferroelectrics and Frequency Control, Jan.• vol. 4], (no.1): ]23-9.
The extension of the reciprocity calibration method
widely used in medical ultrasonics to nondestructive pu]seecho transducers is presented. It is shown that the selfreciprocity procedure originally developed for immersion
transducers can also be applied to contact transducers. which
are mainly used for the investigation of solids. The sensitivity of the contact transducers used was calculated with
the help of two models which simulate the behavior of the
transmitter-receiver arrangement within the whole frequency
range investigated. namely 2-12 MHz. The procedme needed
to determine the diffraction losses associated with the test
objects such as half cylinders and half spheres is also
presented. Half cylinders or half spheres are needed when the
ultrasonic wave does not have a nonnal incidence on the
test object. The calculated diffraction loss for the half
cylinder was also experimentally verified. Good agreement
obtained between diffraction loss measurements and the
model predictions confirms that the calculated diffraction
loss of the half cylinder is suitable for use in practical
investigations. The calibration procedure described enables
ultrasonic measurements performed with different contact
transducers and devices to be compared. This is of great
importance in many applications, as for example in periodic
routine inspections of the components of nuclear facilities.

(46). Gobel, M.; Rahmel, A.; SchUlZe, M. (1994). The
cyclic-oxidation behavior of several nickel-base singlecrystal superalloys without and with coatings. Oxidation of
Metals. April. vol. 41. (00.3-4): 271-300.
Several commercial single-crystal Superalloys (CMSX2, CMSX-3, CMSX-4, CMSX-6, SRR 99) and some
laboratory versions of one of them (CMSX-4) with various
Y additions were investigated concerning their cyclic-oxidation resistance in air at 1000 and 11 SO·C. The investigations also included two materials (CMSX-6. SRR 99) with
an RT-22 coating. Weight changes and acoustic emission
were recorded up to 1000 cycles and scales, coatings, and
substrates were characterized by metallography. SEM, and
microprobe in post-experimental investigations. The best
cyclic-oxidation behavior and excellent resistance to spalting even at 11 SO·C were shown by a laboratory version of
CMSX-4 containing between to and 60 ppm Y. While at
l000·C interdiffusion can be taken as tolerable for the
coated alloys. there is rapid degradation of the coating by
interdiffusion at 11S0·C.

(35). Fiedler, B.; Kolitsch. C. (1994), Non destructive
observation of the fatigue progress in components-early
detection of fatigue damage by thermography. thermal wave
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(376). Gunther. M.F.; Wang, A.; FoU, B.R.; Starr, S.E.;
ami others. (1993). Fiber optic impact detection and location system embedded in a composite material. Proceedings
of the SPIE - The International Society for Optical
Engineering. vol. 1798: 262-9.
The authors present an impact detection and location
system which uses fiber optic extrinsic Fizeau interferometric sensors embedded in a graphite/epoxy composite
laminate. The acoustic signals generated by the impact
events are detected by four fiber optic sensors. The fiber
sensor and the embedding process are described. Also
developed are a mathematical method and computer program
that allow calculations of unambiguous impact location
from the sensor data. The impact location can be determined
with a 0.5 mm resolution and an accuracy typically less
than 5 mm.
(229). Guo, N.; Cawley, P. (1993), Lamb wave propagation in composite laminates and its relationship with
acousto-ultrasonics. NDT&E International, April, vol. 26,
(no.2): 75-84.
The acousto-ultrasonic technique has many potential
applications in the NDE of composite materials. However,
problems of poor reproducibility and of the sensitivity of
the results to precise instrument settings have restricted its
application in industry. The waves employed in acoustoultrasonics are chiefly Lamb waves which propagate in the
plane of the laminate. In this paper, Lamb wave propagation in composite laminates both with and without defects
is investigated both numerically and experimentally.
Acousto-ultrasonic parameters based on both predicted and
measured responses are calculated, and tests are carried out
using a commercially available instrument. The factors
which lead to the poor reproducibility of acousto-ultrasonic
results are discussed and possible improvements to the
technique are proposed.
(1549). Gusev. V.E. (1990), Generation of ps acoustic
pulses by laser radiation in piezosemiconduetors. Physica
Status Solidi B, 1 March, vol. 158. (no. I): 367-81.
Theoretical description of the frequency spectrum of
strain pulses, excited by optical generation of nonequiJibrium. charge carriers in piezocrystals is proposed. The
acoustic pulses are excited by the inverse piezoeffect by
electric fields induced by spatial separation of electrons and
holes. The conditions necessary for picosecond strain pulse
generation are determined. The possibility of acoustic pulse
excitation with a duration governed by the Debye screening
time is predicted. It is shown that the piezomechanism of
optoacoustic transformation may be more effective than
thennoelastic and elcctronic mechanisms.

B.E. (1991), Acoustic emission monitoring of the wear process. Wear. 30 April, vol.
145, (no.l): 1-27.
Acoustic emissions are generated at the sites of the
fundamental processes resulting in material wear and so are
an attractive possibility for continuously monitoring wear
and for basic studies of the wear process. Changes in wear
rate and acoustic emission activity were measured across the
mild-severe wear ttansition in the sliding of metals. The
intent was to characterize these changes in wear behavior in

(J 152). Hanchi, J.; Klamecki.

terms of acoustic emission characteristics and to detennine
the usefulness of acoustic emission measurements for the
study of wear. Experimental results showed that changes in

acoustic emission count rates correspond to changing wear
rate. Acoustic emission amplitude distributions as weJJ as
acoustic emission energy measurements indicated a strong
potential for the use of these two parameters in the
identification of diff~nt modes of failure during the wear
process.
(1453). Hayashi, Y.; Takemoto, M. (1990), A development
of AE source inversion system and an application to the
monitoring of hydrogen assisted cracking of low alloy steel.
Corrosion Engineering, July. vol. 39, (no.7): 347-54.
Discusses the feasibility and some problems in
applying this system to monitor the kinetics of a microcrack. The AE monitoring system is composed of displacement type transducer, preamplifier, high speed AID converter and 32 bit personal computer. The transfer function
of AE measuring system was carefuJJy examined and found
to measure the surface displacement without giving wave
distorsion up to 1.5 MHz. A computer software for AE
source inversion procedure made it possible to calculate the
second kind Green's function (transfer function of material)
and also to simulate the surface displacement at sensor
position and calculate the source waves from detected waves
by convolution integral in time domain and deconvolution
integral in frequency domain respectively. The energy
released by step wise crack propagation was obtained by the
deconvolution of detected waves with the overall transfer
function of the system which was experimentally determined by pencil lead breaking at notch tip.
(1268). Hirose,S.; Achenbach. J.D. (1991), Acoustic emission and near-tip elastodynamic fields of a growing pennyshaped crack. Engineering Fracture Mechanics, vol. 39,
(no. I): 21-36.
Elastodynamic fields for a growing penny-shaped crack
under tension have been obtained by the time-domain boun·
dary integral equation method. A crack of radius R) is
initially in equilibrium with a static tensile stress applied at
infinity. The crack then propagates with a given rupture
velocity, but stops abruptly when its radius reaches R2
(>Rl). Numerical results have been calculated for various
values of the rupture velocity and the initial radius, RI, of
the crack. Crack-opening displacements, stress intensity
factors and radiated far fields are graphicaJJy presented as
functions of time. The acoustic emission in tenns of the
radial displacement as calculated in this paper. has been
compared with the usual approximation in which the
acoustic emission is generated by a system of three double
forces whose magnitudes are proportional to the crackopening volume.
(10). Heiple, C.R.; Carpenter, S.H.; Armentrout, D.L.;
McManigle, A.P. (1994), Acoustic emission from single
point machining: source mechanisms and signal changes
with tool wear. Materials Evaluation. May. vol. 52, (no.5):
590-6.

Acoustic emission (AE) was monitored during single
point. continuous machining of 4340 steel and Ti-6AI4V

(1425). Hsu. S.P.; Tsai. S.Y.; Oung. J.C. (1990).
Monitoring HIC in HSLA steel by penneation technique.
MRL Bulletin of Research and Development, SepL. vol. 4.
(no.2): 67-76.
Hydrogen induced cracking (HIC) of steel is shown to
occur when the amount of hydrogen is greater than a critical
concentration. Ck. An electrochemical penneation method
was used to calculate this critical concentration. Two different charging methods. NACE solution purged with H2S
and cathodic charging. were used and their environmental
effects compared. The experimentals results showed that Ck
of SPV50Q low alloy steel was in the range of 1.0-2.0
ppm. depending on the centerline segregation and. the
distribution of the elongated manganese sulfide inclUSions
in the steel. The electrochemical penneation cell was
designed and applied to monitor the hydrogen concentration
of the steel of liquefied petroleum gas (LPG) tanks. The
results of hydrogen penneation and AE were also analyzed
to characterize the HIC in the steel.

as a function of heat treatment. Heat treatments that increase the strength of 4340 steel substantially increase the
amount of AE produced during defonnation, while heat
treatments that increase the strength of Ti-6AI-4V dramatically decrease the amount of AE produced during deformation. 'There was little change in root-mean-square (nns) AE
level during machining for either alloy as a function of
prior heat treatment, demonstrating that chip defonnation is
not a major source of AE in single point machining.
Additional data from a variety of materials suggest that
sliding friction between the nose andlor flank of the tool
and the newly machined surface is the primary source of
AE. Changes in AE signal characteristics with tool wear
were also monitored during single point machining. No
signal characteristic changed in the same way with tool
wear for all materials tested. A single change in a particular
AE signal characteristic with fool wear valid for all
materials probably does not exist Nevertheless. changes in
various signal characteristics with wear for a given material
may be sufficient to be used to monitor tool wear.

(1142). Huber. R.D.; Green. R.E.• Jr. (1991). Noncontact
acousta-ultrasonics using laser generation and laser interferometric detection. Materials Evaluation. May. vol. 49,
(no.S): 613-18.
Various tests were run on this noncontact testing system to detennine its usefulness for the AU technique.
Ultrasonic and acoustic emission tests were run to test the
interferometer. and then ultrasound was generated in a
composite specimen by using the Nd:YAG laser; the
resulting displacements were detected by the interferometer.
This waveform was compared with a waveform obtained
from this same specimen by using a PZT to detect the
ultrasound.

(809). Henkel. D.P.; Wood. J.D. (1992). Acoustic emission from a solidifying aluminum-lithium alloy. Materials
Evaluation. Aug., vol. SO, (no.8): 972-7.
Physical phenomena associated with the solidification
of an AA2090 aluminum-lithium (AI-Li) alloy have been
characterized by acoustic emission (AE) techniques.
Repeatable patterns of AE activity as a function of solidification time have been recorded and explained for ultrahighpurity (UHP) aluminum and an AI-4.7 WI. % Cu binary
alloy, in addition to the AA2090 AI-Li alloy, by the
complementary use of thennal. AE. and metallographic
techniques. The solidification of UHP aluminum produces
one discrete period of high AE activity as the last 10
percent of solid fonns. A model is presented that attributes
this to the release of strain energy imposed by internal
stresses developed during grain-boundary formation. The AILi alloy and the AI-Cu alloy each generate two discrete
periods of AE activity as they solidify.

(1948). Hutton, P.H. (1989), An overview of development
and application of acoustic emission methods in the United
States. Nuclear Engineering and Design, April. vol. 113.
(no. 1): 59-69.
Beneficial uses being made of acoustic emission (AE)
technology for flaw or fault detection both inside of and
outside of the nuclear industry tend to be obscured by some
of the earlier disappointing efforts to utilize the technology.
The objective of this paper is to counter that tendency by
providing an overview of a variety of AE applications being
made in the United States. In addition to nuclear power
applications, the paper discusses applications in other
nuclear areas, fossil power plant applications. and other
industrial uses including aircraft monitoring. Major AE
research and development programs in progress in the
United States are also summarized.

~II03).

Henter, P.; Klein. M.; Waschkies. E.; Deuster. G.
(1991), New approach for location of continuously emitting
AE sources by phase-controlled probe arrays. Nuclear
Engineering and Design, July. vol. 128. (no.1): 79-82.
Usually burst-like acoustic emission (AE) is localized
by triangulation. For continuous AE, e.g. from leakages.
this method is not feasible. Therefore a new method for
localization of continuous AE has been developed. It is
based on a phase-controlled probe array which consists of
many single sensor elements. The AE signals ~ceived b.y
the different sensor elements are delayed accordlDg to their
time-of-flight differences from the source to the single elements of the receiver array. By choosing special combinations of time differences between the array elements the
directivity pattern of the sensitivity of the array can be
changed. e.g. rotated in the plane of a large plate. Thus. the
source direction can be detennined by one array. Some
preliminary experiments with an artificial noise source,
positioned on a large steel plate. have been perfonned and
have demonstrated the feasibility of this approach.

(942). Iwasa. Y. (1992), Mechanical disturbances in superconducting magnets - a review. IEEE Transactions on
Magnetics. Jan. vol. 28, (no.1): 113-20.
The author reviews the progress achieved since MT6 in
the understanding of mechanical disturbances in high-performance superconducting magnets. Attention is given to the
use of acoustic emission technology for monitoring superconducting magnets. Energy. motion, and modeling aspects
are also considered. In addition. it is suggested that the most
important innovation for the stabilization of adiabatic

1.

