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Field emissions caused by fracture and yielding
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Abstract. Two effects, magnetic and electric emission, have been observed and used in fracture tests to
detect and analyse onset and progress of plastic deformation and fracture. While magnetic emission
(ME) occurs only in ferromagnetic materials, electric emission (EE) can be found with any material,
metals as well as plastics, ceramics, glass, and others. In ferromagnetic materials the two effects sup-
plement each other. In steel, for example, electric emission is produced by plastic deformation but not
by fracture; magnetic emission, on the other hand, is produced by fracture but not by plastic defor-
mation. This paper describes the effects, demonstrates their application in Charpy tests, and shows
how to derive fracture parameters, for instance the instants of the onset of plastic deformation and
fracture. ME and EE, therefore, yield an attractive, inexpensive and fast supplement to conventional
fracture test methods.

Key words: Brittle or unstable ductile or plastic collapse, Charpy test, crack tip plastic deformation,
crack velocity, electric emission, final failure, logarithmic amplification, magnetic emission, onset of
stable crack growth, probe, sensor, stretch zone formation, tensile test, wave velocity.

1. Introduction

The inherent magnetic field in samples of ferromagnetic materials changes when ener-
getic effects occur in the material, in particular when the piece of material is mechan-
ically stressed or fractured. These field variations originally found in Barkhausen
(1919) can be observed by suitable sensors and used to detect the onset, magni-
tude, and progress of the originating effects. The basis of the field variations is the
magnetic character of the material’s microstructure and the arrangement of magnetic
domains according to an energy minimizing principle. Each change of energy results
in a rearrangement of the magnetic structure and, consequently, in a field variation.
For application in fracture mechanics this magnetic effect is labelled magnetic emis-
sion ME (Winkler, 1988) in analogy to the long known acoustic emission AE.

Not restricted to certain materials is the observation of electric fields, generated
or varied in mechanically stressed materials. Molecular or structural deformations
as well as charge separations in fracture experiments are responsible for this effect,
labelled electric emission EE (Winkler, 1990a).

The Charpy V-notch test is a suitable experiment for investigating the two emis-
sions, because (a) the two probes can easily be installed at the hammer in addition
to the force instrumentation and no further care has to be taken for them, and (b)
the entire loading and fracturing event is limited to a few distinct milliseconds, allow-
ing easy observation and comparison with the corresponding load function. But of
course there is no restriction to the Charpy test. Emission sensors can be applied also
to any other fracture mechanics test.



222 S.R. Winkler

The following two Sections, 2 and 3, briefly describe ME and EE principles and
their sensors and probes. Section 4 points out the advantages of field emissions in
comparison with others. Section 5 describes how the two emissions can be combined
for an investigation complement. In this example of a Charpy experiment on steel
important data for fracture evaluation are gained. It is shown that the total pro-
cess of deformation and fracture can be monitored by these three signals: force F,
ME, and EE, when also the computable integrals of the emissions, the correspond-
ing fields, are considered.

2. Magnetic emission (ME)

Two effects compose the magnetic emission, (a) the Barkhausen noise due to energy
changes in the sample and (b) the change of the magnetic field due to damage and
fracture when new surfaces and voids filled with vacuum or air are inserted in the
magnetic path. Reversible low level Barkhausen noise signals appear randomly pos-
itive or negative when the internal energy changes due to minor load applications.
Higher level Barkhausen noise, however, and the changes due to fracture appear irre-
versible (Kittel, 1986). To make the second effect plausible the field H in and outside
of a ferromagnetic material is considered (magnetic induction B =const.):

B
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where 119=1.256...-107% Vs A~!m~! is the magnetic field constant and the dimen-
sionless u, ~ 10° or 10* is the relative material permeability for an iron material, u, =
1 for vacuum, u, ~1 for air. It is obvious that the field in the void is a thousand
times or more larger than in the material. Both components affect the local field dis-
tribution, the changes of which can be picked up by a coil yielding an electric signal

dH

Uoc—- (2)

The amplitude of a magnetic signal depends on both the speed of the effect and
its magnitude. If a fracture appears brittle and rapid, and the fracture area is large,
the signal is large, too. If, however, fracture takes place in elementary steps, corre-
sponding to the size of grains or inclusions or less, these elementary signals are small
and hard to distinguish from normal low level Barkhausen or electronic noise. It has
been tried, therefore, with some success to use a logarithmic amplification in order
to separate the signals. A logarithmic amplifier works with the transfer equation

U
Uout:UD10g| ME|9 (3)
Uy

where Up is the voltage per decade, Uy is the input voltage at zero out, and Uyg is
the emission signal. In the realized amplifier’s version a 10V range was used for
a 4 decades presentation, with Up =5V and Uy=10mV. With an output scale of
2.5V/div the log scale is 0.1mV +1mV-+10mV +=100mV =1V for every two divi-
sions. The principles of the logarithmic amplification are described in some detail in
Winkler (1988, 1990b).
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Figure 2. Characteristic of a magnetic sensor according to Figure 1.

The hitherto used probes consist basically of a coil as the sensor, that is described
more realistic by an oscillation circuit (which is unavoidable due to inherent capaci-
tors, resistors, cables, etc.). Figure 1 shows a schematic of this probe. Additionally a
decoupling circuit is required so that the unavoidable elements, capacitor and damp-
ing resistor, are small or tolerable, but anyway fixed, and the sensor is decoupled
from varying external influences. These elements are chosen so that the circuit works
close to the critical damping and the sensor’s transfer function is similar to a differ-
ential signal. Figure 2 shows the response of a probe to a jump function of the mag-
netic field, this is called the ‘characteristic’ of the probe.

