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FRACTURE ENERGY ANALYSIS VIA ACOUSTIC EMISSION

L.I. Maslov and V.V. Sukharevsky¥

The results of previous studies on acoustic emission
during loading are used to relate the characteristics
of the acoustic signals to the fracture processes
occurring at the crack tip. It is shown that all
emissions correspond to the formation of individual
microfractures, to the process of macroplastic
deformation and to stepwise crack propagation of the
structurally disordered material, respectively.

Load of solids leads to formation of cracks and fracture of its
inner structure. This process connected with break of adhesive and
cohesive bonds,is a reason for violation of the electric neu-
trality of the crack walls and leads to different emissions. The
emissions start during crack propagation and in some cases after
fracture of material. It includes the emission of charged parti-
cles (1-7), neutral molecules or their unity (8), electromagnetic
wave difference frequency (9-12), which follows interaction of
electrons with atoms of solids. All these emissions of a crack due
to mechanic pressure and all these phenomena have a common mecha-
nism called "fracto-emission" (FE) (4). Crack propagation is fol-
lowed by elastic stress waves causing acoustic emission (AE). It
gives information about the process in the local volume near the
crack tip (13). A maximum intensity of FE and AE is observed
within one crack jump. For different solids these emission times
vary from microseconds to less.
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In the zone of crack propagation the effect of charge separa-
tion is observed. These effects produce great electric fields that

=1
can achieve 10 - 30 kV - cm (10). These fields lead to electron
emission from the crack wall and accelerate electrons from 5 - 10
ev to 10 kev. Under different conditions parts having as high as
100 kev have been observed coming from alkali halides (5).

Let us estimate the maximum energy at the moment of the crack
jump. Atom ionisation is available mainly on the surface of the
walls and is accounted for fracture energy. There are N~10!%5/cm?

~atoms in a layer of solid with thickness of 1 A. The number of
valence electrons for different elements varies from 1 to 5. Let
us consider a case when atom loose only one external electron. In
this case a charge is formed on the surface with a square of 1
em?:

-2

-l
qur=e-N=1.6x10 C « cm (1)

where e is charge of electrons.

This result shows that this is a limit case because the char-
1

6 7 -
ge produces electrical fields of E = 10 - 10 V - em and auto-
electronics emission begins.

Production of highly localized heat (13) as a result of ato-
mic bond fracture provides thermo-electronic emission under low
electrical fields. This heat results in excitement of atoms and
electrons in form of infra-red spectrum photons.

The process of energy emission (figure 1) can result in:
electromagnetic waves, electrical fields, FE, AE and other low
energy processes depending on type and energy between atomic
bonds. This atomic bonds can be covalence, ionic, metallic or
hydrogen type, Van der Waals bond. The strongest atomic bonds are:
covalence, ionic, metallic which are broken when the material is
destroyed and much energy is generated.

Acoustic emission signals are classified according to their
duration into continuous and discrete types. Continuous emission
is characterized by low amplitude and high frequency, while for
discrete emission the signals are of high amplitude and low fre-
quency. A minimum pulse duration for the AE to be referred to as
continuous has been agreed (14), (15).

From the data obtained in the authors experiments on speci-
mens and pressure vessels (16), it has been shown that, depending
on the loading conditions, the amplitude distribution of AE sig-
nals may be approximated by either the Rayleigh or Gaussian law
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for random values, while a power function describes the decrease
in the number of pulses with increasing amplitude. Therefore it
has been inferred that a monotonically decreasing function

Ni = f(ni) must describe the discrete AE whereas continuous or

quasi-stationary AE signals must be characterized by a function
with a maximum Ni = f(ni).

Discrete AE signals are observed at 95 < °ys' These signals
can be described or approximated by differential and integral po-
wer functions:

N, =An (2)

a

IN=Bn (3)

where Ni is the number of pulses with amplitude ni or I Ni is
the total number of pulses with an amplitude greater than ni, res-

pectively.