(1414). Jeong. T.G.; BoBY. D.B. (1990), Slider-disk
interactions during the load-unload process. IEEE Transactions on Magnetics, Sept, vol. 26, (no..5): 2490-2.
The issue of slider-disk contact during the loading
process is investigated. The effects of initial altitude, pitch,
and roll are studied by using the LDV (laser Doppler
vibrometer). The relative displacement of the slider with
respect to the disk and the change of pitch and roll during
the loading process are obtained for the 338o.type slider and
the thin-film disk. The effect of the loading location of the
disk is studied. LDV and AE (acoustic emission) measurements are carried out to detect possible slider-dislc contacts
during the loading process. The AE signal shows some
bursts which have the slider ringing-frequency components.
But by comparing the AE signal with the LDV results
before and after lubricating the gap between the pivot and
suspension. the sources of the AE bursts are found to be the
normal contact and slip between the pivot and suspension.
It is therefore concluded that carrying out the load-unload
process of the positive pressure slider using a mechanism
which actuates the middle part of the suspension is a
suitable solution to high stiction and friction problems that
can develop in the contact-stan-stop process.

solenoidaJ magnets in the past 14 ycars is the 'floating-coil'
teelmique. Future resean:t. needs are also discussed.
(906).liaa, CL.; Dornfeld, D.A. (1992), Detection of tool

wear using gradient adaptive lattice and pauem recognition
analysis. Mechanical Systems and Signal Processing,
March, vol. 6. (no.2): 97-120.
A method of recognising tool wear states in a turning
operation from the integrated infonnation of cutting force
and acoustic emission signals is presented. The approach,
which employs gradient adaptive lattice analysis and pattern
recognition techniques, is fast and yields accurate recognition of tool wear states in a wide range of cutting conditions. The gradient adaptive lattice algorithm is applied to
recursively compute the autoregressive as wen as partial
correlation coefficients for both signals with high computational efficiency. Those coefficients are chosen to characterise the sensing signals and used as the feature inputs
for pattern recognition. A stepwise search procedure was
applied to select the most useful features for the recognition
process. Both unsupervised leaming technique (fuzzy Cmeans algorithm) and supervised learning technique Oinear
discriminant analysis) are used in the pattern recognition
analysis. Characteristics of each method are discussed and
perfonnance in recognising the stales of cutting tool (fresh
or worn) is evaluated.

(1207). Jones, R.H.: Friesel, M.A.; Pathania. R. (1991),
Evaluation of stress corrosion crack initiation using AE.
Corrosion, Feb•• vol. 47, (no.2): lOS-IS.
Acoustic emission response has been used to detect the
development of short intergranular stress corrosion cracks in
laboratory samples of sensitized type 304 (UNS S30400)
stainless steel (SS). Tests were conducted at 2S"C in water
containing either 15 ppm of Na2S203 or 100 ppm of
NaCI. Cylindrical samples with piezoelectric detectors
mounted on both ends and the corrosion cell confined to the
gauge section were used. The dual detectors allowed discrimination between signals generated within the sample
from those generated from the surroundings. It was found
that intergranular stress corrosion cracks of 200 to 300 J1m
length by 100 to 200 J1m depth could be reliably detected
with this technique. Shallow lo.JUR-deep longitudinal flaws
were also detected in tests conducted in the 100 ppm NaCI
environment.

(545). Jones, R.H.; Freisel. M.A. (1992), Acoustic emission during pitting and transgranular crack initiation in type
304 stainless steel. Corrosion, Sept, vol. 48, (no.9): 7518.
The AE response of a low-carbon type 304 stainless
steel (S5) (UNS S304OO) during pitting and transgranular
stress corrosion cracking (TGSCC) has been measured.
Tests were conducted in 0.01 and I M NaCi with the pH
adjusted to I with HCI at potentials of -380 mV and 0 mV
(SCE) for no applied stress and with a stress equal to 75%
of the yield strength of the material. AE signals were
detected using piezoelectric sensors attached to each end of
cylindrical samples. The two detectors allowed the discrimination between signals generated within the sample gauge
section from those generated elsewhere. The AE activity
during pitting corrosion was significant
(196). Jacobs, LJ.; Woolsey, C.A. (1993). Transfer functions for acoustic emission transducers using laser interferometry. J. Acoustical Society of America, Dec.• vol. 94,
(no.6): 3506-8.
A high-fidelity, broadband laser interferometer is used
to develop a transfer function for a piezoelectric, acoustic
emission transducer. The transfer function. which converts
the relative transducer output to an absolute measurement of
surface velocity. uses a methodology that accounts for the
transducefs frequency bias. This technique treats the piezo.
electric transducer as a corruptive channel and develops a
filter that models this bias on a measured acoustic emission
signal. This filter. which is developed with a signal precessing software package. is based on comparisons between
signals measured with a laser interferometer and those made
with a piezoelectric transducer. The accuracy of this filter is
verified and it is used to remove the transducer-related features from simulated acoustic emission signals.

,.

(1643). Jones. S.L. (1990), The detection of partial
discharges in power transformers using computer aided AE
techniques. IN: Conf. Record of the 1990 IEEE International Symposium on Electrical Insulation (Cat. No.9o.
CH2727-6). New York. NY. USA: IEEE, p. 106-10.
A computerized measurement and analysis system
developed within the Electricity Commission of New South
Wales which has proved to be both sensitive and accurate is
described. The system was designed to facilitate the detection and location of partial discharges in power transformers
during normal service operation. The system is now being
used as a front-line diagnostic tool and a useful complement
to dissolved gas analysis. It has been shown that electrical
disch8l'!e pulses can be measured during normal service
operation by correlating the electrical signal with the
acoustic emission. The system has identified IS transformers with insulation faults. Nine of these transformers
have been inspected and/or repaired. This test has had a
considerable impact on maintenance practice. The known

Crack initiation and growth during the thermal shock
tests of a partially stabUized zirconia advanced refractory
were investigated by the analysis of acoustic emission (AE)
amplitudes. The growth of cracks that were detected by AE
was systematically monitored by SEM observations as
increasingly severe thermal shocks were applied. The mea·
surements of strength loss after thermal cycling in the
ribbon test with various applied temperature differentials
correlated with continuous monitoring by acoustic emission
and confirmed the effects of microcrack growth on the
resistance to thermal shock damage.

location of the partial discharge source has allowed maintenance and repair decisions to be made before opening the
aansfonner. Most repairs have been effected on site. and in
some cases the location of the source has pennined trans·
formers to remain in service due to the noncritical nature of
thcfaulL
(496). Keyvan, S.; King, R. (1991/92), The role of
acoustic monitoring as a diagnostic tools in nuclear
reactors. J. Acoustic Emission, vol. 10, (no.3-4): 91-5.
The paper presents the results of a survey on acoustic
monitoring applications in light water reaclors and an
assessment of application of acoustic monitoring technology in Experimental Breeder Reaclor D (EBR-m, the only
power producing liquid metal fast breeder reactor in the
United States. The main objective was to obtain infor·
mation on various applications of acoustic techniques in
light water reactors (both boiling water reactors and
pressurized water reactors) and to assess applicalions for
EBR-D from it's past experiences.

(334). Kumart, S.; Brennen. C.E. (1993). A study of
pressure pulses generated by travelling bubble cavitation. J.
Auid Mechanics. OcL, vol. 255:541-64.
The collapse process of single bubbles in travelling
bubble cavitation around two axisymmetric headforms have
been studied acoustically to understand the collapse process
of a cavitation bubble and characterize the sound emission
in travelling bubble cavitation. The bubbles were observed
to collapse and then sometimes to rebound and collapse
again, resulting in one or two pulses in the acoustic signal
from a cavitation event Each of the pulses could contain
more than one peak. This phenomenon is called multipeaking and is clearly distinct from rebounding. The
occurrence of rebounding and multipeaking and their effects
on some characteristic measures of the acoustic signal such
as power spectra are examined. Two particular headforms
(11TC and Schiebe) with distinct flow characteristics were
investigated. Both rebounding and multipeaking increased
with reduction in the cavitation number for the ITTC
headform. Smaller flow velocity, smaller cavitation number
and multipeaking delay the rebound. The peak amplitude of
the sound emilled from the farsl collapse was twice as large
as the peak amplitude of sound from the second collapse.
suggesling a repeatable process of bubble fission during the
collapse process. Multipeaking and rebounding increased the
characteristic measures of the acoustic signal such as the
acoustic impulse. These characteristic measures have larger
magnitudes for smaller flow velocity. Also. the values of
these characteristics are larger for the ITTC headform than
for Schiebe headform. Theoretical calculations based on the
Rayleigh-Plesset equation were seen to correctly predicl the
order of magnitude of most of these characteristic measures.
However, the distribution of spectral energy is nOl properly
predicled; bubble fission during the collapse is thought to
account for this discrepancy. Reduction in the cavitation
number and multipeaking are observed to decrease the
fraction of spectral energy contained in the high·frequency
range (30-80 kHz).

(1045). Kishi, T.; Enold, M.; Tsuda, H. (1991), Interface
and strength in ceramic matrix composites. Materials
Science &: Engineering A. 15 SepL, vol. AI43, (no.I-2):
103-10.
The interfacial behaviour of SiC fibre-reinforced glass
matrix composites was analysed by single-fibre pull-out
testing. By using inverse analysis based on acoustic emis·
sion, the discontinuous debonding between fibre and matrix
was evalualed quantitatively. Interfacial mechanical parameters such as interfacial shear strength and partial debonding stress were successfully estimated and the increase
in fracture resistance of the ceramic matrix composile with
crack extension due to fibre bridging in a unidirectionally
compact tension specimen was calculated. The results were
in good agreement with experimental results.
(1562). Konszlowicz, KJ. (1990), Crack growth and
acoustic emission in ceramics during thermal shock. J.
American Ceramic Society, March, vol. 73, (no.3): 502-8.
AE data were analyzed after rapid quenching of samples
in silicone oil. A thermal shock resistant material, alumina.
and a material resistanl to thermal damage, advanced zirconia refractory, have been examined. Cracks were deleCled
by analysis of AE amplitudes and durations and their
growth was monitored by systematic SEM observations as
thermal shocks of increasing severity were applied. Threepoint bending strengths were determined in air after quenching. For the first time SEM images are presented showing
early stages of crack initiation for temperature differences
less than ATcrit, i.e. where the fracture was not believed to
occur. Further development of the cracks leads 10 abrupt
strength reduction in alumina and controlled strength loss in
zirconia. although AE data did nOl indicate any particular
pallern of catastrophic crack propagation when substantial
loss of strength occurred.

(1785). Kupperman, D.S.; Carlson, R.; Lanham, R.;
Brewer. W. (1989), Characterization of acoustic signals
from leaking intergranular stress-corrosion cracks (in
nuclear reactor component malerials). Materials Evaluation.
Nov. vol. 47, (no.ll): 1297-300.
The authors present the work carried out to characterize
the acoustic signals from. and estimate the adequacy for
detection, location, and characlerizalion of, intergranular
stress-corrosion cracks (IGSCCs) in the nuclear reactor
environment. They discuss the results of laboratory experiments carried oul with laboratory-grown fatigue cracks and

(1964). KonSZlOwicz. K.J.; Fontaine, D. (1989), Acoustic
emission from crack growth in an advanced zirconia refrac·
tory under thermal shock. J. Nondestructive Evaluation.
March. vol. 8, (no.1): 1-12.
181

fieJct.iDduced IGSCCs UDder simu1aled reactor conditions and
flow rates ranging from less than 0.01 gallmin (0.6 std
em 3,s) to nearly 10 .allmin (633 std cm 3/s). Acoustic
sipals from IGSCCs are found to have characteristics
different from sipals from other leak sources.

DcaIs with the study of the acoustic emission generated
during martensitic transformations. The authors propose a
source model containing both a shear and a volume change
mechanism. The dynamic Green's function formalism for a
continuous elastic media enables, in the far field approximation, one to obtain the radiation (pattern and kinematics)
characteristics of the source. The experiments corroborate
that the acoustic radiation pattern in such transformations
corresponds to a predominant shear mechanism in the (J 10)
(110) system and a volume change. The kinematics of
growth for martensite plates bas been experimentally obtained by making use of the Doppler effect for acoustic
emission waves allowing them 10 obtain the velocity. depth
and growth lensth of transformation steps.

(382). Li. x.: Bilgutay. N.M. (1992). Wavelet analysis and
split spectrum processing. IN: Icer '92. Proc. of 1992
International Conf. on Communication TechnololY. Beijing, China: Int. Acad. Publishers. p. 14B.01l1-6 vol. 1.
In the single-fiber-eomposite (SFC) test. a fiber
imbedded in a matrix is loaded in tension, resulting in a
frasmentation of the fiber. In the conventional version of
this test, the final fiber fragmentation lensth disbibution is
used with a micro-mechanical model to determine the
average fiberlmabix interfacial shear stress. In the enhanced
version of this test, one also determines the applied stress at
each fiber fracture, and from this. one can evaluate the
sttensth of the fiber at short gage lengths. In the measurement system, the authors utilize an acoustic emission (AE)
technique to detect the fiber fractures and to locate the fiber
breaks and so determine both the fiber failure sttesses as
welt as the fiber frasmentation lengths while the test is in
prosress. Critical to the success of this test is a broadband
AE system that utilizes point-like AE sensors, procedures
for evaluating in situ. the wavespeed of the first wave
amval and signal processing techniques for determining the
arrival time of this sipal as precisely as possible for a
broad range of wave shapes.

(SI4). Matsuoka, K.; Forrest. D.; Ming-Kai Tse. (1993),
On-line wear monitoring using acoustic emission. Wear, 13
April, vol. 162-164, pl.A: 6OS-10.
On-line estimation of the wear rate of materials
subjected to abrasion has been accomplished using acoustic
emission (AE) sensing. The energy in the AE sipal is
directly related to the energy required for material removal in
the abrasion process. The technique has been successfully
applied to monitoring the wear of magnetic recording head
materials using lapping tapes over a wide range of wear
rates. A methodology has been developed to calibrate the
AE monitoring system on line and to estimate the total
wear volume Such a system provides a very powerful
quantitative measurement technique for bibological studies.
as well as for on-line machine or process diagnostic
applications.

(81?). Lundgaard, L.E. (1992), Partial discharge. XIll.
Acoustic partial discharge detection-fundamental considerations. IEEE Elecbical Insulation Magazine. July-Aug. vol.
8, (no.4): 25-31.
An overview of the basic acoustics theory required to
understand the finer points of acoustic partial discharge (PO)
detection systems is given. PO and acoustic test methods
are discussed. and acoustic wave motion, impedance. and
intensity are described. Wave propagation and signal absorption, and the velocity of sound are discussed. Acoustic
characteristics of media gases. liquids. and solid materials
are described.

