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Characteristics of acoustic emission signals of Hertzian and unloading

cracks in glass

Kwang Yul Kim and Wolfgang Sachse
Department of Theoretical and Applied Mechanics, Cornell University, Ithaca, New York 14833

{(Received 23 May 1983; accepted for publication 21 November 1983)

Reproducible acoustic emission (AE) signals can be observed when a spherical diamond indenter
is used to generate cone- or ring-shaped Hertzian cracks on the surface of a glass specimen. The
signals which are emitted during the loading of the specimen have features virtually indentical to
those resulting when a glass capillary is broken on the surface of the specimen. This paper
describes the first clear identification of Hertzian cracks which act as point sources of acoustic
emission with features corresponding to a vertical force. The temporal characteristics of the force
correspond to a Heaviside function with risetime less than 0.1 us and an amplitude ranging from
1.8 1073 t0 4.2 X 10™3 N. The unloading of the diamond indenter from the glass also produces
characteristic AE signals. These are distinguishable from the loading signals and they are shown
to correspond to the development of unloading cracks on the surface of the specimen.
Quantitative information about the unloading cracks is obtained from the AE signals by
measuring the amplitude of the first pressure or P wave of the unloading signals. It is shown that
this feature is directly related to the maximum applied load attained prior to unloading. A load

threshold is found below which no unloading signals are detected.

PACS numbers: 62.20.Mk, 46.30.Nz, 62.65. + k

1. INTRODUCTION

Acoustic emission (AE) techniques appear to be ideal
for in situ structural integrity monitoring applications. The
key to their successful implementation lies in the develop-
ment of procedures by which the location and characteristics
of the emission source can be unambiguously elucidated
from the acoustic signals detected by a sensor attached to the
surface of a structure. Unfortunately, the characteristics of
the source are often obscured by the geometric dispersion
effects accompanying the propagating of a broadband tran-
sient signal through the structure acting as a waveguide and
by the transduction characteristics of the sensor.'>

New approaches for the characterization of the sources
of acoustic emission have been vigorously pursued in the
recent past. Recognizing that the detected AE signals in-
clude the effects of the structure, considerable effort has fo-
cused on calculation of the propagation of transient elastic
waves in a bounded medium. The case of a point step func-
tion of a force applied normal to the surface of a semi-infinite
isotropic solid was investigated by Breckenridge et al.* and
compared to the solution of Lamb.’ The case of a normal
force acting on a plate with signals detected at the epicentral
position was studied by Hsu et al.® For this case, the solution
obtained by Knopoff’ can be used. More recently, Pao and
co-workers>*~'° have provided insight into the AE phenom-
ena by modeling various AE sources in terms of dynamic
strain nuclei and by applying generalized ray theory and the
method of normal modes to compute, respectively, the sig-
nals expected in the near and far fields of a source. A similar
approach using a slightly different algorithm was adopted by
Simmons and Clough."!

Experiments have also been performed with simulated
AE sources in a plate structure. Signals from sources such as
breaking glass capillaries*© and pencil leads,” irradiation by
Q-switched laser pulses,'? chopped electron beams, '* electri-
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cal sparks,'* and intense beams of x rays'® have been record-

ed. Itis assumed that each of these simulated sources acts as
a point source of specific type. The goal of most of these

measurements has been to identify from the detected acous-
tic signals the nature of the source type and its time function

Reports on the source nature of AE signals emanating
from initiating or propagating cracks are fewer. In early
work, the recorded signals were used simply to detect the
onset of crack formation in a material without regard to the
detailed nature of the emitted AE signals associated with it
(cf. Ref. 1). Specific AE signal processing procedures such as
energy count and amplitude distribution analysis, among
others, were developed to detect the formation and growth
of cracks in various materials.'®'” What has been lacking is
the fundamental relationship between the characteristics of
the AE radiation and features of a forming crack such that
its dynamic characteristics could be extracted from the emit-
ted AE signals.