Eccentric tension tests on notched and fatigue cracked speci-
mens have shown (16), (17) that not only does the AE count change
with loading, but more importantly the character of the AE signals
changes accordingly. For Cr-Mo steel grades of average strength,
it has been established that:

- below the yield point (oi < Oys) Ni = f(ni) is a monotonical-

ly decreasing function described by equations (2) and (3)
where a = 0,7-3,5 and b = 1,47-1,5, AE signals are discrete
or random

- where the stress is near to that of the yield point
(ui = ayq), the function Ni = f(ni) exhibits a peak. The

signals are those of continuous acoustic emission

- at stresses considerably greater than that at the yield point

(oi > °ys = UF), the amplitude distribution function resumes
the discrete character it has below the yield point
(figure 2).

The fact that the distribution of AE counts below and above
the yield point can be described by power functions indicates the
occurrence in both cases of random events with zero mean value and
standard deviation equal to one. Evidently, the amplitude or power

of AE signals is quite different at °i < °ys and °i > oys' How-

ever, the narrow amplitude distribution of counts in both cases
implies that they are produced by AE nucleation sites of nearly
the same energy release density.
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In the continuous AE that fits the Gaussian model at

oi = uys' there is a great amount of superposition of random

events, i.e. AE signals differing in power and amplitude. This
phenomenon is accounted for by the high density of AE counts near
the yield point, conventionally perceived as continuous. Thus, in
the strained crack tip region bounded by the condition 0 = cys,
one should expect signals of both high and low amplitude not only
because they have different sources, but because they are asyn-
chronous.

From the data obtained it may be concluded that when

9 < Uys’ individual fracture sites exist that generate low ampli-

tude AE signals of roughly the same power. With increasing stress
these fracture sites grow in number and density until a maximum is
reached near the density corresponding to the yield point, when
macroplastic deformation occurs at the crack tip. During the stage
of discrete crack propagation or crack jumping when 9 > °ys’ AE

signals are generated either in small series or as individual
pulses with high amplitude. This type of emission is due to the
discrete character of the fracture of small volumes of metal at
the tip which are in a state of structural disorder.

Therefore, the type of AE signal must be related to the level
of stress as well as to the volume of crack tip material involved
in the micro- and macroplastic deformation of fracture. In other
words, the diversity of acoustic emission indicated that crack tip
plastic deformation is a discontinuous, stage-by-stage process
leading to discrete failure.

Let us now consider the AE activity in a fatigue precracked
compact specimen under tension loading. AE analysis combined with
fractographic investigations have shown that at 95 < Oys a "go-

of f" zone of individual microfracture sites can be identified as
the crack tip macroplastic strain region.

Depending on the stress level, the homogeneity of structural
components and the internal energy, fracture sites occur in areas
of unfavourably located or oriented grains, subgrains or particles
of the second phase at stress concentrators. Thus AE sources are
randomly distributed in the crack tip area, while the generation
of AE signals is of a quasi-stationary character described by the

OAE value.

The authors results show that the local microfracture zone

size LAE as determined via AE analysis, is proportional to the

applied stress, or:

2 =
OpE I"AE constant )
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where ¢ the stress corresponding to the start of AE, is

AE’
constant for an alloy with a given base. During loading, the area
of AE generation constantly changes in size, while the integral of

OZE over the line L(t) (limiting this area) remains constant.

Numerous fractographic investigations have related a
macrostriation pattern on the fracture surface of compact
specimens loaded to failure under various loading conditions,
provided that the material exhibits elastic-plastic behaviour
(figure 3).

Each striation is formed when the crack front stops during
discrete or stepwise crack propagation, the distants jumped being
equal to the size of the irreversible deformation zone, Zrys (13).