(1878). Meade, C.; Jeanloz. R. (1989), Acoustic emissions
and shear instabilities during phase transformations in Si
and Ge at ultrahigh pressures. Nature, 22 June, vol. 339,
(no.6226): 616-18.
Acoustic emissions are commonly observed at low
pressures as they are characteristic of brittle deformation.
Most solids are ductile above a few gigapascals (GPa), and
acoustic emissions have not been recorded from solids
above S GPa. The authors describe acoustic emissions and
shear instabilities that are associated with the bela -Sn to
simple-henlonal phase transfonnation in Si and Ge to
pressures as high as 70 GPe. well above the brittle-ductile
transitions of both elements. The authors propose that the
events are driven by rapid atomic motions across displacive
phase transformations. and not by fracturing or cracking of
the samples. These phenomena may be relevant to the
processes that generate deep-focus seismicity in the Earth's
mantle.

(1082). Macleod, J.D.: Rowley, R.: Beesley, Mol.; Olley.
P. (1991). Acoustic monitoring techniques for structural
integrity. Nuclear Engineering and Design, Aug.• vol. 129,
(no.2): 191-200.
A general review is given of the state of the art of
acoustic monitoring and this is illustrated by specific
applications including the detection of high pressure fluid
leaks from pipelines or storage facilities. the detection of
loose parts or ranting tubes in operating plant and acoustic
emission monitoring of crack growth by 3D source location
of secondary acoustic soun:es caused by fretting of the crack
surfaces. An active acoustic method using tomographic
techniques to detect anomalous conditions such as temperature hot spots is also described.
(1390). Manosa. Ll.; Planes. A.; Rouby. D.; Macqueron.
J.L. (1990), Acoustic emission in martensitic transformations. Acta Metallurgica et Materialia, Sept.. vol. 38,
(no.9): 163S-42.

(17S0). Meier. G.H.; Pettit. F.S. (1989). High-lemperature

1.

corrosion of alumina-forming coatings for superalloys.
Surface and Coatings TechnololY, I Dec., vol. 39-40.
(no.l-3): 1-17.
The results of recent experiments on the cyclic
oxidalion and hot corrosion of diffusion aluminide and
CoCrAIY overlay coatings on nickel-base superalloys are
described. It is shown that platinum additions to aluminide
coatings produce a substantial increase in resistance to
cyclic oxidation and high temperature (Type I) hot corrosion but have a rather small effect on resistance to low-

temperature (Type 2) hot corrosion. The corrosion of
aluminide coatings is also shown to be influenced by the
composition of the underlying superalloy. Mechanisms for
the above behavior are proposed. the effects of yttrium and
hafnium on the cyclic oxidation of CoCrAJ are illustrated.
The results of scanning and transmission electron microscope characterization of the hot corrosion morphologies of
CoCrAIY coatings are discussed and a mechanism to
account for the microstructures is briefly described.

tensile testing, giving the size and number of emissions as
a function of strain. This has been shown to be simply
related to the rate of void nucleation at the reinforcing
phase. Both particle fracture and particle/matrix decohesion
mechanisms can be detected. Void nucleation was observed
from the onset of plastic deformation and a linear relationship between damage initiation rate and strain was found.
The rate ofemission increased with reinforcing particle size
and volume fraction but was independent of matrix alloy
composition and heat treatment. These results show that the
failure strain of particulate metal matrix composites is not
controlled solely by the onset of void nucleation at the
reinforcing phase. Local failure processes in the matrix are
shown to promote void coalescence and dominate the ductility. However, suppression of void nucleation at the
particles increases the ductility. It is suggested that a critical
number of fractured particles is required before failure.

(781). Miura, S.; Kuriyama, H.; Mishima, Y.; Suzuki, T.
(1992), Plastic deformation behavior in pseudo-binary
compound Ni3AI-C03Ti single crystals. J. Japan Institute
of Metals, Aug., vol. 56, (no.8): 943-51. Japanese.
Single crystalline C03Ti base quarternary compounds,
(Co,Ni})(Ti,A), are prepared and the effects of temperature,
strain rate and orientation on the plastic behavior are
investigated. Then the results are compared to other LI2
intermetaIlic compounds being represented by Ni3AI.
Regardless of the crystallographic orientation with respect
to the stress axis, there is a strong negative temperature
dependence of strength at low temperature regime. Plastic
deformation is accompanied by serration on the stress strain
curve and by metallic acoustic emission in the single
cry~tals with near-(III) orientation and at temperature
regime between 77 to 973 where the anomalous positive
temperature dependence of strength is observed. For the
same orientations, the temperature regime where cube slip
governs the plastic deformation is narrow. Octahedral
viscous flow at the high temperature regime is not
associated with well-defined yield drop.

(1027). Muravin, G.B.; Makarova, N.O. (1991), Diagnosing the processes of corrosion of metal in concrete.
Defektoskopiya, Oct., vol. 27, (no.IO): 22-9. Translation:
Soviet J. Nondestructive Testing, Oct., vol. 27. (no.IO):
700-6.
. Questions of diagnosing corrosion processes of metal
In concrete are considered. The amplitude-frequency characteristics of AE signals corresponding to different processes of corrosion failure are determined.
(1498). Murphy, J.; Glass, J.T.; Majerowicz, S.; Green,
R.E.• Jr. (1990), Laser interferometric probe for detection of
acoustic emission.Materials Evaluation, June, vol. 48,
(no.6): 714-20.
An actively stabilized, homodyne laser interferometric
probe employing quadrature detection of changes in the
path-length differences between signal and reference arms of
the interferometer has been constructed. The stabilization
system was designed to eliminate the effects of specimen
drift ~nd. environment noise below 100 kHz through a
comblDation of path-length control using a piezoelectrically
mounted mirror and an electro-optical modulator. The
resulting system is relatively compact and very flexible for
the laboratory environment. It has a flat frequency response
up to .approximately 45 MHz, with a sensitivity of
approximately 0.1 nm. In two separate investigations, it
was. shown to detect simulated acoustic emission from glass
capillary fracture as well as acoustic emissions from the
deformation and fracture of three naval alloy steels.

(1100). Moriwaki, T.; Hino, R. (1991), Application of
neural network to AE signal processing for automatic
detection of cutting tool life. J. Japan Society of Precision
Engineering, July, vol. 57, (no.7): 1259-64. Japanese.
The authors propose a new approach to automatic
detection of wear and life of a coated carbide tool in turning
operation based on acoustic emission (AE) measurement.
.This coated tool is composed of the carbide matrix and the
layers of ceramic coating which cover the surface of the
matrix. The AE signal detected during turning changes its
characteristic features as the tool wears and approaches its
end of life. Such changes of the AE signal are correlated to
the wear of the ceramic coating and the carbide matrix on
the rake face of the tool. In order to identify the life of the
coated tool based on the measured AE signal, a neural
network is applied. The statistical values of the AE signal,
such as the mean, the variance and the higher order
moment, are used as the input to the neural network. It is
confirmed that the state of tool wear is well identified and
the tool life can be known by the neural network.

(1892). Ohira, T.; Yih-Hsing Pao. (1989), Quantitative
characterization of microcracking in A533B steel by AE.
Metallurgical Transactions A (Physical Metallurgy and
Materials Science), June, vol. 20A, (no.6): 1105-14.
The initiation of microcracks at MnS inclusions and
their coalescence during fracture toughness tests of ASTM
AS33~ steel ~0'!1pact tens~on specimens were detected by an
acoustic emiSSion techmque. The sources of emission
which are characterized by the crack size and orientation:
fracture mode, and time history, are represented by a timedependent moment tensor. Since the recorded waveforms are
related to the moment tensor, the Green's displacement
functions of the specimen, and the transfer function of the
recording system by a convolution integral in the theory of

(595). Mummery, P.M.; Derby, B.; Scruby, C.B. (1993),
Acoustic emission from particulate-reinforced metal matrix
composites. Acta Metallurgica et Materialia, May. vol. 41,
(no.5): 1431-45.
A systematic study of the effect of microstructural
parameters on the fracture behaviour of silicon carbide
panicle reinforced aluminium matrix composites has been
carried out. Acoustic emissions have been monitored during
1lD

milling using acoustic emission. International I. Production Research. July, vol. 29, (no.7): 1339-.53.
Presents a methodology to monitor online tool wear in
end milling using acoustic emission. It is well known that
the root-mean-square (RMS) value of the acoustic emission
is directly proportional to the power expended in turning. A
mathematical model has been developed to predict the RMS
value of the acoustic-emission signal in milling. This
mathematical model incorporates the machining parameters
as variables. The accuracy of the model has been verified by
a series of experiments. A control strategy similar to the
moving average/moving range charts has been developed for
monitoring online tool wear. The limits for the control
charts were obtained from the theoretical equation of
statistical quality control.

elastodynamics, the moment tensors are determined by
techniques of deconvolution. Two types of sources were
found: a tensile mode ofcrack caused by clccohesion ofMnS
inclusion and the coalescence of microcracks with mixed
tensile and shear modes.
(1.536). Ono, K.; Kawamoto, K. (1990), Digital signal
analysis of AB from carbon fiber/epoxy composites. J.
Acoustic Emission, April-June, vol. 9, (no.2): 109-16.
Carbon fiber reinforced epoxy composite samples were
tested in tension and their acoustic emission signals were
digitized and analyzed using the ICEPAK pattern recognition analysis method. A complementary set of conventional
AB parameters was also obtained using Phoenix AE system
and compared with the digitized data. AB signals generated
from single lap joint, unidirectional and cross-ply laminates
were classified using features in the power spectral and autocorrelation domain. Typically, three to four signal types
were selected by visual comparison of waveforms from each
type of samples tested. After training a K-nearest neighbor
classifier. unknown signals were analyzed using ICEPAK.
The pattern recognition method can be used in discriminating the apparently same shaped signals with dissimilar
peak amplitude. These often have different power spectral

(48). Peck, P.R.; Kono, R.-N.; Jhon, M.S.; Karis, T.E.
(1993), A novel accelerated wear test for magnetic recording
disks. IEEE Transactions on Magnetics, Nov.• vol. 29,
(no.6, pL2): 3969-71.
Future disk files will operate at lower flying height,
thus increasing the possibility of asperity contacts.
Conventional tests include sliding (pin-an-disk or slider-ondisk), flying (flyability tests), or contact start/stop modes of
operation. A novel accelerated water test (NAWT) was
developed to produce intennittent asperity contacts. The
NAWT operates in a mixed sliding and flying region, and is
designed to operate in a zone of interaction where a
significant number of asperity contacts occur. The NAWT
uses an acoustic emission sensor to detect asperity contacts.
The signal is processed by fast Fourier transfonn to detect
significant increase in the frequency and severity of the
contacts. The new apparatus and procedure are presented
along with illustrative results.

features.

Ono, K.; Huang, Q. (1994), Pattern recognition analysis of
acoustic emission signals. Progress in Acoustic Emission
VB, eds. T. Kishi et al., JSNDI, Tokyo, pp. 69-78.
We review various approaches of pattern recognition
analysis (PRA) of acoustic emission (AB) signals, which
have been employed during the past twelve years. Owing to
significant advances of computer technology, PRA has
finally become a practical tool and should be utilized more
widely in the AS community. As an example, we examine
the structural failure of fiber reinforced resin composites,
which is a complicated process consisting of several microfailure mechanisms, such as fiber fracture, matrix cracking,
splitting and delamination. Such micro-fractures generate
numerous AS signals that can be detected. However. most
AS signals have no direct bearing to final fracture and past
AS studies have failed to clearly identify micro-fracture
mechanisms. The characteristics of AS signals generated in
the failure processes of carbon and glass fiber reinforced
composites can be classified by PRA. The AE signals are
recorded digitally and analyzed by employing a trained Knearest neighbor classifier. The ICEPAK software utilized
can classify up to six signal types of unknown waveforms.
The identified signal types are then correlated to different
failure modes so that the entire failure process can be
described by the distributions of various signal types or
failure modes in the loading stress ranges. Features of AE
signals from the failure processes of various ply lay-ups and
simulated plate waves propagating in the specimen were
also investigated to help discriminate features of various
signal types and correlate identified signal types to microfailure mechanisms. It is shown that dynamic identification
of micro-failure mechanisms in composites is possible with
an advanced acoustic emission analysis system using PRA.

(1346). Peebles, D.E.; Pope, L.E. (1990), Analytical and
mechanical evaluation of diamond films on silicon. J.
Materials Research, Nov., vol. 5, (no. I I): 2589-98.
A diamond film commercially deposited on a 10 em
diameter silicon wafer has been evaluated by a variety of
analytical and mechanical procedures. The film is nominally
2.5 Jlm thick and is very smooth with a surface roughness
of only 28.1 nm, as measured by atomic force microscopy.
The grain size is very small, with grains from 10 nm to
about 100 nm in diameter. A sharp diamond diffraction
pattern is obtained across at least 98% of the surface area. as
measured by transmission electron diffraction. Raman
spectra show a strong diamond band at 1330 em-I, as well
as a strong graphite band at 1580 em-I. Additional bands
are seen near 1500 em-I and 1200 em-I and are attributed to
nondiamond, nongraphite carbon and to microcrystalline
diamond, respectively. Intensity in the graphite band
decreases toward the outer edge of the wafer. Elastic recoil
detection shows the bulk hydrogen content of the film to
range from I at.% near the edge of the wafer to 3 at.% near
the center. The film is considerably harder than the silicon
substrate and is highly adherent. During acoustic emission
scratch adhesion testing, the film exhibits a critical load for
failure of 11.2 N. At this load the film spalls from the
substrate. at the film interface. Almost 50% of the scratch
tests also show limited local failure (partial film loss) at a

(1096). Osuri. R.H.; Chatterjee, S.; Chandrashek~ar, S.
(1991), On-line condition monitoring of tool wear 1ft end
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critieat load of 2.6 N. Both failure modes may be similar to
cohesive failure modes in the underlying silicon subslrate
which shows critieat loads of 4.1 and 10.0 N. The separate
failure loads may be related to processes with different
friction coefficients.

techniques provided valuable infonnation on the crack
growth process, constitutive damage zone propagation, and
the critieat stress intensity facton.