Some attempts to determine this relationship have been
reported. In experiments with specimens of austenized mild
steel and electrolytic iron in a special “Yobell” geometry
designed to act as a half-space, Wadley et al.'® initiated clea-
vage and intergranular cracks in a localized region of the
specimen by deforming it in tension at liquid nitrogen tem-
perature. By assuming the emission source to emit as a di-
pole, they deconvolved the detected AE signals to obtain
source functions of their microcracks. From these source
functions they computed a crack opening velocity according
to a simple model. Efforts to generate individual crack sig-
nals were undertaken by Clough and Simmons'® who used a
Vickers indenter on the surface of a tool steel specimen to
produce cracks which were accompanied by reproducable
AE signals. It was not clear, however, what type of AE
source the generated cracks were. More recently, Wadley
and Scruby?® applied again the dipole force drop model to
analyze the AE signals radiated from crack sources in a
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wedge opening loading (WOL) specimen subjected to fatigue
loading.

In this work we have investigated in detail the acoustic
signals emitted when a specific crack type is produced in a
brittle material. We have attempted not only to identify the
nature of the source of acoustic emission but also to achieve
an understanding of the relationship between various pa-
rameters of the detected AE signal and the dynamics of the
moving crack associated with it.

The experiments to be described were carried out in a
brittle, transparent material so that an unambiguous corre-
lation could be made between each crack and its correspond-
ing AE signal. Hertzian cone and other unloading cracks
were generated in specimens of soda-lime glass by an inden-
tation technique with a spherical diamond indenter. Acous-
tic emission signals associated with these cracks were repro-
ducibly detected during the loading and unloading process
at one or two receiver locations with a broadband AE sys-
tem. Special care was taken to achieve reproducibility of the
crack generation process as well as of the AE signal detec-
tion, recording, and processing.

In the next section of this paper a brief review is given of
the characteristics of indentation fracture mechanics and its
implications on the generated AE signals. Section III gives a
description of the experiments conducted while in Sec. IV
are some examples of the results obtained. A discussion of
these results is also in this section while some concluding
remarks are in Sec. V of this paper.

il. INDENTATION FRACTURE MECHANICS AND AE
THEORY

Elastic fields resulting from the elastic contact between
two curved bodies can be found described in the works by
Hertz.?" Griffith*? analyzed the stress concentration around
existing microcracks in glass and computed the stress neces-
sary to cause brittle fracture. Roesler®® extended Griffith’s
theory of fracture to Hertzian cracks and estimated the spe-
cific surface energy of silicate glass. Later, extensions to the
theory of Hertzian fracture were developed and tested by
Frank and Lawn”* and Wilshaw.?* An excellent review on
indentation fracture mechanics is in the paper by Lawn and
Wilshaw.?®

In this analysis, an isotropic elastic half-space is sub-
jected to a normal loading force P, applied by a spherical
indenter of radius R, as shown in Fig. 1. If the Young’s mod-
uli and Poisson’s ratios of the specimen and the indenter are,
respectively, E, £, and v, v, then the radius a of the elastic
contact circle is given by?’

1/3
o= (H2RY”, "
3E
where & is a dimensionless constant given by
k=1(9/16)[(1 — ) + (1 —v3E/E’]. (2)

The maximum tensile stress o7 in the specimen occurring
at the contact circle is

o™ = (0.5 — v) iz = (0.5 — v)po, (3)
ma

where p, = P /ma?® is the mean pressure acting between in-
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FIG. 1. Sectional view of a Hertzian cone crack formed by a spherical in-
denter.

denter and specimen. This stress rapidly decreases away
from the periphery according to

a,, = (0.5 — vjpyla/r)}. 4)

At some critical load P, a crack initiates at r =r,
(r.>a), near the contact circle, probably at the site of an
existing microflaw in the specimen. This crack develops in a
conical fashion, generally following a trajectory of one of the
principal stress directions, to reach a length of ¢. It can be
shown that the formation of such a Hertzian crack, or more
generally, any axisymmetric crack, results in a force change
in the direction of the applied force. This follows from eva-
luation of the surface integral, f fo-ndS along the crack path,
where o is the stress tensor and n is an outward normal unit
vector of the surface element dS. This integral represents the
total tractions acting on the hypothetical crack surface prior
to formation of the crack. The surface over which the inte-
gration is performed is axisymmetric. For a torsionless axi-
symmetric case, the stress tensor written in cylindrical co-
ordinates r, 8, and z is given by

o, 0 O,
o= 0 Oge 0}, (5)
arz O UZZ

where all the o; components are independent of 6.

