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Acoustic emission in brittle solids
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A signal/source correlation study of the stress waves emitted during unstable microscopic
Hertzian fracture in glass is described. A theoretical analysis of the variation in excess
strain energy with applied load is made and the results compared with experimental data

covering a wide range of crack sizes.

1. Introduction

An essential step in the development of the
acoustic emission detection technique, both for
non-destructive testing applications and as a
materials science research tool, is the establish-
ment of a signal/source correlation. Accordingly,
in recent years a number of studies [1—14]
have been made on a wide variety of materials in
an attempt to relate recorded emission data to
their source characteristics. However, in all such
experiments, a major problem is the choice of mat-
erial and deformation mode for which the emis-
sion source can be readily identified and quantita-
tively analysed. As a part of a continuing effort
in this direction, the investigation presented in
this paper is directed towards an understanding
of the brittle fracture process and its associated
acoustic emission. However, with the above men-
tioned difficulties in mind, the present experi-
ments were designed using the indentation frac-
ture phenomenon [5] as a controlled micro-
scopic emission source which is amenable to
fracture mechanics modelling.

The particular type of indentation fracture
used is that caused by the loading of a sphere
normally onto a brittle solid surface. Both the
stress field and the deformation associated with
this indentation geometry are generally known as
Hertzian, after Hertz [6] who originally formulated
the stress field solution. At a critical stage during
the loading of such an indenter, a conically shaped
crack (Fig. 1) may be suddenly produced in the
region of the contact circle. The fracture is caused
by the extension of an already present surface flaw
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Figure I Hertzian indentation geometry: R, indenter
radius, 4, contact circle radius; ¢, cone-crack length,
P, load on the indenter.

in the highly inhomogeneous subsurface stress
field. A further advantage in using this indentation
system is that it is being current employed in the
study of crack growth in brittle materials [7—10].
In this application, the load at which the crack
rapidly devlops is used to quantify the fracture
behaviour of the material under investigation.
Consequently, the ability to detect crack growth
acoustically will find direct application in such
investigations.

2. A model for emission behaviour

A method is described for calculating the total
excess energy, AUy, which is generated during
the growth of a cone crack in a Hertzian stress
field created in an ideally brittle solid. This energy
comprises the total mechanical energy released
during crack growth minus that necessarily re-
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quired to propagate the crack. From a mechanistic
point of view, AU, will manifest itself as the
kinetic energy of the rapidly separating crack
walls. A fraction of this energy will then be
transmitted into the bulk of the solid in the
form of stress waves — detectable as acoustic
emission. AUy represents the maximum energy
available for conversion into acoustic emission.
No attempt is made to calculate the exact frac-
tion so converted.

The system to be studied is an ideally brittle
body of unit thickness which is subject to external
forces at its- boundaries [11]. On the Griffith
model, a crack in such a material is assumed to be
in equilibrium if dUy/de =0, where Uy is the
total energy of the system and ¢ the crack length.
dUy/dc considered to be composed of two terms,
one involving G, the rate of change of mechanical
energy with crack length and the other vy, the
specific surface energy of the body

dUyg/dc = —G + 2. 1)

If, in addition, d?> Up/dc? is positive, the system is
in unstable equilibrium and a finite increase Ac
in the crack length results in a decrease in Usp.

AUp = —GAc + 2yAc <. 03}

Thus, excess energy, AUy, is released beyond that
required for crack extension. To account for the
presence of this energy in the system we may write

—GAc + 2yAc + AU, = 0 3)

Accordingly, this excess energy released during
crack growth from ¢; to ¢, may be written as
02 cz
AU, = f Gde —2 f Yde )
Cy c]

where AUy has the units of energy per unit thick-
ness. To include the possibility of a variable crack
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front width, L, the above equation becomes

€, €2
AU, = f GLde ~ G, f Lde )

¢y €;
where G, =2y and AUy has now absolute units
of energy. This equation is generally applicable
to unstable fracture situations in brittle materials
Specific forms of the equation have been de-
scribed in the literature using expressions for G
and L appropriate to the particular testing con-
figurations employed, for example Gerberich and
Hartbower [12] use G =mo’c/E (where o is
the tensile stress on the specimen and £ Young’s
modulus) and a constant L. Under these con-
ditions the first term in Equation 5 can be easily
evaluated analytically.