(89S). Roman, I.; Aharonov, R. (1992), Mechanical
interrogation of interfaces in monofilament model com·
posites of continuous SiC fiber-aluminum matrix. Acta
Metallurgica et Materialia, March. vol. 40, (no.3): 477-8S.
The interfacial region between continuous SiC fiber
and aluminum alloy matrix, in monofilament metal matrix
composites (MMC). has been characterized. The study
utilized two SiC fibers. produced by Textron (SCS-2) and
Sigma (Sigma) and two aluminum alloys: Al1l00 and
A16061. Characterization methods employed included:
optical and electron microscopy (i.e. SEM and EPMA).
mechanical testing of as-received and heat treated single
fiber samples and monitoring of acoustic emission (AE)
during tensile tests. In addition. interfacial shear strength
(ISS) was experimentally determined by two different
techniques, indentation and fragmentation. Indentation tests
were carried out in the temperature range of 0-320·C.
Results indicate that load is transferred from the matrix to
the fiber, primarily by frictional stresses. The friction
between fiber and matrix during loading of composite stems
residual compressive thermal stresses. which result from the
temperature differential between consolidation and testing
temperatures. and the difference between the thermal expansion coefficients of the fiber and mattix. Consolidation
bad no effect on fiber strength and no reaction zones formed.
Exposure for 700 h at 6OO'C had no significant effect on
ISS. Fiber fractures were accompanied by intense AE. The
breaks produced a small piece between adjacent larger fragments. and gave rise to characteristic AE with distinct
wavefonns for the two different fibers (Sigma and SCS-2).

(493). Proctor, T.M., Jr.; Breckenridge, F.R. (1991/92),
Source force W&vefonns: the usc of a calibrated ttansducer in
obtaining an accurate waveform of a source. J. Acoustic
Emission, vol. 10. (no.3-4): 43-8.
Experiments in which a point source and a receiver are
placed opposite each other on an elastic plate of known
Green's function have been applied to the absolute
eatibration of both sources and receivers. With this technique, a transducer was calibrated using a glass-break
source, and then this transducer was used to measure dynamic force waveforms from elastic sphere collisions with
the plate. Calculations. from Henz's theory. of predicted
force waveforms agree closely with the measured waveforms.
(136). Prosser, W.H.; Hinkley, I.A. (1994), Interfaces in
thermoplastic composites probed by laser-induced acoustic
emission. J. Materials Science Letters, I Feb., vol. 13,
(no.3): 213-14.
The authors studied the application of the thermoacoustic technique of W L. Wu (SAMPE J. vol. 26, p.lI,
1990) to the characterisation of thermoplastic composite
interfacial bonding.
(843). Rega. O.A.; Agrawal. O.K.; Huang, C.-Y.; McKinstry, H.A. (199:2), Microstructure and microcracking behavior of barium zirconium phosphate (B8Zr4P6024) ceramics. J. Materials Science, 1 May, vol. 27. (no.9): 240612.
Barium zirconium phosphate (B8Zr4P6024). a member
of a new family of low-thermal-cxpansion materials known
as NZP, was synthesized by the solution sol-gel method,
and sintered ceramics were prepared at lIOO-I600·C. The
effect of sintering parameters such as time and temperature
on the microstructure and phase composition was studied.
BaZr4P6024 is known to possess anisotropy in its axial
thermal expansions, which usually causes microcracking in
the sintered bodies when cooled. The microcracking activity
of the sintered samples was examined by acoustic emission
measurements.

(1481). Sachse, W. (1990), Measurement of the interfacial
strength of fibers and thin films. Materials Science &
Engineering A, IS June, vol. A126: 133~9.
Briefly summarizes several promising new mechanical
as well as thermal means for initiating the debonding of a
fiber in a matrix or a metal film on a substrate of a composite structure. Also described are quantitative electrical
and acoustic (ultrasonic) techniques for monitoring the
failure of this interface and for recovering an interfacial
strength parameter. The focus is on practical bond strength
measurement techniques which are accurate. reproducible
and reasonably simple to carty out

(1202). Reuter, W.O.; Epstein, J.S.; Haggag, F.M. (l991),
Comparison between 'standard' fracture toughness results
and surface flaw data for silicon carbide. International J.
Fracture, I Feb., vol. 47, (no.3): 181-200.
Stress intensity factors were measured for single-edge
notched silicon carbide specimens subjected to three-point
bending. These data are compared with experimental results
from surface flawed specimens subjected to three-point
bending. Surface flawed specimens were tested since they
resemble defects in structures more closely than any other
specimen. The ability to estimate failure conditions for a
structural component using measurements of fracture tough·
ness and appropriate equations was evaluated. In many of
these tests, acoustic emission and moire interferometry

(631). Sachse, W.; Neuavali, A.N.; Baker. A.R. (1992).
An enhanced, acoustic emission-based. single-fiber-composite test. J. Nondestructive Evaluation. Dec., vol. 11,
(no.3-4): 2S1-61.
In the single-fiber-composite (SFC) test, a fiber
imbedded in a matrix is loaded in tension, resulting in a
fragmentation of the fiber. In the conventional version of
this test, the final fiber fragmentation length distribution is
used with a micro-mechanical model to determine the
average fiber/mabix interfacial shear stress. In the enhanced
version of this test, one also determines the applied stress at
each fiber fracture. and from this, one can evaluate the
strength of the fiber at shon gage lengths. In the measurement system, the authors utilize an acoustic emission (AE)
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technique to detect the fiber fracMeS and to locate the fiber
breaks and so determine ballt lite fiber failure stresses as
well as the fiber fragmentation lengths while lite test is in
progress. Critical to the success of litis test is a broadband
AB system that utilizes point-like AB sensors, procedures
for evaluating in situ, lite wavespeed of lite fant wave
arrival and signa) processing techniques for detennining the
arrival time of this signal as precisely as possible for a
broad range of wave shapes.
(420). Sakamoto, M.; Mito, T.; Takahata, K.; Nishimura,
A.; and ollters. (J993), Excitation experiments of module
coil (TOKI-MC) as an R&D program for Large Helical
Device. IEEE Transactions on Applied Superconductivity,
March, vol. 3, (no.I, pt.2); 543-6.
Excitation experiments for one of lite R&D coils called
TOKI-MC have been carried out to simulate lite condition
of excitation of helical coils for lite Large Helical Device
(LHD). TOKI-MC is a pool.cooled twisted solenoid coil
willt aluminum stabilized superconductors that were ob.
Iiquely wound around an elliptical bobbin. In all nominal
current excitations, quenches were initiated around 17 kA
while the design current was 20 kA. There was no training
effect Signals of acoustic emission (AB) sensors indicated
that the quenches were triggered by mechanical perturbations. It was found that the conductor of TOKI-MC moved
freely without restriction due to the electromagnetic force,
and that the winding moved reversibly.
(797). Sato, N.; Kurauchi, T. ()992), Process monitoring
of partially reinforced metal-matrix composite components
by acoustic emission. 1. Materials Science, 1 Sept, vol.
27, (no.17): 4698-704.
Partial reinforcement using a fibre bundle embedded in
a part of a component has been investigated in the
development of a composite piston for use in an internal
combustion engine. A trial piston was fabricated by a
casting operation in which molten aluminium was poured
into a die containing an annular continuous fibre bundle.
The most probable defects introduced during the manufac. turing operation are (i) microcracks generated in the fibre
bundle due to residual thermal stresses and (ii) imperfect
impregnation of the molten aluminium into the fibre
bundle. Acoustic emission measurements have been used as
a technique to detect the presence of defects in the trial
pistons. The acoustic emission was measured during cooling of the trial piston after casting. Microcracking in the
fibre bundle during cooling could be detected. Imperfect
impregnation of the aluminium into the fibre bundle could
also be detected. The acoustic emission due to microcracking was found to be strongly dependent on the mechanical properties of the fibres, while lite acoustic emission
from incomplete impregnation was found to depend on
process conditions. It is believed that acoustic emission
measurements can not only be used for lite detection of
microcracks but can also be of value in the section of fibre
materials and in the adjustment of the process conditions.
(144». Scruby, C.B.: Bentley, P.G.; Beesley, M.J.;
Daniels, W.: and others. (1990), Acoustic emission
measurements during hydrotest and cyclic fatigue of a 1/5

scale PWR vessel. Nuclear Energy, Aug., vol. 29, (no.4):
247-66.
Advanced acoustic emission (AB) instrumentation and
analysis techniques have been applied to the monitoring of
lite first hydratest and subsequent pressure cycling of a 1/5
scale experimental PWR vessel. The AE activity recorded
during the hydratest was low. It is unlikely, however, that
any significant defect growth took place. The few data
recorded were ofexcellent broadband quality, so that limited
statistical and detenninistic characterization could be demonstrated. Of the 24 independent emission sources recorded,
several could have been due to defect growth. but no firm
conclusions could be drawn without multi-channel data.
Only secondary AE events were recorded during the first
period of cycling, while the majority of events during lite
second period were also identified as secondary. Most ofthe
events from fatigue were located at the longitudinal weld
defect. The three-dimensional source location method gave
high accuracy data on source depth through-thickness. From
this data, lItere was evidence of substantial crack growth
between the two monitoring periods.
(941). Sin, S.-K.; Chen, C.-H. (J992), A comparison of
deconvolution techniques for the ultrasonic nondestructive
evaluation of materials. IEEE Transactions on Image
Processing, Jan., vol. I, (no. I): 3-10.
Several major deconvolution techniques commonly
used for seismic applications are studied and adapted for
ultrasonic NDE (nondestructive evaluation) applications.
Comparisons of lite relative merits of these techniques are
presented based on a complete set of simulations on some
real ultrasonic pulse echoes. Methods that rely largely on a
reflection seismic model, such as one-at-a-time LI spike
extraction and MVD (minimum variance deconvolution),
are not suitable for the NOE applications discussed here
because they are limited by lIteir underlying model. L2 and
Wiener filtering, on lite other hand, do not assume such a
model and are, therefore. more flexible and suitable for these
applications. The L2 solutions, however. arc often noisy
due to numerical ill conditions. This problem is partially
solved in Wiener filtering, simply by adding a constant
desensitizing factor q. The computational complexities of
these Wiener filtering-based techniques are relatively
moderate and are, therefore, more suitable for potential realtime implementations.
(8SI). Saulsbury, K.A.; Wade, A.P.; Sibbald, D.D. (1992),
A rules-based approach to classification of chemical
acoustic emission signals. Chemometrics and Intelligent
Laboratory Systems, May, vol. IS. (no.1): 87-105.
Signal classification rules are generated by analysis of
data from preliminary experiments which fonn a training
set. Rule clauses indicate lite expected values for the
descriptive statistical factors which best characterize signals
as belonging to recognized classes. The rules may then be
applied to classify signals in funher data sets. Modification
of lite rules to include only those descriptors which best
differentiate the classes of interest provides optimal performance. This approach has several advantages; since only the
signal class and the time of acquisition need to be stored,
long-tenn data storage is greatly decreased. whilst retaining

analytical information; automated rejection of signals due to
bactaround noise results in sensitivity improvements. since
lower muer levels may be used: furthermore. the improved
selectivity provides greater confidence that signals captured
can be attributed to processes of interest. Thus. the
approach opens the door to intelligent. real-time data reduction. more accurate measurements of emission rates, and
automatic identification of dominant physicochemical emission mechanisms. Once trained, the automated signal classifier performed as well as or better than human pattern
recognition. and required only a fraction of the time. To
illustrate the utility of the approach. acoustic emission
waveform characterization rules were obtained for and applied to three chemical systems. For pyrolysis of polyvinyl
chloride. noise signals were effectively discriminated from
signals from the chemical process. Rules for copper(U)
sulfate recrystallization resulted in improved certainty in
determining the time of the onset and the rate of crystal
fracture. In hydration of silica gel. rules automatically
classified signals as being from fracture or gas evolution.

numerous power plants allover the world. Crack monitoring systems based on the use of acoustic emission are still
an object of research and developmenL Hence this technique
is not part of the report. The author describes in detail the
PC-based System PC-KUS for loose parts monitoring and
the microprocessor-based system ALUS 86 for leakage
monitoring. These monitoring systems, together with
others (e.g. systems for fatigue and vibration monitoring)
serve to: (a) provide the operating personnel with information on plant integrity. (b) permit early recognition of
deviations from normal operation and anticipated operational occurrences to enable initiation of remedial actions,
(c) avoid endangering personnel and prevent damage to the
environment or equipment, (d) maintain the plant operational beyond the specified life expectancy of 40 years.
(1342). Summerscales. J. (1990), NOT of advanced composites-an overview of the possibilities. British J. NonDestructive Testing, Nov.• vol. 32. (no.1 1): 568-77.
Presents an overview of the many possibilities for the
non-destructive testing of advanced polymer matrix composites. The techniques are considered under three major
headings: electromagnetic. chemical spectroscopy and
mechanical vibration. Finally the use of computer tomography is briefly introduced.

(1250). Stains. M.P.; Flower. N.B. (1991), Acoustic emission in YBCO ceramics. Superconductor Science & Technology. Jan., vol. 4. (no. IS): S232-4.
The authors report measurements of the acoustic
emission generated during sintering and heat treatment of
YBa2Cu3O,_y for unsubstituted and Ca and La substituted
material. Intense acoustic emission due to microcracking
caused by anisotropic lattice contraction occurs in a
relatively narrow temperature range on cooling after sintering. They see no evidence for microcracking associated with
the tetragonal to orthorhombic phase transition in YBa2CU307-y' If microcracking is produced solely by anisotropic contraction it is not expected to greatly affect Jc since it
will occur in the basal plane and it should be reduced in
texwred material.

(1720). Takatsubo. J.; Kishi, T. (1990). Quantitative
acoustic emission source characterization of microcrackings
in steel. Research in Nondestructive Evaluation. vol. J.
(no.4): 219-33.
Acoustic emission (AE) source wave analysis is a new
NDE technique for the investigation of dynamic fracture
process. The authors applied this technique to the quantitative characterization of crack sources in ductile fracture.
Using two samples of ASTM A533B steel with different
sulfur content. acoustic emissions during fracture toughness
tests were detected. located. and analyzed. The detected AE
signals were classified into two types according to the
analyzed source waveforms. One was a signal due to microcracking at the MnS inclusion. and the other was a signal
due to coalescence of the voids. The results of the source
wave analysis showed that microcracking at the inclusions
was due to mode I type tension crack with sizes of 10-30
Jim. and the coalescence of the voids was due to tension
shear mixed cracks with sizes of 60- J00 J.UO. It was confirmed that this technique is very effective for the quantitative evaluation of microcrackings and for the detection of
the nucleation and growth of cracks.