If a small surface element § making a slant angle o with
the plane normal to z axis is considered, as shown in Fig. 1,
then

r = cos &i + sin 6j, (6)

where r, k, i, and j are unit vectors along the 7, z, x, and y
directions, respectively. Then

27
f f ondS = f de [ on rdr (7)
5 o 5 cosa

27
=J dGJ [(—o,tana+o,)r
0 L}
+ (o, — 0, tana)k]rdr. (8)

The first and second integrals on the right side of the
above equation vanish because of axisymmetry, since all the
stresses are independent of & and §3"rd6 = 0.

n = — sin ar + cos ak,
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If the integration is extended over the entire crack sur-
face I" then one obtains

andS =27k | (0, — 0, tan ajrdr 9)
" = BPk. (10)

In the last equation, the magnitude of S is expected to be
quite small in comparison with one because of the weak
stress field associated with the Eq. (9) outside the contact
circle.

In this analysis it can be assumed that the loading sys-
tem is so soft that the moving crack does not disturb the
externally applied force. This is analogous to a constant
force loading in fracture dynamics. In other words, the for-
mation of a Hertzian cone crack simply results in a dynamic
redistribution of stresses in the specimen without affecting
the externally applied force. After formation of a crack, the
tractions along the crack surface disappear, and the integrat-
ed effect of the disappearance of these tractions over the
crack surface results in a change of force in the direction of
the externally applied force, according to Eq. (10).

To evaluate the magnitude of this force, Huber’s*® solu-
tions for the stresses o,, and o,, appearing in Eq. (9) were
used. These are

9828

3 2
v, = —I.S—PE(—Z—) g (11)
ma* \Ju u? + a*?
2
a,,:—I.S—P—( e )(“‘m>, (12)
ma* \u? + a’2?) \a* + u
where

u=(1/2){(r* + 22 — a%) + [(P + 22 — a? + 4a°2*]"/?}.
(13)

The surface integral appearing in Eq. (9) was numerical-

ly evaluated with the results plotted in Fig. 2 as a function of
¢/a with r./a as a parameter for the angle & of 21°, the value
reported in the literature.”® Since the stress concentration
region is localized near the crack tip, this calculation overes-
timates the magnitude of the force change in the applied
loading direction.

The formation of a crack results in an elastic distur-
bance in the surrounding medium. The domain of the elastic
disturbance was initially assumed to be infinite by Mott,?
but Roberts and Wells®® later showed that it was bounded.
This disturbance is accompanied by elastic wave propaga-
tion effects which can be detected as a signal (displacements,
velocity, etc.) at the surface of the specimen. For a crack
modeled as a jump in displacement, ||u(x’,2)|| at location x’
over a surface S, the waves at the receiver point x are given

by3,ll
ui(x!t)
= f i dt’ f Lnu,-(x’,t Nirs (x’)
x;(x —x't—t"dS". (14)

Here, n' is the unit vector normal to the crack surface S. The
quantity 3, represents Green’s stress tensor, which corre-
sponds to the stress tensor at x’ resulting from a concentrat-
ed force acting at local x in the direction x;. In an equivalent
formulation, the integrand of Eq. (14) is expressed as a pro-
duct of a moment density tensor and the derivative of
Green'’s displacement tensor.3!*2 Furthermore, the surface
integral can be converted to a volume integral of the product
of an equivalent body force and Green’s displacement tensor
G; according to*!

u(x,t) = fm dt’ f f fng(x*,:)c;j,.(x{x',t)dzf’. (15)
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These equivalent body forces f; are known as nuclei of
strains, In this formulation, the various deformation mecha-
nisms are represented either singly or as a combination of
strain nuclei. It follows that if the AE source is a point source
and the receiver is a point sensor, then all spatial variations
at the source and receiver locations can be neglected. In this
case, the surface and volume integrals appearing in Egs. (14)
and (15) can be evaluated. The result is of the form

u;(x,t) :ff(t')Gj(x,t—— t'dt’, j=12,3, (16)