However, because of the highly inhomogeneous
nature of the Hertzian stress field, G in this case
has to be analysed numerically as a function of
c. This calculation has been performed by Lawn
[13] and Frank and Lawn [14] for crack growth
initiating from the edge of the contact circle.
An extension of this analysis has been made by
Wilshaw [7] for cracks initiating beyond the edge
of the contact circle edge. In all these analyses,
G is usually represented as a function of ¢ in
normalized co-ordinates, —G/G, as a function
of ¢/a (the instantaneous crack length normalized
to the instantaneous value of the contact circle
radius, 4). An example of such a diagram, after
Wilshaw [7] is given in Fig. 2a.

These curves can be used to provide a semi-
quantitative insight into the relative amounts
of excess energy released during cone growth
under different conditions. For unit width of
crack front, Equation 5 can be written as
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Figure 2 The normalized strain energy release rate, G/Gc, as a function of the normalized crack length, ¢/a, for Hertz-

ian cone fracture.
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or, because ¢ is effectively constant over the fast
crack growth regime being considered here,

(¢/a),
AUG, = a [ o, (Gl

-

2 1

M

The function within the outer brackets in Equa-
tion 7 is shown as the shaded area in Fig. 2b
This region represents AUy released during the
cone growth described by the line ABCDE. How-
ever this area is not an quantitative measure of
AUy because Equation 7 is only valid for unit
width of crack front. AB'D'E describes crack
growth at a greater fracture load, Pg. It can
clearly be seen that the corresponding value of
AUy is larger.

To obtain an accurate quantitative estimate of
AUy for the Hertzian cone fracture, Equation 5
must be evaluated numerically. Such a calculation
has been performed using the computer program
developed by Lawn, ef al. [15]. The three-dimen-
sional expansion of the cone crack was accounted
for by the use of the appropriate value of L at
each successive crack-step increment. In order to
compare the theoretical results with the experi-
mental data (Section 3), experimental conditions
were simulated in terms of the environmental
reactivity and a suitable time to fracture. The
assumptions implicit in the program are described
in the reference cited. In addition to these, for the
present application it was not possible to define
the exact initial flow conditions. This was because
the experimental data were obtained using polished
glass surfaces. An accurate simulation would then
have required the statistical surface flow distribu-
tion to be incorporated into the program. This
was not possible because of both the uncertainty
in the exact flow distribution function, and the
computer time required. To overcome this diffi-
culty, the program was “fitted” to the experi-
mental data by using an initial surface flow depth
which gave fracture loads comparable to the
experimental data, for similar indenter sizes. A
submicon (0.15 um) flaw depth was used, together
with a G, value of 7.8 m™ [16].

Output data from these calculations are shown
in Fig. 3. AUy is presented as a function of Py
for three indenter sizes. It can be seen that for
both environments, a general relationship of
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Figure 3 A theoretical estimate of the total energy, AUy,
available for acoustic emission as a function of the load,
P, on the indenter of fracture. The calculation is made
for various indenter radii, R.

the form

AUy (Pp)" ®)

exists, where 7 is approximately equal to 2.

This predicted dependence of AU, on Py
can be investigated experimentally, providing that
the input energy, AUy, to the detection system
is a constant fraction of AUy. AUy may itself be
calculated from the relationships [17]

AUy « V3 ©)

V = Vo exp(—uV) (10)

where ¥, is the initial transducer output voltage
and N the experimentally measured emission
count. Equation 10 describes the envelope decay
curve of the transducer output voltage. A method
of measuring y is described in Section 3.

and

3. Experimental details

The specimen material was soda-lime glass in the
form of 50 x 100 x 10 mm glass blocks which
were cut from larger pieces. The largest specimen
surfaces were in a polished condition and were
prepared for indentation by cleaning in acetone.
A diagram of the mechanical testing arrangement
is shown in Fig. 4. Each specimen was acoustically
isolated from its support by a thin layer of rubber
bonded to the specimen by self-adhesive tape. All
Hertzian tests were performed at a cross-head
descent rate of 8.107® msec™!, using tungsten
carbide indenters of 1.0, 2.0 and 4.0 mm diameter.
The test environment was either 25% r.h. air or
nitrogen gas (5 ppm H,0). No indentation was
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Figure4 A diagram of the mechanical testing arrange-
ment for acoustic emission studies.

performed closer than 10 surface ring crack
diameters to any other. During testing, the devel-
opment of the cone crack could be observed
through the longer specimen sides using a travel-
ling microscope. For this purpose the face was
ground and polished before the experiment was
begun. Measurement of thefinal cone dimen-
sions were made only on indentations produced
in the nitrogen environment, while the indenter
was held at fracture load. The first condition
prevented possible inaccuracies due to stress
corrosion-aided slow crack growth and the second,
inaccuracies due to “optical crack healing” of the
cone. After complete indentation of a specimen
the surface traces of the fractures were made
visible by etching in a 4% HF solution for 30
sec.