(249). Straube. O. (1993). Acoustic emission analysis on
deep-drawing tools. ZWF Zeitschrift filr Wirtsehaftliche
Fertigung und Automatisierung, Oct.• vol. 88. (no.IO):
457-9. German.
Acceleration sensors which are filled outside of deepdrawing tools are a rugged sensory mechanism for the pressing technology. By means of acoustic emission measurement and an adequate processing of signals, a sensory
analysis of cracks and wrinkles can be set up for forming
tools. The following article describes the possibilities of
processing and evaluation of measuring signals.

(503). Takeshita. H.; Inasaki, I. (1993), Monitoring of

(1080). Streicher. V.J. (l99J), Acoustic monitoring
systems - system concept and field experience. Nuclear
Engi-neering and Design. Aug., vol. 129, (no.2): J5J-62.
Continuous monitoring of primary system components. and acquisition and evaluation of factors detrimental
to component parts, are important means to ensure safe
operation and high availability of nuclear power plants. The
author concentrates on diagnostic and monitoring systems
based on acoustic methods. These systems are able to detect
for instance loose parts. leaks and cracks. Systems for
leakage and loose parts monitoring are described. Those
systems have been developed. delivered and installed in

milling process with an acoustic emission sensor. J. Japan
Society of Precision Engineering, Feb.• vol. 59, (no.2):
269-74. Japanese.
Methods which use acoustic emission signals are
proposed to monitor chatter vibration, tool wear and CUlling
edge breakage. All experiments were conducted on an NCvertical milling machine. The ball endmill cutter with two
cutting edges and the square endmill cutter with four cutting
edges were used. Using these equipment, the single-sensor
monitoring system was constructed.
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(1697). Taylor. G.; Edwards. C.; Palmer. S.B. (1990), The
C02luer-a new ultrasound source. Nondestructive Testing
Communications. vol. .5, (no.2-3): 13.5-43.
1be generation of ulttasound in metals and plastics by
a pulsed TEA CO2 laser is reponed. In the case of metals a
technique of laser induced air breakdown above the metal
surface produces a rapidly expanding plasma which applies a
nonnal force, with approximately "heaviside time dependence. to the surface resulting in the generation of an
ulttasonic pulse. In plastics the ultrasound is generated by
the absorption of CO2 radiation producing a buried thennoelastic source close to the sample surface. In both cases the
interaction leaves no surfa:e damage.
(430). Tucker. M.O.; McLachlan. N. (1993), Fracture and
microstructure of graphites. J. Physics D (Applied
Physics). 141une, vol. 26. (no.6): 893-907.
This review surveys the behaviour of graphite under
loading conditions in which the stressing is on the whole
tensile. The performance of a recendy introduced model of
graphite failure is reviewed in relation to the models from
which it was developed, and against data obtained from a
wide range of experiments on the failure and deformation
properties of graphite in tension and bend. The new model
represents. to some extent. an amalgamation of two earlier
models, which in themselves are only capable of describing
graphite behaviour to a limited extent. it is demonstrated to
be very successful in describing a wide range of experimental failure behaviour of VFf pitch coke and IMI-24
graphiles in tensile and three- and four-point bend stress
states. The introduction of non-eonservative microstrUctural
processes allows strain hysteresis to be predicted. Furthermore. it is demonstrated that such processes may be
associated with a component of acoustic emission which,
together with a funher component attributed to pore extension by cracking, account for the experimentally observed
frequency and energy of events from tensile stressed specimens. The possible extension of the new model. for
instance to include the effects of fast neutron imdiation and
radiolytic oxidation experienced in a nuclear reactor environment or to allow its use in finite element stress analysis, is
discussed.
(1837). Tyner. J.T. (1989), Nondestructive testing checks
aerial-equipment integrity. Transmission and Distribution,
Sept., vol. 41, (no.9): 48-50.
Nondestructive testing (NOn of aerial devices has
become an important routine for electric utilities. In addition to being able to check on the strength and reliability of
aerial-lift equipment. NOT helps guide equipment-maintenance efforts. It takes up to four hours for a two-man crew
to thoroughly test an aerial device. Tests performed include
dielectric. visual inspection, acoustic emission, ultrasonic,
die penetrant and magnetic particle. The author describes
these tests and how they are used to inspect different pans
of the aerial equipment.
(367). Wakayama, S.; Nishimura. H. (1992), Evaluation of
microfracture process in alumina by acoustic emission.
Nondestructive Testing and Evaluation, vol. 8-9: 717-29.

Microfracture process during the bending tests of
alumina ceramics were evaluated by acoustic emission technique. Specimens with different dimensions were used for
the bending tests in order to investigate the dependence of
microfracture process on the specimen size. A remarkable
point in AE generation pattern of each specimen, at which
both AE events and energy increased rapidly. was observed
before the final unstable fracture. It is important that the apparent stress, ac, at those points were independent of the
AE threshold level and specimen size. The locations of AE
sources, i.e. microcracks, were determined using the dirferences of arrival times between 2 ch transducers. Those
were distributed widely before the stress was lower than aCt
and they wet:e concentrated on the point which would
become the origin of final unstable fracture. Using the
fluorescent dye penetrant method, fracture process on the
surfa:e of bending specimens were observed. Those results
demonstrated that the stress, ac, corresponds to the critical
stress for the maincrack formation due to the coalescence of
microcracks and/or pores.
(504). Wakuda, M.; Inasaki, I.; Ogawa, K.; Takahara, M.
(199'3), Monitoring of the grinding process with an AE
sensor integrated CBN wheel. 1. lapan Society of Precision
Engineering, Feb., vol. 59. (no.2): 275-80. Japanese.
The monitoring method using an acoustic emission
sensor is proposed to define wheel tool life in the cylindrical grinding process. Contact detection between the wheel
and the dresser. as well as evaluation of the grain sharpness,
are attained by monitoring the amplitude level of the AE
signal. The chatter vibration is, detected by observing the
power spectrum of the rectified AE signal, and well
recognized by means of a nen network.
(8). Jun Wei; McCarty. J. (1993), Acoustic emission
evaluation of composite wind turbine blades during fatigue
testing. Wind Engineering, yol. 17, (no.6): 266-74.
Two fiberglass reinforced composite blades were fatigue
tested on a full scale blade testing facility. Acoustic emission (AE), a nondestructive evaluation (NOE) technique,
was used to evaluate blade damage developed through a
fatigue process from dynamic loading. AE signature analysis focussed on counting, amplitude distribution and
location. This gives NOE assessment of damage status,
failure modes and failure location. Blade mechanical properties such as natural frequency. clastic modulus and tip
deflection were measured during the fatigue tests. The
change of mechanical propenies indicates degradation of
blade structural integrity. The correlation between AE
evaluation and blade damage was obtained by comparing AE
signatures and the blade mechanical propenies, which
changed during the test. Acoustic emission is a practical
NOE technique and can be used in predicting fatigue
damage.
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High Sensor Density AE monitoring of graphite/epoxy
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emission: J.E. Berg, P.A. Oradin
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Uria, H. Strauwen

AE analysis during thermal cycling of CfRP: J.P. Favre

AE behaviour of eXperimental dental resin composite
containing spherically shaped filler particles: Kyo-Han Kim

MUltiple cracking in composite laminates ch~etcrised by
acoustic emission, microstructure and mechanIcal response: S.
Andersen

Acoustic emission analysis of laminate failure mechanisms
with reference to failure criteria: L Golaski

AE and AU monitoring of degradation in composites due to
high temperature exposure and cyclic loading: S. Beland. A.
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Acoustic Emission Monitoring for Shield Tunneling

Akiyoshi Chichibu, Akimasa Waku, Teruyuki Waki
and Hiroshi Yoshino
Abstract
Acoustic emission technique has been applied to the monitoring of the excavation by shield tunneling. Sounds
generated from a shield machine are used to detect changes of the ground conditions at the cutting face and abnormal
operation of the machine. The monitoring system has been successfully applied to several shield tunneling projects.
This paper gives background on the sensing needs in shield tunneling, outline of the system and some results from
the most extensive application, in which the monitoring has lasted for a year continuously.

1. Introduction
Acoustic emission technique has been used for various purpose in many fields. One of the most active applications can be seen in manufacturing for process monitoring and machine diagnosis. Automatic production of consumer goods in a factory needs an automatic inspection system with high accuracy and low cost. Acoustic emission
technique can playa significant role for these objectives. As this technique is based on the sound generated, the cost
of diagnosis is lower and the on-line inspection is easier than a visual inspection technique. Its high sensitivity is
also an advantage of this technique. Sato (1992) and Taguchi et a1. (1992) have developed a diagnostic system of
large rotating machinery and mass produced goods by using this technique and applied it to manufacturing very
successfully. In their system, characteristics of signal waveforms detected are used for the diagnosis. As these sounds
can be heard with adequate amplification due to its low frequency, the auditory sense is also useful to inspect tbe
phenomenon. Their successes suggest that a rotating process that is difficult to use visual methods is amenable to
successful AE application.
Of the techniques of construction, a shield tunneling is one of the most advanced area to use the automatic
machine and a self-control system of the machine has been actively pursued. A load cell. pressure meter, scale meter,
etc. have been employed to monitor the excavation. Though few application of the diagnosis system using sound
exists in this field, there seem to be possibilities to apply the acoustic emission technique because it has similar
situations with the manufacturing. As a tunnel is excavated in the ground, the shield operator is unable to see the
cutting face of the machine. The work of the excavation is a rotating task and it generates loud sounds. These
conditions seem to be suitable for the application of AE technique. In this paper, background in shield tunneling and
outline of the new monitoring system are described. The results obtained in the most extended application are also
reported, involving the inspections of the ground conditions and abnormal working of the shield machine.

1. Background in Shield Tunneling
Shield tunneling is a method to construct a tunnel for subways, sewage, pipelines and so on in the ground. In
Japan, such construction projects are currently most active because the infrastructures have been inadequate. In order
to respond to high demands, many types of shield machines which are appropriate to the various kinds of ground
conditions from silt to hard rock mass are being developed. These conditions are encountered frequently in projects at
urban locations of Japan. A development of robotics machine using an artificial intelligence technology or fuzzy
logics is also in progress at many construction firms.
A special feature of recent shield machines is that it has a bulkhead lo support the earth pressure. This prevents a
shield operator to see the progress of excavation at the cutting face. The information about the ground condition such
Received 20 October 1994. The authors are affiliated with Technical Research Institute. Fujita Corporation. Yokohama 223
Japan. Based on a paper that was given at the 12th International Acoustic Emission Symposium. Sapporo. Japan and was
included in the proceedings. Progress in Acoustic Emission VII. JSNDl. Tokyo. Japan.
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as soil type and existence of obstacles are extremely important because the operation condition of the shield machine
must be changed accordingly. Furthermore, such information is necessary for the development of robotics machine as
a basis of the operation. These reasons strongly demand a technique to sense the status at the front of the cutting face
as the machine excavates the ground. Some inspection systems using electromagnetic waves or a sound wave, in
which the ground conditions are converted to visual images using differences between sending and receiving signals,
are being developed. These systems, however, are still far from practical because of its high cost and difficulty in
measurement and analysis. Shield operators need more practical and simpler technique immediately.

3. Outline of tbe Monitoring System
3.1 Basic Concept
The new shield monitoring system is based on sounds generated during the excavation. Generally, various kinds
of sound are generated by different phenomena and the hearing the sounds can distinguish the phenomena without
direct visual observation. In case of shield tunneling, the sounds generated by the machine during the excavation can
infonn the operator changes of the ground conditions or the abnormal operation of the machine. Furthennore, sounds
measurement can be accomplished at lower cost than visual measurements and on-line monitoring is possible. These
advantages are suitable for the monitoring of shield tunneling.

3.2 Monitoring System
The monitoring system uses the acoustic emission technique to measure the sounds and consists of an accelerometer, a sound monitor and an oscilloscope. Figure J shows a schematic diagram of the system in shield tunneling.
An accelerometer is mounted on the bulkhead using a magnet holder as shown in Fig. 2 and is able to measure
sounds ranging from JOO to 10,000 Hz with a sensitivity of 2 V/G. As audible sounds are usually under 5,000 Hz.
this frequency range is adequate. The sound monitor includes an amplifier, band-pass filter and an audio speaker. As
the accelerometer detects only sound propagated through the solid material, a loud airborne sound inside the shield
machine. approximately at 90 dB. does not disturb the measurement because such sound is reflected. The accelerometer measures a sound of motor as background noise that has a relatively high frequency component. The band-pass
filter is useful to cut the background noise. The oscilloscope is used to observe the waveforms of signals detected.
These devices are set in a control room on the ground. Figure I also shows a photograph of the monitoring in the
control room.

Sound monitor
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Fig. I Schematic diagram of the monitoring system in shield .tunneling.
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Fig. 2 Accelorameter mounted on the bulkhead

4. Results and Discussion
We have applied this monitoring system to twelve projects of shield tunneling. Each project uses a different
type of shield machine and the ground condition is also different. so the sounds detected are varied. These sounds,
however, are heard daily and the shield operator can develop own sense of hearing regarding the condition of
excavation at the cutting face. In this paper, the most significant results obtained at a project of sewage tunnel is

reported.

Fig. 3 Shield machine employed in this project
S3

4. I Outline ofthe Project
This project was designed to build a sewage tunnel. 2.14 m in diameter and 1.4 km in length. The ground
conditions vary with progress of the tunneling from wet sands and silt to hard rock. Therefore. we employed a shield
machine, which can satisfy the requirements of many differing ground conditions. A special feature of this machine
is that it has some disc cutters at the cutter head as shown in Fig. 3.

4.2 Inspection ofthe Ground Conditions
As the shield machine excavates the ground with its rotating cutter head. sounds are generated from the friction
between the ground and machine. The ground material is the main factor to affect the characteristics of the sounds.
Figure 4 shows typical wavefonns detected in various ground conditions. The sound detected in a layer of silt is very
silent except a sound of motor which is passed through a low-pass filter (Fig. 4a). In the wet sands. pulse wavefonns
can be seen, but the energy of signal is still low (Fig. 4b). Sounds in the ground of rock mass have higher energy
and high frequency components and those are distinctly different from the sounds of the soft ground. The signal
wavefonns are also different depending on the hardness of rock material as can be seen in Fig. 4c and c. Hearing these
sounds. one can identify the ground conditions because the characteristics of the frequency and energy differ from each
other.