where G is the appropriate Green’s function for the source,
structure- and receiver-type, and location. The last equation
corresponds to the standard convolution integral of the sur-
face displacement signal given in terms of the source and
structure time functions. The evaluation of the Green’s func-
tion appearing in this analysis has been completed for thick
plate structures for various sources in the near-field (up to
approximately 6/, where £ is the plate thickness) by the gen-
eralized ray theory>®® and for axisymmetric sources in the
far field by the theory of normal modes.'® The simplest case,
corresponding to a vertical step force, with a receiver at the
epicentral position on the plate opposite the source was that
computed by Knopoff.” The expected normal displacement
signal, u, (¢ ) for a step unloading on the surface of a specimen
of soda-lime glass is shown in Fig. 3(a). The corresponding
normal velocity signals which correspond to the plate im-
pulse response are shown in Fig. 3(b).

The signals detected by a transducer which is not a dis-
placement sensor, but whose transfer characteristics 7°(¢ ) are
used to describe the relationship between signal displace-
ments and output voltage, can be written as a convolution
equation in the time domain:

Vie)=S)*G(e)*T(t), (17)

where V (¢ )is the output signal of the transducer. Asshownin
our earlier work,* it is possible to determine the transfer
characteristics of a piezoelectric transducer by carrying out
a calibration experiment in which a source of specific type
with broadband time characteristics is activated and the out-
put waveform is analyzed.

Hl. EXPERIMENTS
A. Experimental setup

Hertzian cone and other cracks were reproducibly gen-
erated with a spherical diamond indenter of 90-um radius
and a Vickers indenter, which could be attached to a loading
frame via a miniature load cell. The loading frame resembled
a miniature mechanical testing machine but it was specially
constructed to minimize any spurious AE sources. Plastic
washers and bushings were inserted at the mechanical joints
through which machine noise could be transmitted. To
eliminate any frictional noise during the.indenter loading
and removal, the indenter was moved normal to the speci-
men with an angular tilt calculated to be less than 107> deg.
The portion of the loading frame where the load cell and
indenter are attached is backed by both stiff tensile and com-
pression springs to ensure the stability of the load applied
through the indenter. The indenter load cell has a maximum
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FIG. 3. (a} Theoretical epicentral displacement signal corresponding to a
vertical force step source. (b) Calculated epicentral velocity signal corre-
sponding to a vertical force step source.

capacity of 225 N with a resolution of 6 X 107> N.
Indentation was made onto plate specimens of soda-
lime glass with dimensions 10X 10X 1.243 cm thick. Table I
lists the adiabatic Young’s modulus and Poisson’s ratio of
the specimen material which were determined from the mea-
surements of the first P- and S-wave arrivals and the density.
Since the calculated difference between the adiabatic and
isothermal values for the soda-lime glass is less than 0.1%, it
is ignored in the calculation of the fractional force drop £,
appearing in Eq. (10). The elastic moduli of the diamond
indenter vary with crystallographic direction, but the vari-
ation is within 8% from the mean values of Young’s modu-

TABLE 1. Data for soda-lime glass.

P-wave speed 0.582 cm/us
S-wave speed 0.355 cm/us
Density 2.52 g/em’
Young’s modulus 76.5 GPa
Poisson’s ratio 0.20

K. Y. “#n and W. Sachse 2850



lus 1.14 TPa and Poisson’s ratio 0.07.

The acoustic signals were detected by one or more small
broadband point piezoelectric transducers of active area
1.32 mm in diameter. In every case, one such sensor was
situated at the epicentral position of the plate, directly ben-
eath the indenter on the opposite side of the plate. In some
experiments, a second transducer was located at the distance
of 2 {h being the thickness of the plate] on the same side as
the indenter. System calibration signals were obtained by
breaking a glass capillary of inside diameter 0.05 mm and
outside diameter 0.08 mm. The glass capillary fracture could
be made to occur at the same location as the indentation
region by substituting a razor blade in place of the indenter
in the loading frame and loading it directly onto the glass
capillary.