Mechanical/electrical acoustic signal conver-
sion was performed by a commercial piezo-
electric transducer”. The transducer was acous-
tically coupled to the specimen with a thin layer
of silicon vacuum grease. The transducer output
was fed into processing equipment consisting of a
wide band pre-amplifier, a narrow band (100 to
300kHz) main amplifier and a variable voltage
level detectorT. The detector enabled the strength
of each acoustic signal to be measured by counting
the number N, of transducer resonance oscillations
above a fixed voltage reference level. This method
of signal analysis is known generally as “ring-
down” counting [18]. The final signal voltage
was then fed into a pen-recorder using a digital
to analogue converter. For these experiments
the system gain was fixed at 75 dB and the thresh-
old voltage at 1 V.

The decay constant,UU, in Equation 5 was
measured by using a constant strength single pulse
emission source on a sample specimen block. This

* Dunegan/endevco D 140 B.
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was supported in the same manner as those used
for the indentation experiments, to prevent
variations in the damping characteristics. V was
then measured as a function of the gain of the
detection system. The artificial source used was
a 5x 10°Hz resonant frequency quartz crystal
excited by an input voltage step with a rise time
of 3 x 107®sec. This was of a similar time dura-
tion to that of the fracture emission pulse [19].

4. Results

Fig. 5 shows typical features of the surface traces
of Hertzian cone cracks, together with the corres-
ponding load/time and cumulative emission/time
curves. It was found that emission occurring prior
to cone formation was substantially reduced by
careful acoustic isolation of the specimen. Accord-
ingly this was attributed to noise generated during
the seating of the loading system.

The complexity of the emission associated with
indentation reflected the complexity of the sur-
face fracture trace. A single Hertzian cone crack
produced a single emission burst (Fig, 5a). If
additional fracturing occurred (Fig. 5b), then
further emission bursts were recorded. These were
produced after the development of the initial
cone crack. For each indenter size, the multiple
fractures similar to Fig. 5b were produced at
higher fracture loads, the approximate transition
load increasing with increasing indenter size. It
was also found that any emission generated during
the unloading of the indenter was associated with
secondary cone growth (Fig. 5¢).

The experimentally measured strength, N,
of the emission associated with cone growth is
presented as a function of the fracture load Py,
and the final cone length, ¢y, in Fig. 6. It can
be seen that neither the test environment nor the
indenter size have any effect on the near N/Pgp
or Njcy, relationships as represented by the solid
lines in the figures. Because of limitations on the
artificial source strength, the decay constant, u,
was measured only for the lower half of the data
in Fig. 6. This value of u was then used to cal-
culate values of AU} according to Equations 9
and 10. These results are presented in Fig. 7.
The datum limits in this figure were calculated
using an approximate data spread indicated by
the arrow in Fig. 6b. For the purpose of com-



e
8t 4 300
7
3]
P 5L 4200
2
10 Newtoné ] N
3 -1100
pa
1
= Q L
- 20 40 60
({/second)
load, P
- ~=— Cumulative acoustic emission
(a) count N
800
P 400
102 Newton N
- 200
20 40 60
{t/second}
Load, P
———————— Cumulative acoustic emission
(b} count N
300
P 200
10°Newton N
100
{t/second)
Load,P
------ Cumulative acoustic emission
{c) count N

Figure 5 Surface traces of typical Hertzian cone cracks, together with load and emission curves.
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Figure 7 The experimentally measured acoustic emission
strength, AUy, in the form of initial transducer voltage,
as a function of the fracture load, Pp.

parison with the theoretical predictions of Fig. 3,
the mean Uy curve can be approximated to by
the equation

AUy = (Pp)"

where # equal 5.5.