(b) Wet sand

(a) Slit

(d) Hard rock mass

(0) Soft rock mass

Fig. 4 Typical wavefonns detected in various ground conditions.

4.3 Monitoring ofthe Machine Conditions
The shield machine is working under severe environment, and the maintenance of the machine is very important
because it affects the management of schedule. An abnormal sound can inform the operator that the shield machine is
working with unusual conditions. One of these unusual conditions in using this type of machine is a defect of the
disc cutter mounted on the cutter head. As the cutter crushes the rock mass directly, it is damaged gradually with
progress of the tunneling. Therefore, some maintenance or exchanges of the cutter are needed during the progress of a
project. Figure S shows the disc cutter damaged and exchanged. Generally, it is necessary to open the bulkhead to
check the degree of damages. The present AE monitoring system. however. can detect the damages without opening
the bulkhead. This is an advantage of this system because the tunneling need not be halted for inspection. Figure 6
shows abnonnal sounds caused by damages on the cutter and their frequency analysis. For comparison, the sound of
nonnal condition is also shown. A special feature of the abnonnal condition is that it has a distinct peak spectrum,
while the nonnal sound has a broader spectrum. The peak frequency also depends on the type of defect or vibration.
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Fig. 5 Disc cutler exchanged for the damage detected by AE.
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s.

Conclusion

The shield monitoring system using acoustic emission technique is being applied to many shield projects successfully. This system is based on the operator's sense of hearing, and the cost is relatively low. The information
conveyed in the sound is related with not only the ground conditions but also the operating conditions of the shield
machine. Therefore this monitoring system can be used for various purposes of the management in the shield tunneling. Though many shield tunnels have been constructed without such monitoring system, this kind of information will improve the tunneling. For the manual operating system, the hearing of sounds is enough to obtain the
information about the excavation. However, some algorithms to automatically inspect the conditions are necessary
to apply this system to the robotics machine.
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Acoustic -Emission of Coal Induced by Gas and
Water Flow, Gas Sorption or Stress

z. J. Majewska, S.A. Majewski, H. Marcak, W. J. Mo§Cicki,
S. Tomecka-Suchon and J.

Zi~tek

Abstract
This paper is a summary of some of our studies on acoustic emission (AE) of coal generated in a variety of
experiments including: uniuial and ttiuial compression. gas sorption. gas and water flow. In addition. in parallel
with AE. the temperature. electtical resistivity and permeability changes in the coal tested were investigated. The
results obtained indicate that there is a good correlation between AE in coal and its permeability. sorptive properties.
electtical resistivity and temperature changes. Thus. the investigations described can be of value in predicting mine
hazards.

1. Introduction
Mine safety is still an unsolved problem. The methods used at present to predict mine hazards such as rockbursts
or gas and coal outbursts are not fully effective or reliable. This is also true of acoustic emission (AE) techniques.
To detennine reliably the AE characteristics of a region subject to rockbursts or outbursts. it is necessary to consider
the rock strata as a multiphase medium and to take into account the complexity of coal structure.
AE studies in coal are relatively limited. The investigations were thus initiated to improve our knowledge of the
AE response of coal and its correlations with other coal properties. which can have a bearing on rockbursts or gas
and coal outburts. The objectives of this coal study arc as follows: (i) to characterize the AB and permeability (K)
during flow of water or gas in coal. (ii) to evaluate the relation between AE and expansion/contraction of coal
subjected to carbon-dioxide sorption-desorption process. and (iii) to analyze any interrelationships that may exist
between AB. changes in electrical resistivity (ER) and temperature (T) of coal under uniaxial and triaxial
compression.

2. Test Material
All tests. except one. were camed out on hard coal from Upper Silesia Basin (seam 510) which is classified as
prone to rockbursts. Coal from Lower Silesia Basin prone to gas and coal outbursts was used for gas sorption test.
The macro- and microscopic petrographic composition of the coal was determined and porosimetric analysis made.
The samples were machined into cylindrical shape of 22 mm diameter and 44 mm length.

3. AE during Movement of Water or Gas In Hard Coal.
J./ Flow o!wtJler
The tests were conducted on laterally confined samples by inserting them into a 23 mm diameter brass tube. An
epoxy resin was used as a binder. Simultaneous measurements of AE and water flow rate were made using the
arrangement shown in Fig. 1.
AB was monitored using an externally mounted lransducer at the middle of the brass tube. The output signal of
the transducer was amplified by low-noise. high-gain preamplifier and fed to a computer aided AB analyser for
additional conditioning and processing. After conditioning. the signals were simultaneously processed by two
analysis systems. which gave such AE parameters as event rate. energy rate and frequency spectrum of digitally
Received 20 October 1994. The authors are affiliated with UnivCTSity of Mining and Metallurgy. Cracow, Poland. Based on
a paper that was given at the 12th International Acoustic Emission Symposium, Sapporo. Japan and was included in the
proceedings. Progress in Acoustic Emission VII. JSNDI. Tokyo. Japan.
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Fig. 1 Diagram of apparatus in use to monitor AE and
permeability of coal sample.

recorded AE events. 5ec~)Odary, AE parameters like cumulative events and cumulative energy were computed. The
AB monitoring system described was operated in I-100kHz range with gain of 48 dB.
The plots of cumulative AB events and permeability K versus time are shown in Fig. 2. Two basic areas can be
distinguished: at first. a sharp drop in K and a rapid initial rise in AE. The second region is characterized by a more
gradual decrease in K and a nearly linear increase of AE with occasional changes of both measured parameters. The
observed changes of AE and K can be explained on the basis of the following coal model. The structure of coal
contains cross-linked aromatic groups and incorporates an array of various functional groups (Shinn. 1984). Strong
interaction between polar functional groups and water molecules causes the expansion of coal. which is. among
others. manifested as AE.
3.2 Flow ofgas

The experiments were carried out in a pressure vessel mounted in a 2S ton hydraulic loading frame of Instron
1196 stiff testing machine under confining pressure of 30 MPa and axial strain rate of 5 x ]o-S s·l. The standardtype pressure vessel was modified in order to allow co-axial flow of gas through the sample tested. Carbon-dioxide
was used as the flowing fluid and was supplied from a gas cylinder through a pressure gauge. AE transducer was
attached to the upper cap of the pressure vessel. Signals from AE transducer were pre-amplified by 46 dB close to the
sample. and then processed using an AE analyser. During the test, the axial load, AE and flow rates were measured.
AE and K plots indicated three distinct stages (Fig. 3): (i) High rate of AE and drastic reduction in K
corresponding to crack closure in the sample. (ii) Low rate of AE and a further drop in Kassociated with semi-elastic
behaviour of the sample. (iii) Significant increase in AE and K due to progressive sample failure. The major feature
of these results is that changes in K and AE occur together. A dilatation model was adopted to represent the processes
taking place in a porous medium saturated with gas and then stressed (Majewska and Mareak. ]989; Mareak and
Siemek. ]993).
3.3 Carbon-dioxide sorption-desorption

Simultaneous measurements of AE and expansion/contraction of coal samples subjected to CO2 sorptiondesorption were made using the test apparatus shown in Fig. 4. The essential elements include a pressure vessel
mounted in a loading frame and an associated pressurization and monitoring systems.
A system of valves allowed the coal sample to be pressurized and depressurized. Before testing. each sample was
vacuum degassed. Transverse strain was measured by two foil type strain gauges connected with Wheatstone bridge
(B). AE was detected by a transducer attached to the upper pan of the pressure vessel; the successive clements of AE
measuring system were the same as described in the first section. The AE and transverse strain plots indicated a good
correlation between AE and expansion/contraction ofcoal under CO2 sorption-desorption (Fig. S).
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Fig. 4 Schematic diagram of equipment in use to
monitor AE and deformation of coal associated with
gas scnption-desorption process. 1: sample, 2: strain
gauge, 3: AE ttansducer.

Fig. 3 AE and permeability to CO2 of coal sample
biaxially stressed.
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Fig. S AE and transverse strain of coal sample during CO2 sorption.
The observed phenomenon can be explained on the basis of the polymer model of coal structure (CeglarskaStefaffska and Czaplinski, 1993; Milewska-Duda, 1987). The absorbed gas molecules bring about the stretching of
aliphatic hydrocarbon chains. Both expansion and contraction causes coal fracturing, which is the source of AE.

4. AE, Electrical Resistivity and Temperature Changes under Compression
The compression tests were camed out using M1'S-81S testing machine. For confined compression test, it was
additionally equipped with a standard type pressure vessel. The samples were deformed at a constant axial strain rate
of 10-5 s·J. The electrical resistivity (BR) measurements required special samples preparation. We employed the
procedure used by Tomecka-5uchon and Rummel (1988). Simultaneous measurements of stress, AE. ER and T were
made using the test apparatus shown in Fig. 6.
Resistivity measurements were carried out using a microcomputer based system RSC. specially designed for this
study. The sample was driven by sine-wave oscillator configurated in a voltage and current sensing feedback. Average
values of sample voltage and current were convened to proportional frequencies and fed to a personal computer where
relative resistivity was calculated and displayed. The testing procedure was identical as in Tomecka-Suchon and
Rummel (1988).

AE was detected by a transducer attached to the
upper plate as shown. AS monitoring system was
operated in the 1·100 kHz range with gain of 60 dB.
The temperature changes of stressed coal samples were
measured by two thermistors located: a) in a small
cavity within the sample, and b) on the lower loading
platen (unconfined test) or in the pressure vessel
(confined test). The thennistors were connected to a
digital temperature meter ('I'M).
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The results of AE, ER and T measurements are
represented in Fig. 7 and 8. During uniaxial compression tcsts foW' basic stages of the deformation process
can be distiguished in the plots (Fig. 7).
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(i) At first, there is a significant decrease in ER,
increase in T and an absence of AE. The pore/crack
Fig. 6 Equipment setup for monitoring AE, ER and T
closure in partially saturated coal appears to be
of coal samples under biaxial compression. 1. sample;
responsible for these effects. The absence of AE at this
2. AE transducer; 3. jacket; 4. thermistor; S. alumina
stage was rather an unexpected feature, but can be
disc; 6. electrode.
explained by a lubrication effect of water saturating the
sample andlor by some kind of memory in the
material previously fractured during water saturation (see Sec. 3).
(ii) During the linear elastic phase, the very rapid initial BR decrease is followed by a more gradual decrease; T
decreases very slightly and no AS or very few events are reconJed.
(iii) Beyond ~ of the failure stress the decrease of ER slows down, AE increases and T decreases.
(iv) Within about 15% of the failure stress, ER rapidly increases due to the electrolytic undersaturation of the
new cracks formed at high suess (Brace. 1975; Tomecka-Suchoff and Rummel. 1988). At the same time a sharp rise
in AE and a drastic drop in T OCCW'.
Note, that all of the changes in the parameters measured correspond to stress relaxation in the material exhibited as
drops in the stress-strain curve.

For biaxial compression tests based on the analysis of AE. ER and T data, five stages were observed (Fig. 8),
namely:
Stage I • During the initial stage of compression BR rose and then dropped slighty; AE if present, tended to rise
and significant increase in T was recorded.
Stage 2 - For the linear elastic phase AE, ER and T remained nearly constant.
Stage 3 - The begining of dilatancy is marked by a slight rise in AS, ER and T
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Stage 4 - Within about 20-159f> of the failure stress a sharp increase in ABo ER and T appeared.
In the post-failure zone, ER and AE are higher than in the pre-failure zone due to fracture propagation in the material
leading to total sample failure: the rise of T is not significanL

S. Conclusions
There is a correlation between AE activity and the hydrodynamic permeability of coal. Various stages of the
deformation process from elastic compression to final structural collapse may be identified by characteristic AE and
ER changes. There is a direct influence of the porous structure and petrographic composition of the coal tested on the
observed changes of ABo ER. T and Ie. It appears that the investigations described can be of value in predicting burst
and outburst hazards.
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Acoustic Emission Study of Anisotropic Stress
Memory in Rock SUbjected to Cyclic Polyaxial
Loading

c. E. Stuart, P.

G. Meredith and S. A. F. Murrell

Abstract
We present results from experiments perfonned on sandstone cubes. in which the bulk acoustic emission CAE)
activity was monitored simullaneously with stress and sttain as samples were defonned in three ol1hogonal directions
independently. Results from cyclic uniaxial loading tests confinned the existence of the Kaiser stress-memo!)' effect.
Funhermore, during sequential stressing the effect was found to occur in each principal direction independently. This
indicates that the crack damage fonned during stressing is highly anisotropic, with new microcracks formed during
each stress cycle having their crack nonnals oriented parallel to the minimum principal stress direction. Overall, the
results suggest that it is possible to reconstruct the previous stress tensor by biaxial and triaxial AE probing of restressed samples.

1. Introduction
An understanding of the response of britde rock to deviatoric stress is essential in many economically and
socially imponaDt applications; ranging from mining, hydrocarbon production and the exploitation of geothermal
energy resources. to the nucleation of damaging shallow earthquakes and other fundamental tectonic processes in the
Earth's crust. The dominant mechanism of brittle behavior under upper crustal conditions is the nucleation and
extension of cracks, which may occur on all scales (Main et aI., 1990; Meredith et a!.. 1991) and is a strong function
of the locally acting principal stress magnitudes and orientations. i. e., the applied stress tensor. In the Earth. the insitu stress state is generally triaxial in nature with all three principal stresses compressive. Such an understanding is
also important in studying the inverse problem; that is, of determining the applied stress tensor from observations of
the behavior of stressed rock. That is the main purpose of this paper. We repon results from laboratory experiments
performed on samples of a dry, porous sandstone. The aim has been to investigate fundamental microcrack related
processes occurring in response to the application of general stress states. To this end. sets of cubic samples have
been subjected to a variety of stress paths of increasing complexity, during which the measured parameters included
stress and strain in all three principal directions, together with bulk acoustic emission (AE) statistics. Finally, we
suggest a possible strategy for determining the previous state of in-situ stress in the rock using a biaxial AE probing
. technique.