The transducer output was amplitifed by low-noise
preamplifiers which had a frequency response (within 3 dB
from 10 kHz to above 2 MHz and a gain of 80 dB. The
transducer/amplifier combination had a broadband noise
figure of 0.66 .V (rms). The signals were fed into one of two
transient recorders of either 8- or 10-bit resolution. These
were interfaced to a minicomputer system which permitted
interactive processing and storage of the detected AE sig-
nals. The electronic block diagram of the system is shown in
Fig. 4. There was also provision for digitizing and recording
the applied indenter load corresponding to the detected AE
signal.

In a complete calibration of an AE system, the exact
relationship between specimen surface particle displace-
ments (or velocities) and transducer output signal needs to be
established.®® A more limited calibration of the system is
sufficient for the measurements to be described provided
that the characteristics of the source are identical in all re-
spects, except in magnitude, to those of the actual source
being studied. As will be shown, this is the case here. The
relationship between the voltage amplitude of the first P-
wave arrival detected by the epicentral transducer and the
magnitude of the step unloading force drop obtained by
breaking glass capillaries on the surface of the specimen at

Load
Cell

P indenter
<
& Specimen 8

Broadband
AE Sensor
Preamplifier Data
G=80db Storage
B.W.=20kHz~IMHz Disk
Transient D(;P_U| A-D
Recorder igita Converter
Computer
FIG. 4. Electronic block diagram of AE system.
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various load levels was determined. In these experiments,
this conversion factor was found to be

P-wave amplitude/step force = 4.61 X 1073 (V/N).  (18)

B. Outline of the experiments

In the first set of experiments, the indenter was loaded
very slowly up to a level at which the first AE signal associat-
ed with Hertzian crack formation was recorded, after which
the indenter was gently unloaded. In such loading cycles, no
AE signals were observed during the unloading of the in-
denter. To check the reproducibility, a series of indentations
was made in the same way, each time at a new indentation
location. The cracks formed on the surface of the glass speci-
mens were examined with an optical microscope after the
test to determine the crack size and shape.

In a second set of experiments, progressively higher
loads were applied on the indenter above the load at which
the first AE signal was detected. The maximum applied load
prior to unloading was increased in steps of about 3 N. up to
approximately 50 N. During the slow unloading of the in-
denter, all AE signals emitted were automatically recorded
with the data acquisition system together with the corre-
sponding load values.

In a third set of experiments the spherical diamond in-
denter was replaced by a diamond Vickers indenter which
was used to generate loading cracks in the glass plate.
Vickers indenter loading signals were recorded for compari-
son with theloading and unloading AE signals obtained with
the sperhical diamond indenter.

IV. RESULTS AND DISCUSSION

Typical waveforms detected by the transducers in the
first set of experiments during the loading of the indenter are
shown in Figs. 5(a) and 5(b). These figures represent an exam-
ple of the typical AE signal recorded in the epicentral and 24
positions on a soda-lime glass plate during the formation of
the first Hertzian cone crack. The signals shown in Figs. 5(a)
and 5(b) correspond to a crack formed at load level of 10.33
N. A micrograph of a typical cone crack is shown in Fig. 6.
From the digitized waveforms, the crack is estimated to
form in less than 0.1 us which corresponds to ten sample
points of the waveform recorder. It also corresponds to the
upper frequency limit of the preamplifier used in the mea-
surements.

The signals detected by sensors arranged in a similar
configuration as above but with the source a breaking glass
capillary, are shown in Figs. 7(a) and 7(b). A comparison of
the two corresponding waveforms of crack signals [Fig. 5(a)]
and step unloading signals [Fig. 7(a)] shows that they have
virtually identical features even in the finest detail up to the
arrival of the signals corresponding to the SP wave. This was
repeatedly observed. On the basis of this, it is concluded that
the formation of an axisymmetric Hertzian cone crack is an
AE source of the same type as a breaking glass capillary, that
is, an axisymmetric force drop. Small deviations evident
after the arrival of the 5P wave are likely the result of gener-
ating a slightly elliptical cone crack, as can be seen in the
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FIG. 5. (a) Epicentral AE signal detected during formation of a Hertzian
cone crack. (b) AE signal corresponding to a Hertzian crack detected at the
2h position on the source side of the plate.

micrograph shown in Fig. 6. The normal displacement sig-
nal u,(t), detected at the epicenter for the case of a breaking
glass capillary source, closely resembles the dynamic
Green’s function corresponding to a vertical force step
source shown in Fig. 3(a), as reported previously.®*