5. Discussion

The ability of acoustic emission techniques to de-
tect the development of Hertzian cone fracture
has been demonstrated. In particular, the acoustic
detection of crack growth assumes importance
when either the fracture is invisible (due to its size
or opaque specimen material) or, in static fatigue
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Figure 6 The experimentally measured acoustic emission
counts, NV, from Hertzian cone crack growth as a function
of the load, Py, at fracture, or cone crack length, Cy,.
(a) Air environment, (b) and (c) nitrogen.

studies where continuous specimen observation
is not possible. It must be emphasized that pre-
cautions need to be taken to minimize the acoustic
noise generated by the loading system. The results
described above apply specifically to Hertzian
crack growth initiating from polished surfaces.
Further considerations, applicable to other mater-
ials and surface conditions will be made below.

Discussion about the quantitative aspects of
acoustic emission measurements can most easily
be made with reference to Figs. 3 and 7. The
experimental independence of NV of indenter size
and environment agrees with the theoretical cal-
culations, within the spread of the experimental
data. Conversely, on the assumption that AUy
is proportional to AUy, there is a marked differ-
ence between the experimental and the calculated
values of the exponent in Equation 8. It is not
possible to state definitively whether or not this
discrepancy indicates that AU, is not propor-
tional to AUy, because the spread in experi-
mental data does not allow the mean V/Pp
curve to be specified accurately enough to draw
such a conclusion. It is most probable that this
spread is due to the difficulty in separating the
emission generated by cone growth from that
produced by the additional fracturing (Fig. 5b).
The multiple cracking itself resulting from the
high fracture loads associated with the Hertzian
indentation of polished glass surfaces. This ex-
perifnental/theoretical discrepancy will also exist
for the Nfcp, measurements. This is because the
PL « ¢}, relationship [20], theoretically valid for
the fully developed cone was found to hold
experimentally.



In conclusion, it is useful to discuss the limits
of applicability of the model described above. The
second term in Equation 5 represents the energy
which is necessary to propagate a crack a distance
{c; —cy). It is presumed that this energy does not
activate any detectable emission sources which
may lie within a “process zone’ around the crack
tip. The linear dimension of this region is defined
approximately as

_ GE
211y

r

for low applied stress levels, where oy is the yield
stress ‘of the material and E is the Young’s mod-

ulus. An estimated value of I' for silicate glasses.

is so small that the assumption is probably valid.
On the other hand, for materials where I" is larger,
microcracking [21] or plastic deformation [22]
within this region may well give rise to emission.
Accordingly, the present model, which is appli-
cable to ideally brittle solids, would have to be
extended to included crack tip plasticity effects.

A further important limitation of the present
model is that it applies to brittle fracture situa-
tions where crack growth is both macroscopically
and microscopically continuous, as for example
in homogeneous brittle materials such as silicate
glasses. The energetics of crack growth only are
considered, excess energy which manifests itself
as the kinetic energy of the rapidly separating
crack walls, being generated when G>G,. A
proportion of the energy is then transmitted into
the bulk of the solid as stress waves, recordable
as acoustic emission. Thus, continuous crack
growth would not be expected to generate detect-
able acoustic emission [23,24] because of the
low energy release rate. According to the present
model no energy is available for emission when
G falls to become equal to G.. Consequently,
although slow crack growth is not considered
explicitly, it is considered implicitly, because a
choice of a value of G, implies, from standard
crack velocity/G data [15] a minimum velocity
below which emission is not generated. In the
absence of any experimental data the choice of
G, becomes rather arbitrary. With reference to
Fig. 2b, the variation in G, reflects itself as a
variation in the position of the G/G, =1 broken
line. This results in a variation in the absolute
value of AUy. Consequently, the present study
was limited to an investigation of polished glass

surfaces where, because of the Hertzian stress field
configuration, the small effective surface flaw
depth gives rise to only a minimal amount of
initial slow crack growth. In addition, the inde-
pendence of the experimental data of the environ-
ment indicates that no significant unpredicted
environmentally assisted slow crack growth
effects were-produced.

The above discussion has been limited to
homogeneous brittle materials. As an example
of discontinuous slow crack growth emission,
crack extension in structural ceramics [21] has
been found to be acousticaily detectable even
when the macroscopic growth rate is as low as
10%msec™ {(G=G/3 for fast crack growth).
This emission is presumed to be due to the dis-
continuous microscopic nature of the crack
development, bursts of fast extension occurring
when the crack front jumps between successive
pinning points. It would, therefore, be expected
that the indentation emission characteristics would
be different from those described above, in that
slow crack growth both prior to and after cone
development would give rise to acoustic emission.
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