1. Previous Work
Acoustic emission from rocks subjected to both tensile and compressive deviatoric stresses has been investigated
for a number of years (Meredith and Atkinson. 1983; Holcomb, 1981; Holcomb and Costin. 1986; Fonseka et aI.,
1985; Meredith et aI•• 1990; Sammonds et aI•• 1992). In panicular, Holcomb and Costin (1986) have provided an
interpretation of the "Kaiser" or stress-memory effect in the context of crack damage mechanics. based on the idea
that AE is predominantly the result of stress-induced damage due to microcrack growth. They also demonstrated the
anisotropic nature of crack damage by observing the Kaiser effect in samples which were re-loaded in different
orientations. More recently. Stuan et aI. (1993) have extended this work to a quantitative description of the crack
damage evolution by monitoring changes in the compressional and shear wave velocities in the three principal
directions simultaneously with AE data during similar experiments.
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3. Expertmental Apparatus and Methodology
The polyaxial defonnation apparatus used in this study is located in the laboratories of Shell Research BV at
Rijswijk in The Netherlands (Sayers et al., 1990). Cubic rock samples (SO mm edge length) were deformed in a
threc·axis stressing frame, in which three pairs of serva.controlled hydraulic rams were used to provide the loads
along orthogonal axes normal to the faces of the samples (designated the I·, 2- and 3~in:etions, respectively). AE
transducers were mounted in aluminum platens adjacent to the samples. The AE transducers used were relatively
broad·band with a high sensitivity over the range 200 kHz to 1 MHz. The AS instrumentation allows a number of
diagnostic characteristics of each AE "hit" (including onset time, peak amplitude, duration, rise time, and energy) to
be recorded, but for the experiments reported here the recorded data were used only to determine the hit rate and the
cumulative number of hits as a function of test duration. The rock used was Darley Dale sandstone from the north of
England. This material is a poorly·sorted felspathic sandstone with a grain size of 0.08 to 0.8 mm, and a total
porosity orabaut 13%.

4. Experimental Results
4.1 Cyclic unituialloading
In Fig. I, we show results from an experiment in which a sample was cyclically stressed uniaxially to
successively higher maximum stresses. The AS output clearly shows the existence of the Kaiser stress memory
effect. That is, signiticant AS is only observed in any cycle once the previous maximum stress (PMS) in the given
direction (the l-direction in this case) has been eXceeded. A further interesting feature of these AE results is that the
total cumulative number of AS hits recorded during all four loading cycles up to a maximum peak stress of 81 MPa
was approximately 36,000. This compares well with the total of 32,000 hits recorded in an earlier experiment where
a sample was stressed uniaxially to a maximum stress of 80 MPa in a single cycle.
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Fig. 1 VBriation of cumulative AE hits during cyclic uniaxial loading demonstrating the simple Kaiser effect. AE
commences when the maximum stress on the previous loading cycle is exceeded.

4.2 Sequential cyclic unituialloading in the three principal directions
A series of experiments were then conducted in which samples were loaded uniaxially in each of the three
principal directions in tum, but with different maximum stress levels applied in each case, in order to test the
hypothesis that stressing in each principal direction activates a different crack population. This would lead to a
directional independence of the Kaiser effect. The aim of this stressing regime was to ascertain whether or not the
maximum stress levels applied during the first loading cycle in a particular direction could be deduced from the AS
recorded during the second loading cycle in the same direction.
Figure 2 shows, for one such test, the cumulative number of AS hits in the 1- and 2-directions recorded
continuously during two loading cycles. The figures show the sharpness of the AE onset during the second cycles
when the maximum stress on the tirst cycle is exceeded. This clearly demonstrates the independent directional nature
of the Kaiser effecL The results also continn the ptCvious observation that stressing in three orthogonal directions
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causes the extension of three independent microcrack sets. and suggest thal the Kaiser effect resul1s simply from the
funher extension of these crack se1s at successively higher levels of stress.

4.3 Biaxiallooding
In all of the experimen1s reported above. the intermediate principal stress was kept equal to the minimum
principal stress, so that the cnck damage produced was characterized by cylindrical transverse isotropy (Hoenig,
1979). Further experiments in which truly biaxial and triaxial stresses were imposed showed that the new dilalant
cracks fonned with their minor axes parallel to the minimum principal stress direction, and that the intermediate
principal sttess lay in the plane of these cracks. In this case the new damage was characterized by planar transverse
isotropy (Hoenig, 1979).

4.4 Observation ofthe Kaiser effect during unloading
In the experiments described so far, microcrack extension and AE output has always been the result of an
increase in the maximum principal stress. However, under triaxial conditions the initiation of microcrack growth at
any given confining pressure is dependent on the magnitude of the stress difference. In principle, it should therefore
be possible to inhibit crack growth by increasing the confining pressure (decreasing the stress difference), and 10 restart crack growth by decreasing the confining pressure, while maintaining a constant value for the maximum
principal stress. Figure 3 shows the results from an experiment performed to investigate this idea. The sample was
subjected to an increasing triaxial stress in which CJ} > a2 = a3 . AE commences when the stress difference (al - (2)
exceeded about 40 MPa; the same value at which AE commences during uniaxial loading. Once AE was well
established at a stress difference of 77 MPa. CJ} was maintained constant while the confining pressure was increased
to 30 MPa. There was in immediate cessation of AE activity. The confining pressure was then decreased, and AE
recommenced when the previous maximum stress difference was exceeded. Finally, AE again ceased when was
reduced. decreasing the stress difference.

a,

5. Depiction of Damale Evolution In Principal Stress Space
The principal stress map is a useful and readily understandable tool for portraying the evolution of crack damage
that results from the application of uniaxial or biaxial stress. The method involves plotting lines of constant damage
in principal stress space. These lines define a surface beyond which new damage will oc:cur and AE will be generated.
Most importantly, the actual nature of the damage is .mll uniquely detennined by the location of a point in stress
space, but depends upon the stress path used to reach that point This is illustrated in Figs. 4 and S. Figure 4
illustrates the effect of the application of uniaxial loading and unloading cycles from zero to 80 MPa in the 1- and 2S14

diRCtions sequentially. The solid line XoYOLo represents a section through the initial (virgin) damage surface. New
cnck growth will occur when any stress path strays outside this area. but any stress path within the area win not
cause any additional damage. If a uniaxial stress of 80 MPa is applied in the l-clirection. then the damage surface is
extended in that diRCtion to point X (dashed line). If a uniaxial stress is then applied in the 2-direction. the damage
surface is atended out to point Z, resulting in the final surface XYZ (dotted line).
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By CODtrast. Fig. S shows the effect on the initial damage smface XoY04J of the application of a biaxial sttess
of 80 MPa. The damage surface is extended out to point Y. but with no effect on the uniaxial stress that would
subsequently be required to breach the smface. This result has been confmned experimentally. The explanation is that
the biaxial loading causes the extension of cracks predominantly confined to the 1-2 plane. i.e. with their nonnals in
the 3-direction (planar transverse isotropy). The application of the biaxial stress has inhibited crack growth at many
potential sites.
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6. Strategy for the Determination of Unknown Pre-stress
These observations lead to the possibility for detennining an unknown biaxial or triaxial pre-stress. Figure 6
illustrates the strategy (or a biaxial pre-stress. By sequentially loading uniaxially along the stress paths 020 and
OXo. and biaxially along the stress paths OAt OB. OC and OD until the onset of AB, we can define the points Zo,
A, B, C. D and Xo in stress space. Simply by joining up these six points, we can define the biaxial pre-slress P
(i.e•• the stress state where 0'11 = R and 0'22 = S).

7. Conclusions
Our experiments have confirmed that AE occurs primarily due to the growth of new dilatant cracks at stress
differences above some threshold value. The experiments have also confirmed the existence of the Kaiser stressmemory effect. and importantly have shown the directional independence of the Kaiser effect All of these results
taken together suggest 8 possible strategy for determining the crustal stress tensor based on biaxial and triaxial AE
probing.
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Characterization of Acoustic Emission Signals
During Phase Transformations in a TiNiFe Shape
Memory Alloy
Kazuki Takashima and Minoru Nishida
Abstract
Acoustic emission (AE) signals generated during phase transformations in TISO.2Ni48.3Fel.5 shape memory
alloys have been measured. and the AE parameters have been correlated with the phase ttansformation events. The
AE count rate curve during cooling of the specimen was found to have two distinct peaks at temperatul'es of approximately 8 and -3SoC. These peaks were confirmed by both optical microscopy and differential scanning calorimetry
to correspond to the B2 to R phase transformation (at 8°C) and the R to B19' transformation (at-3S0C), respectively.
Although the amplitude distributions during both transformations were almost identical, both the duration and the
rise time of AE events during the B2 to R phase transformation were larger than those during the R to B19' transformation. These observations are consistent with the nature of both these transformations.

1. Introduction
It is well-known that TlNi shape memory alloys essentially exhibit a successive two stage transformation on
cooling from the parent phase (82 structure) to the R-phase (rhombohedral structure) and then subsequently from the
R-phase to the BI9' martensite phase (monoclinic structure). However, the former transformation is masked by the
latter in solution treated binary alloys. Due to the suppression of the R to B19' transformation, the B2 to R transformation is emphasized remarkably by thermal cycling (Wayman et aI., 1972), thermo-mechanical treatment
(Miyazaki et aI., 1982), and addition of a third element such as Fe or AI (Matsumoto and Honma. 1976; Hwang et
at., 1983a; 1983b; 1983c). It has also been recognized that the R-phase transformation is martensitic in nature and
that related shape memory phenomena are associated with this transformation (Ling and Kaplow, 1980; Miyazaki and
Otsuka, 1984; 1986). Since the transformation hysteresis of the R-phase transformation occurs over a very small
temperature range of approximately 2°C. it is widely used in actuators (Todoroki, 1985). To date transformation
behavior in TINi alloys has been determined by electrical resistivity-temperature measurements and differential
scanning calorimetry (DSC). The R-phase transformation is characterized by the anomalous increase of electrical
resistivity and the rust peak of a double exothermic peak in the DSC curve on cooling.
Recently. acoustic emission (AE) technique has been applied to the characterization of martensitic transformations in various alloys. Each AE signal during a martensite transformation should correspond to each transformation event. Thus, the AE technique seems to be one of the most promising methods with which to investigate the
manensitic transformation. However, most of recent studies of AE during martensitic transformation have been
carried out on Fe-based alloys (Takashima et aI., 1984; Yu and Clapp, 1989; Takashima and Moriguchi, 1990), CuAI-Ni alloys (Yoshida et aI., 1990; 1992) and Au-ed alloys (Damn and Rosen, 1981; 1982). and there are few
studies to date which have been applied to TlNi alloys (Damn and Rosen, 1979). The purpose of the present study is
to examine the applicability of the AE technique for the detection of the phase transformations in TINiFe alloy. and
particularly with respect to the R-phase transformation.

2. Experimental Procedures
The material used was TiSO.2Ni48.3Fel.S prepared by arc melting in an argon atmosphere. The ingot was drawn
into rod of 10 mm in diameter and cut into IS mm in heights. The specimens were annealed at lOOO°C for 3.6 ks in
a vacuum and then quenched into iced water. They were then chemically polished to remove the surface layer. Cubic
specimens for DSC of 3 x 3 x 3 mm 3 in size were cut and prepared using the same procedures.
Received 20 October 1994. The authors are affilialed with Depanmenl of Materials Science and Resource Engineering.
Kumamoto University. 2-39-t Kurokami. Kumamolo 860. Japan. Based on a paper that was given al the 12th International
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specimen.
The specimen was attached directly to an AE ttansducer using a silicone vacuum grease. The AE transducer used
was an MS3 (Fuji Ceramics Co.). and its resonant frequency is approximately 300 kHz. The specimen was heated to
8 temperature of 100°C and then cooled slowly to a temperature of -BO°C at 8 cooling rate of approximately 2°CJmin.
AE signals detected were amplified by a preamplifier and analyzed by a LOCAN (physical Acoustics Corp.). The
gain of the preamplifier was 40 dB. and the threshold level was 100 I!V at the input of the preamplifier (or 40 dB in
reference to II!V at the preamplifier input. DSC measurement was carried out in a Shimadzu TA-SO thermal analysis system. The cooling and heating rates were about S°Clmin. The surface relief associated with the transformations
was observed by optical microscopy.

3. Results and Discussion
Figure I shows the relation between the total AE event counts, the event rate and the temperature during cooling
of a TiSO.2Ni48.3Fel.S specimen. The curves in Fig. I can be divided into five temperature regions according to the
AE behavior. AE events are observed only sporadically in region I, suggesting that the transformation may occur
sporadically as the temperature decreases. In region n. the total counts increase abruptly at temperature of BOC and a
peak is found in the event rate curve. The event rate decreases in region m, and increases again in region IV where a
second peak is found in the event rate curve. The total counts in region V saturate gradually with decreasing
temperature. However. no AE events were recorded when a positive heating sequence was used. The same phenomena
have been reported previously by Baram and Rosen (1979).