The dimension of the glass capillary used is approxi-

FIG. 6. First formed Hertzian cone crack during loading. Maximum ap-
plied load was 8.05 N. Magnification: 665 X.
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FIG. 7. (a) Epicentral AE signal for a breaking glass capillary. (b) AE signal
for abreaking glass capillary detected at the 2/ position on the source side of
the plate.

mately ten times larger than the length of the crack produced
in the indentation. The limiting crack velocity, called the
terminal velocity, has been reported to be 0.15 cm/us in
glass.*® In general, a crack velocity varies along its path. But
if an average crack velocity of 0.1 cm/us is assumed in both
specimens, then the rise time of the first P wave of the break-
ing glass capillary signal should be ten times longer than that
of the crack signal. The latter is estimated at 0.1 us. Since the
observed waveforms for both cases exhibit approximately
the same rise time, this demonstrates the bandwidth limita-
tions of the amplifiers and waveform recorders comprising
the AE system.

The system calibration factor [Eq. (18)] was used to de-
termine the resultant force change accompanying crack for-
mation from measurement of the first P-wave amplitude.
Actually, the use of this calibration factor is not entirely
satisfactory, because the transducer used, while appearing to
be principally sensitive to the normal component of the sur-
face velocity of the plate, is not a perfect velocity sensor and
the rise times of the crack formation and calibration signals
are believed to be significantly different. Nevertheless, this
scaling can be used to determine the order of magnitude of
the force change involved when a Hertzian crack forms and
‘this can be compared to the results obtained from the analy-
tical approach outlined in Sec. II. Table II is a summary of
the measurements made of the first observed Hertzian
cracks in five tests.

It can be seen from Egs. (11) and (12), that the Hertzian
stress field has the property of geometrical similarity, pro-
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TABLE II. Experimental data for Hertzian cracks in soda-lime glass.

Applied P-wave Innercone Crack  Fractional
Crack load amplitude  radius length  force drop
number P(N) (V) r.(pm)  c¢(pm) (X 10%
1 9.58 11.4 18.8 8.9 2.58
2 9.11 13.8 199 6.0 3.29
3 8.05 8.3 17.7 8.5 2.24
4 9.55 17.4 18.8 8.1 3.96
5 10.34 19.2 17.7 117 4.03

vided that all spatial coordinates are normalized to the con-
tact radius a, and all stresses are normalized to the mean
contact pressure p, = P /ma’. Critical to evaluating the in-
denter-produced stress field in the specimen is the contact
radius of the indenter on the surface of the specimen. Since
the region under the contact surface is subjected to nearly
hydrostatic compression,?’ the increase in elastic moduli of
the soda-lime glass is expected to become significant®>*®
around 7.5 GPa, the mean pressure calculated according to
Eqgs. (1}—(3), which are based on linear elasticity theory at the
applied load 9.5 N. This corresponds to a typical load at
which first Hertzian crack was observed. The increase in
elastic moduli results in a decrease in the contact radius and
therefore an increase in the mean pressure. The mean pres-
sure 7.5 GPa corresponding to the applied 9.5 N is thus con-
sidered to be a lower limit. The more accurate estimation of
contact radius a is quite complicated due to the spatial vari-
ation of elastic moduli as a function of pressure under the
contact region, while their variation can be safely ignored
outside the contact circle, where the stress field is quite
weak. Since it was also not possible to measure it directly, it
was used as an adjustable parameter in the calculation of the
fractional force drop according to Eq. (9).

As can be seen from Table 11, a typical fractional force
drop, in terms of the applied load, is around 3x 10~*. For
our test the ratio ¢/r. is approximately 0.4. Reported values
of r,/a also scatter around 1.4, ranging from 1.0 to 1.6.%
With a ¢/a ratio of 0.4, for instance, Fig. 2 shows that the
calculated force drop ranges from 2.5 X 107310 9.0 X 10~ * P
as r./a varies from 1.0 to 1.6. The experimental data of the
measured force drop listed in Table II gives an average value
of approximately 3.3X 10~ P. As pointed out in Sec. II, the
force drop calculation based on Eq. (9) will considerably
overestimate the magnitude of force change for cracks of
small size, because the region surrounding the crack tip is a
region of stress concentration after the crack is arrested.