Microstructural analysis has confirmed the existence of a
maximum strain or failure zone (ZrF) between macrostriation rid-

ges. Data obtained via this type of analysis indicate that the
formation of the irreversible plastic deformation zone (2r‘ys) is

accompanied by continuous acoustic emission fitting the Gaussian
model. In addition statistical analysis of experimental data on
dimple relief in the 2rF zone shows that this particular kind of

fracture is characterized by dimples with inclusions on their bot-
toms. From this observation it follows that the particles are
located in hollows.

The density of the specific energy released during cracking
near inclusion and the formation of a fracture "quantum" may be
expressed as:

Yc
Se = 3 (5)
where Sc is the density of released specific energy, Yc is

the specific energy released during formation of the fracture
quantum and d is the critical size of the quantum. Calculations
shows that the value of S is close to or more than that of the
absolute latent heat of melting, which is released on the transi-
tion of the metal into a premelted or pseudomelted state (13).
This implies that in this zone the material must be in structural
disorder or in the premelted state, causing the release of a po-
werful pulse of excess internal energy in the form of heat and AE.

This discrete high amplitude acoustic emission signals are
provided during crack jumping when the material at the crack tip
is in a state of structural disorder.

Analysis of AE phenomena of a thermofluctuation character has
shown that the generation of heat in a narrow area of the crack

.
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tip significantly affects the AE pattern, causing a proportional
increase in the AE intensity from the 2r zone and to its decrease
as heat dissipation. This change in the character of AE intensity
with time suggests that the duration of the fracture quantum is
determined by the rate of heat transfer in the material, i.e. by
heat conduction, melting heat and heat capacity.

The observation of a powerful AE pulse per unit time testi-
fies the formation of a fracture quantum possessing the following
specific features:

- the energy released per unit time is proportional to the mel-
ting temperature

- the fill-in frequency of the pulse is characteristic of the
photon area of the solid body spectrum

- due to heat condition, the envelope of the pulse describes
the temperature fall at the crack tip and is a monotonically
decreasing function of time (figure 4).

CONCLUSIONS

Acoustic emission data obtained during testing are analysed and
shown to reveal the inhomogeneity of the plastic strain region at
the crack tip. From the observed analysis of experimental data it
follows that there is a common reason for all emission phenomena
that is for FE and AE, which is connected with atomic bond energy
concentration and generation. This energy is generated in a local
zone near the crack tip under deformation and fracture.

FE intensity depends only on interatomic interaction energy
and on the rate of its generation. During a short period of time
equal to the duration of a crack jump we observe the following:
local electromagnetic field generation in the form of infra-red
photons, electrical field, FE, acoustic emission and so on.

These processes start simultaneously which is proved by the
simultaneous electron and acoustic emission (7) at the moment of
crack jump. Starts before crack jumped AE and is maximum in the
moment of fracture, than it falls down abruptly. The coincidence
of AE maximum and the starting of electron emission (figure 5)
show that first there is an accumulation of defects in the solid
to be followed by fracture and FE.

Since the decrease of free crack walls is followed by FE, it
is very sensitive to suberitical propagation and allows to define
early stages of deformation kinds and fracture in solids. Investi-
gation of electron, ion emission and X-ray emission allow to de-
termine fracture mechanism and fracture properties of materials.
We shall also be able to interprete acoustic emission data and to
locate micro defects before fracture.
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For application of various emission types as a method of ear-

ly fracture diagnostics, we suppose that FE with AE is the only
experimental method to investigate the dynamics of formation and
Jump propagation of microcracks.
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Figure 1 Diagram of loading and energy generation under fracture
of solids.
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Figure 3 The fracture surface of a compact specimen

A = peak amplitude

D = signal duration

N = number of counts per event

R = rise time

U = energy (proportional to the square of amplitude)
Umax v Tm proportional to melting temperature

U(t) v T(t) proportional to temperature

w = 2TN/D frequency
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Figure 4 Schematic of a powerful AE signal
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Figure 5 The EE and AE accompanying the flexural straining
of a (90) graphite-epoxy composite (7).
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