A DSC heat flow curve and a series of micrographs observed during cooling arc shown in Fig. 2 and Fig. 3.
respectively. In region I, no change in heal flow is observed and the specimen surface is flat in the B2 phase region,
as shown in Fig. 3a. A straight-banded type of surface relief with herring bone morphology begins to appear at
temperature of 8°C (Fig. 6b). This surface relief is typical for R-phase regions in TINiFe alloys (Nishida et at,
1986; Fukuda et aI., 1992). Therefore, the first peak at ROC in the DSC curve is confinned to correspond to the B2 to
R transfonnation. Good agreement is obtained between the first peak in the DSC curve and the first event rate peak
in region II of Fig. I. This indicates that AE events observed in region II are generated during the B2 to R
transfonnation. The temperature, where AE events start to increase. is 9°C, and this temperature is coincident with
TR (the R-phase transformation start temperature). as detennined by the DSC curve. The banded surface relief
expands both transversely and longitudinally with decreasing temperature as shown in Fig. 3c. The plateau between
the two exothermic peaks in the DSC curve in Fig. 2 corresponds to region III in Fig. I. where the AE event rate
dccrcases. It is probably attributable to the impingement and the rearrangement of the R-phase on cooling (Miyazaki
and Otsuka. 1986). The sharp triangular surface TClief corresponding to the martensitic transformation appears at
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temperature of -2QOC. and the second exothermic peale in the DSC curve scans at a temperature of -2()OC. The surface

relief grows progressively with decreasing temperature (Fig. 3e). Thus the second peak in the DSC curve is also
confirmed to correspond to the R to BI9' transformation. The temperature range of this peak coincides with the
second peak in the event rate curve in region IV of Fig. I. This indicates that AE events observed in region IV are
generated during the R to B19' transformation. The Ms temperature determined by the DSC curve is -20°C. This
corresponds exactly to the temperature at which AE events start to increase in region IV in Fig. I. The results
mentioned above indicate that the AE technique is an effective means to determine transformation stan temperatures
in this alloy.
In order to characterize the AE events during both transformations, AE waveform parameters (amplitude. rise
time and duration) were examined. Figures 4a and b show the amplitude distributions of AE events measured in
region II (the B2 to R transformation) and region IV (the R to BI9' transformation). respectively. AE event
amplitude values are shown with reference to I IlV at the input of the preamplifier. The amplitude of the AE events
is distributed from 40 to 90 dB in both regions. and the shapes of the distributions resemble each other, except that a
few high amplitude events (90 dB) are observed in region IV. Figures Sa and b show the rise time distributions in
regions II and IV, respectively. A larger proportion of AE events.with longer rise time are observed in region II. The
duration distributions of the AE events also .showed similar trends. These results indicate that AE events with both a
longer rise time and a larger duration are genenled primarily during the B2 to R transformation, whereas AE events
with a shoner rise time and duration are generaled primarily during the R to B19' transformation. A transformation
event with a lower transformation velocity may produce an AE event with a longer rise time and a shoner duration.
Hence. the results obtained by the AE waveform parameters suggest that the transfonnation velocity of the B2 to R
transformation is slower than that of the R to BI9' transformation. Indeed, the growth velocity of the B2 to R
transformation is observed to be slower as shown in Figs. 3b and c. However, the surface relief of the R to B19'
transformation proceeds in a rapid "burst" process as shown in Figs. 3d and e, and this aransfonnation produced AE
events with a short rise time and of shon duration. The results obtained by the analyses of AE waveform parameters
are thus consistent with the nature of both types of transformation considered here.
4. Concluding Remarks

The AE experiment in the present study is the first detection of the AE events associated with the R-phase
transformation in TlNi shape memory alloys. It shows good agreement with the result of DSC measurement. It is
concluded that the AE technique can also be applied to the determination of transformation temperatures of TiNi
alloys on cooling, as well as the DSC and the electrical resistivity measurements made routinely. The generation of

I 2011m I

Fig. 3 A series of optical micrographs showing microstructural change for a TiSO.2Ni48.3FeJ.5 specimen during
cooling: (a) 30°C, (b) SoC, (c) -lOoC, (d) -30°C and (e) -40°C.
AE events and the appearance of the surface relief both indicate that the nature of the R-phase transformation is a first
order transformation associated with lattice shear. Analyses of AE waveform parameter suggest that the transformation velocity of the R-phase transformation is slower than that of the martensite transformation. More detailed AE
waveform analysis (including source wave analysis) would appear to be of promise for analyzing the dynamics of the
transformations that occur in this alloy.
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Simulation of AE Generation Behavior during
Fracture of Alumina Ceramics
Byung-Nam Kim, Bidehumi Naito and Shuichi Wakayama
Abstract
Fracture processes of microaacking and crack growth are simulated for 2-dimensional alumina polycrystals.
which have thermal anisottopies within a grain. A new fracture criterion is introduced including the residual stress
effects at grain boundary. Stress intensity factors at the complicated crack tips under microcrack interaction are
obtained by body force method and the place where the microfracture occurs is determined by competitive
mechanisms of all available microfractures. The fracture processes are examined for polycrystals of various grain
boundary toughness and the characteristics of respective fracture behaviors are evaluated. Acoustic emission (AE)
generation behaviors are predicted by assuming that a microfracture corresponds to an AE event. Various AE
generation behaviors depending both on grain boundary toughness and on thermal anisotropy of grains are simulated.
From the results of AE simulation, it is shown that the rapid increase of AE is attributed to the growth of generated
microcracks in the fracture process.

1. Introduction
Acoustic Emission (AE) technique is one of the most powerfullOOls to evaluate dynamic processes, and many
fracture mechanisms of ceramics are proposed on the basis of AE results (Wakayama et aI., 1990; Enoki et al..
1990). The direct observations on damage fields during fracture tests have also contributed in characterizing the
fracture processes and mechanism. The construction of the visual fracture model from the phenomenological
observations and the corresponding AE characterization are useful in understanding the fundamentals of mechanical
behavior of materials.
In brittle ceramic polycrystals. an AE event is expected to correspond to microfracture at a grain boundary or
within a grain. Since the measured AE is a representative result of the fracture process. the characterization of the
fracture process makes it possible to predict the AE generation behavior and to correlate with the mechanical
property. In this study, the dynamic fracture process is simulated for 2-dimensional (2D) alumina polycrystals as a
first step. Multiple microcracking and propagation of deflecting cracks are simulated with the stress intensity factors
at the complicated crack tips obtained by body force method under microcrack interaction.

2. Mlcrocracklng and Crack Propagation
Several authors pointed out that the tensile residual stresses at grain boundary due to thermal anisotropy may
result in the spontaneous microcracking, and the critical size of grain facet to fracture (lc) have been estimated (Pu
and Evans, 1985; Laws and Lee, 1989). Stress induced microcracking also arises because the applied stresses on grain
boundaries are superposed on the residual stress and total stress exceeds the critical condition. The criterion for
microcracking has been proposed recently as the formula of
(I)

where Syy, Ixy are the stress at grain boundary, Kcb is the grain boundary toughness and Bis a coerncient (-2.57)
(Laws and Lee. 1989). Under the uniaxial stress a, the applied stresses resolved onto the grain facet ayy, axy are
superposed on the residual stress ryy. rxy and the total stress Syy. Sxy are thus given by
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5yy = osin~ + fyy
(2)

'xy = osin'cos' + fxy

.where' is the angle between the facet and the stress axis. From equations (I) and (2), the required fracture stress 0fm
is obtained for respective facets within the polycrystals and the first microcracking occurs at the facet of the lowest

orm·
The generaced microcrack may initiate to propagate under the external stress before another microcracking occurs.
The direction of propagation is determined by the stress intensity factors at crack tip. KI and KII' the impinging
angle on grain boundary 8 and the ratio of fracture toughness between grain and grain boundary. The KI and Kn can
be obtained by the body force method with high precision for any 2D crack shape (Nisitani et aI., 1990). When the
crack is deflected into the direction of 8 with an infinitesimally small length, the energy release rate G(O) is
represented by the local stress intensity factors at deflected crack tip, k( and kn. that is, G(8) = (k(2 + kn 2)/E.

For a crack impinging on grain boundary, there occurs the competition of propagating direction between the
trans- and intergranular crack, and it chooses less-resistant direction. The apparent fracture toughness Kca, when the

crack propagates into the direction of 0 where the fracture toughness of the plane is Ke. is written as
Kca = f(O, KI' KII)

Ke

(3)

where fee, KI. KII) represents the deflection effects (Kim and Kishi, 1994). For a crack tip. three Kca values. one for
grain and two for grain boundary, are obtained from equation (3), and the plane of the lowest Kca is fractured.
In the case of the intergranular fracture, the residual stresses may affect the local stress intensity factor, although
the mechanism is unclear. Assuming that the superposition of the residual stress effects on the k( and kn is available
as in equation (2), the effective stress intensities due to the residual stresses Ak( and Akn can be estimated from
equation (l) as
Altl

=ryy...JuV8
(4)

Altll = rxy...JuV8

where L is the grain facet size. From equations (3) and (4), the required apparent stress for the crack propagation Ofe
Kcaf'/(ca). where a is the crack length) is calculated for respective crack tips.

(=

The next fracture site after the first microcracking is determined as the one with the lowest value among ofm and
0fe' After the second microcracking or the crack tip propagation. stress fields and stress intensities are recalculated for
the new condition. The simulation of fracture process is conducted by repeating the above calculations, and by
finding the subsequent fracture sites.
3. Simulation of Fradure Processes
The microstructure used for the simulation was obtained from microphotographs of sintered alumina. The
cordinates of all grains were supplied and a polycrystal of 184 grains was constructed in the computer. The axis of
each grain in the 2D polycrystal is randomly distributed. The fyy and rxy were calculated as an absolute value using
the thermal expansion data for alumina. It is assumed that the fracture toughness of grain boundary is constant
throughout the polycrystal. which means there are only two elementary toughnesses. the toughness of grain Keg
(= 1.S MPa..Jm) and of grain boundary Keb. In the simulation, it is also assumed that the crack does not propagate
over the boundary of the polycrystal.
By varying the Keb in the range of 0.3 to 0.8 Keg. the first simulation was carried out for the average grain size
of 1.7S IUJI. However. no stable fracture occurs before unstable stale. The first microcracking leads to the unstable
fracture simultaneously. The stable fracture process is expected to occur when the residual stress effect becomes larger
or the Keb lower.

S25

(a)
(c)

=

(d)

=

Fig. I Fracture processes of the 2D polycrystal <Kc:b D.3 Kq, grain size 1705 J1II1), when the applied stress is at
(a) S 105 MPa, (b) 62 MPa, (e) 7D.3 MPa. After the state (e), the unstable fracture occurs by following the crack path
of (d). Crack is represented as the thick line.
The simulation for the grain size of 17.5 J1II1 represents the stable fracture behavior as shown in Figure I. For
Kcb < O.4Kcg, the microcracking occurs at the facets of large length and nonnal to the tensile direction. After some
microcrackings, the generated cracks initiate to grow. In most cases (Kcb <O.7Keg), the crack propagates intergranularly due to its lower resistance. The generation of microcracks is also available during crack propagation when the
crack tip meets the boundary of high angle andlor ofhigh compressive residual sttess, as described in Figure I(c). The
unstable fracture results from the rapid propagation of one crack, and proceeds without the additional development of
microcracks as shown in Fig. Jd.

With increasing Kcb' the number of microcracks before the unstable fracture decRa5CS, and for Kcb ~ D.SKcg.
the first microcracking leads to the eatasb'ophic failure. Figure 2 shows the Kcb dependence of the fracture strength
or. The or represents the linear relationship with the Kcb·
4. Prediction of AE Geaeratloa Behavior
In brinle ceramics, an AE event corresponds to microfracture. If we assume that all microfractures are detected as
AE events without attenuation. the AE generation behavior, such as an AE event, the cumulative events. the
amplitude distribution and the location. can be predicted from the fracture processes. Figure 3 shows the cumulative
AE events with respect to the applied sttess. With the decreasing Kcb or Or. the number of AE events increases.
although large scatters exist depending on the case.
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Fig. 2 Simulated fracture strenglhs for AI203 depending on grain boundary toughness. For each boundary toughness,
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Fig. 3 Predicted AE generation behavior during the fracture of alumina polycrystals (d = 17.s J1II1) for (a) Kcb = 0.3
Keg and (b) Kcb = O.4Kq.
In most cases. the point of rapidly increasing AE events is found after some microcracks are formed. Comparing
with the results of fracture processes (Fig. 2). the rapidly increasing AE events concur with the initial propagation of
the generated mic:rocrack. However. the direct observations on the crack growth indicated that it is actually the crack
coalesc:ence (Wakayama et aI., 1990). This difference may be due to the limitation of the present 2D simulation
because the nature of 3D fracture is greatly different from the 20.
Qualitatively. the entire AE behavior of Fig. 3 is very similar to the experimental results. This means the
effective 2D Kc:b can be estimated by comparing with experiment At this time. it has to be reminded that the value
of 20 Kcb is different from that of 3D. Despite the same Kcb' the mechanical properties can not be transferred to
each other due to its different nature.

5. Conclusion
The AE generation behavior during the fracture of a model 20 polycrystalline alumina was predicted from the
simulation of fracture processes, and the results represent the general behavior found in experiment The number of
SZ1

AE events decreases with increasing fracture strength and grain boundary toughness. The point or rapidly increasing
AE is thought to correspond to the initial propagation of the generated mic:roc:raek in the 2D polyaystals.
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All the manuscripts will be reviewed upon submission to
the Editor. Only papers not previously published will be
accepted. Authors must agree to transfer the copyright to
the Journal and not to publish elsewhere, the same paper
submitted to and accepted by the Journal.

Abbreviations of journal titles should follow those used in
the ASM Metals Abstracts. In every case, authors' initials,
appropriate volume and page numbers should be included.
The title of the cited journal reference is optional.

A paper is acceptable if it is a revision of a governmental or
organizational report, or if it is based on a paper published
with limited distribution.

Illustrations and tables should be planned to fit a single
column width (87 mm or 3.3") or a double width (178 mm
or 7"). For the reviewing processes, these need not be of
high quality, but submit glossy prints or equivalent with the
final manuscript. Lines and letters should be legible.

An abstract of about 200 words is needed for Research and
Applications articles, while it should be shorter than 100
words for other articles.

4. Review

The language of the Journal is English. All papers should
be written concisely and clearly.

2. Page Charges
No page charge is levied. Fifty copies of off-prints will be
supplied to the authors free of charge.

3. Manuscript for Review
Manuscripts for review need only to be typed legibly;
preferably, double-spaced on only one side of the page with
wide margins and submitted in duplicate.
The title should be brief. Except for short communications,
descriptive heading should be used to divide the paper into
its component parts. Use the International System of Units
(SI).
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All manuscripts will be judged by qualified reviewer(s).
Each paper is reviewed by one of the editors and may be
sent for review by members of the Editorial Board. The
Board member may seek another independent review. In
case of disputes, the author may request other reviewers.

S. Electronic Media
In order to minimize typographical error, the authors are
encouraged to submit a floppy disk copy of the text. We
can read Macintosh and IBM PC formats. Those who can
connect to computer networks, such as INTERNET can
send the text portion to "ono@seas.ucla.edu". This will
greatly shorten the time of communication.

6, Color Photograph
We can print color photographs needed to enhance the
technical content of an article. Because of the cost, the
author is asked to pay $350 per page.
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