The duration of the AE source event 7 can be computed
if it is assumed that the event coincides with the propagating
crack and is given by

7.+ ccosa
Tzf -—di, (19)
re v(r)

where v(r) is the component of the crack velocity along the
crack path in the r direction. It is noted that if the receiving
transducer were a perfect displacement sensor, then the total
rise time of the first P-wave arrival as well as the changing
slope of this signal would be closely related to the dynamics
of the crack propagation along its path. With the limited
bandwidth system used in these experiments, it was impossi-
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ble to measure the true rate of formation of the Hertzian
crack. Clearly, by a judicious combination of a broader
bandwidth AE system and an increase in crack size which
can be obtained with a larger indenter, this problem would
be overcome. The inability to measure a true rise time of the
AE events observed was the most unfortunate consequence
of using a small indenter in these tests. However, in utilizing
a small indenter, a nearly ideal point source of acoustic emis-
sion was obtained.

It is noted that in the above description of the crack
generation process the overall effect of the cone crack forma-
tion results in a vertical force drop even though the instan-
taneous process of crack initiation and propagation may be
modeled as a linear combination of dipole sources with the
largest aligned in the direction normal to the crack surface,*?
as has been suggested for the case in Mode I fracture.?”
When a Hertzian cone crack is produced, the cone crack
orientation lies close to one of principal stress directions®
along which the shear stresses vanish; therefore, only the
stress normal to the crack surface contributes to the overall
dropout of the surface traction as the crack is propagated.

If the load applied through the indenter is gradually
increased to levels above which the first Hertzian crack
forms, one or more AE signals of the same type but of
smaller amplitude as in Fig. 5(a} and 5(b) are observed. This
indicates an outward extension of the preexisting cone crack.
The same type of signal but of even smaller amplitude is
frequently recorded during unloading of the indenter, indi-
cating further growth of the preexisting Hertzian crack or
the formation of new, smaller ones. This may be the result of
radial tension near the contact region which appears during
unloading. The reversal of frictional tractions resulting from
the elastic mismatch between the indenter and glass surface
at the edge of contact area, enhances radial tension near the
contact area. This is consistent with the observations of
Johnson et al.*” and Freund.*®

A second type of a crack was also observed during un-
loading of the indenter. In the early stages of unloading,
sideways extending cracks, termed lateral vents, begin to de-
velop under the influence of the residual stresses around the-
cone crack beneath the surface. As long as the maximum
applied load remains below a certain threshold P,, these la-
teral-vent cracks are contained and do not pop out onto the
surface of the specimen even after the complete removal of
the external load. These lateral-vent cracks could not be de-
tected even with our most sensitive transducers and highest
gain amplifiers, possibly because extremely small amplitude
AE signals are produced by these cracks and they are buried
in the noise of the electronics system (which was less than 1
4V). The transmission micrograph of the crack at this stage
is shown in Fig. 8. When the maximum applied load exceeds
a load threshold P, some of these lateral-vent cracks break
out to the surface of the specimen during later stages of the
unloading process, and they appear to be driven by increased
residual stresses. It is often observed that two radially oppo-
site side vents join together, resulting in a crack configura-
tion resembling that of a half-penny crack. Figure 9 shows an
example of the transmission micrograph of the crack ob-
tained with maximum applied load of 16.8 N. When the
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FIG. 8. Lateral vent cracks formed during unloading of the indenter. Maxi-
mum applied load was 10.5 N. Magnification: 665X .

FIG. 9. Many lateral vent cracks including those popped out to the surface
of the specimen. Maximum applied load was 16.8 N. Magnification: 665 X .
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FIG. 10. Epicentral AE signal for the lateral vent crack formed during un-
loading at 14.5 N. Maximum applied load prior to unloading was 35.3 N.

maximum applied load is much higher than P,, several mu-
tual intersecting cracks can be observed in the optical micro-
scope.

An example of an epicentral waveform corresponding
to this type of an unloading crack is shown in Fig. 10. Inspec-
tion of this signal suggests that its source type corresponds to
a dipolar force drop caused by the crack opening along the
median plane containing the axis with specific & orientation.
During unloading, the residual stresses caused by a mis-
match between the elastic and plastic zones give rise to a
hoop tension beneath the surface of the specimen which lies
outside the contact region.>>*° This increasing hoop tension
is the likely cause of the development of this type of crack.
Even if this mechanism is correct, it is not yet possible to
compute the expected AE signal since the complex (residual)
stress field around the existing cone crack is not yet solved. A
detailed analysis of this signal together with acoustic emis-

UNLOADING P—WAVE / LOAD
g

o]

1.00 1.50 2,00
L 1 N
s
]

P—-WAVE AMPLITUDE (MV)

0.50
I

0 10.0 20,0 30.0 40,0 0.0
MAXIMUM LOAD (NEWTONS)

S.00

FIG. 11. P-wave amplitude of the epicentral AE signal of unloading cracks
produced by a spherical indenter vs the maximum applied load during load-
ing.
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FIG. 12. Epicentral AE signal from a Vickers indenter-generated crack.

sions generated during loading using a conical indenter is
treated in another paper.*!

From our experiments, the amplitude A of the first P-
wave arrival of the unloading crack signals was measured as
a function of maximum applied load prior to unloading P,,
with the results plotted in Fig. 11. A nonlinear least squares
method was used to fit these data, assuming a power law

A=alP, —P,), (20)

where the constants a, P,, and n were determined by the
curve fitting. The following values were used to generate the
solid linein Fig. 11:a = 1.37X 1073 n =2.14,P, = 154 N.

It is noted that the power law is nearly parabolic. The
load threshold P, of about 15 N is the minimum applied load
below which fully developed unioading cracks which break
through the surface do not form. This was confirmed by
visual inspection of the specimen surface.

Finally, for comparison with the previous results, we
show in Fig. 12 the typical acoustic signal associated with a
crack which has been generated by a Vickers indenter loaded
to 55.1 N. The corresponding micrograph is shown in Fig.
13. Two mutually perpendicular median cracks of half-pen-
ny configuration can be seen in the micrograph. As de-
scribed by Lawn and Wilshaw,?® hoop tension below a
Vickers indenter is a major driving force for this crack. The
Vickers indenter results in a slightly nonaxisymmetric stress
distribution in the specimen. During crack formation, the
contribution of the shear stresses 0,4, and o, are expected to
significantly affect the fall off of the surface tractions across
the crack surface. Thus, the AE source corresponding to this
process is expected to be neither of dipolar nor vertical force
type, but rather a mixed one. A comparison between the
recorded signal shown in Fig. 12 and synthetic AE signals
corresponding to the possible source types confirms this.*!

V. CONCLUSIONS

The following conclusions can be drawn from the work
described here.

(1) Reproducible acoustic emission signals can be gener-
ated in brittle materials such as soda-lime glass by indenta-
tion techniques. During loading, a spherical indenter pro-
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FIG. 13. Cracks produced by a Vickers indenter at 55.1 N load. Magnifica-
tion: 66.5<.

duces Hertzian cone cracks, and during unloading under
certain conditions, lateral vent cracks.

(2) Dynamic processes accompanying the formation of
Hertzian or, generally, any axisymmetric crack result in a
force change in the direction of the applied load. The time
function of this process can be represented by the Heaviside
step-force function whose rise time is less than 0.1 us.

{3) The formation of a Hertzian crack produces acoustic
emissions virtually identical to those obtained by breaking a
glass capillary on the surface of a specimen. The latter AE
source corresponds to a source of normal force type with a
Heaviside step time function.

(4) Acoustic emissions accompanying the formation of
an unloading crack can be detected when the maximum ap-
plied load P,, exceeds a certain threshold value P,.

(5) The amplitude of the first P-wave arrival in the emit-
ted AE signal associated with the formation of an unloading
crack is nearly proportional to (P,, — P,)*.

(6) The AE signal associated with a loading crack pro-
duced by a Vickers indenter on the surface of a glass speci-
men is very reproducible. The characteristics of this source
are neither those of a dipole nor a vertical force drop but
rather of a mixed type.
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