An example of a non-logarithmic ME signal is shown in Figure 3. A Charpy test
was performed with a structural steel showing brittle fracture at room temperature.
The upper signal is the uncalibrated force vs. time curve. This curve shows an abrupt
force decay after about 265 us. The sample broke fast and separated completely, and
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Figure 3. Charpy test with a brittle material; time axes: 50 us/div. (Upper graph) force curve 0.5 V/div;
(Lower graph) ME signal, 0.25 V/div.

the force remains at zero after fracture. Just some hits with the moving halves of
the sample are registered thereafter. The lower curve is the corresponding ME sig-
nal. A large peak, > 1V, at the instant of the force drop indicates fast brittle fracture.
This signal shows more clearly than the force signal that the fracture begins relatively
slowly but then speeds up (0.5 us is the oscilloscope’s sample rate). The ME behav-
ior thereafter indicates the movements of the sample halves that carry their magnetic
field with them.

Such ME signals can easily serve as trigger signals for force and displacement reg-
istration in pre-triggered monitoring. They are the fastest signals in a brittle fracture
experiment and have successfully been applied as trigger signals in, for instance, ten-
sile tests where catching the signals is much more difficult than in Charpy experi-
ments.

An experiment on a material that does not fracture in a brittle manner yielded
the uncalibrated force curve and the logarithmic ME signal (lower curve) shown in
Figure 4. The force curve gives almost no hints of fracture. While the linear ME
signal showed few features, the log (ME) signal indicates the beginning of the wave
effects in the sample with a peak of about 10mV and at the maximum load the
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Figure 4. Charpy test with ductile material behavior, time axis 400 us/div; (Upper graph) force,
0.5V/div; (Lower graph) log(ME), 0.5 decades/div; noise level ~0.4mV, the first peak is about 10mV.
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Figure 5. Principle of a capacitor-based electric sensor.

first fracture signals that seem to repeat in certain intervals (amplitude ~3 mV). This
example shows that ME pinpoints the onset of fracture and provides some details of
the discontinuous fracture progress.

3. Electric emission (EE)

The origin of an electric field produced by mechanical stress or damage depends
on the material. An electric field can be caused by deformed molecules or micro-
structures or by separated charges. Thus, field changes can be produced by elastic
or plastic deformations as well as by the generation of new surfaces during frac-
ture. All materials (metals, plastics, glass, wood, etc) seem to show this effect. A more
extended investigation of the effect with different materials was carried out by Sklar-
czyk et al. (1999).

Electric field variations can be picked up by a capacitor. A field E in the vicin-
ity of the capacitor induces a charge ¢ on it which is proportional to the originating
electric field. The signal U (the voltage across the capacitor) is given by

_4
U= 4
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Figure 6. Characteristic of an electric sensor according to Figure 5.

Thus, for a fixed ¢ (i.e., a certain field change), the smaller the capacitance C, the
larger is the signal U. A discharging resistor is required in parallel to the capacitor
so that this sensor again has a differentiating character. Figure 5 is the schematic of
that kind of a probe and Figure 6 shows its characteristic.

This characteristic (response to a field jump) appears as a superposition of two
exponential functions, a rising and a dropping one. The rise time of the characteris-
tic of Figure 6 is 0.18 us (this corresponds to a time constant t =0.082 us), and the
drop-off time constant is 54 us. This superposition leads to a certain loss of the max-
imum amplitude. It can be calculated that a relation of the two time constants of
the rising part 1 and the decay part 2 should exceed 1,/7; =100 for a loss of not
more than ~5%. It has been experienced that a decay time constant of some 10 us
is suitable. To achieve a very small capacitor in the range of one to ten picofarads
and to be able to handle this, which is again a decoupling problem, a more sophis-
ticated active decoupling circuit is required.

An example of electric emission due to fracture is the EE signal of a bundle of
breaking carbon fibers in a tensile test, Figure 7. This diagram is a certain time win-
dow of the entire event showing five breaking fibers. Each peak indicates the fracture
of a single fiber. From the rise time #, of the signal and the rise time #,; of the char-
acteristic, the rise time #., of the breaking fiber (= fracture time) can be determined
(Winkler, 1991) according to

f~Jt2 12 )

The difference in the amplitudes of Figure 7 is due to smaller or larger distances of
the fibers from the sensor. The diagram also shows a horizontal line for the tensile
force of the machine at 0.89 kN. There is no indication at all of these fracture events
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Figure 7. Tensile test with a bundle of carbon fibers. Shown is a part of the EE signal with five bro-
ken fibers.

in the force signal which means that most fibers of the bundle consisting of several
thousand fibers of 7 um diameter are still intact. Again, this EE signal appears to be
an excellent trigger signal as described before with ME.

Electric emission was also applied in measurements of sound wave propagation
velocities in ceramic materials and plastics (Winkler, 1993). This was done with two
EE probes. The distance of the two sensors divided by the time difference between
the two signals yields the velocity. Slabs of the material were impacted side-on by a
bullet (vo~150m/s) to produce the mechanical wave. A passing wave obviously leads
to structural deformations that give rise to a change of the external electric field and,
therefore, can be detected by electric emission sensors.

4. Field considerations

ME and EE are both field emissions which means, no contact is required between
sample and sensor. This is in contrast to acoustic emission which needs an excellent
contact between sensor and sample. It is also in contrast to electron emission meth-
ods investigated by Dickinson et al. (1991 for instance), which require a high vacuum
for a sufficient free path length of the emitted electrons.

Field emission sensors, therefore, do not require any sample preparation or even
an accurate adjustment — which makes them easy to be applied. The Charpy test is
particularly suited to be instrumented by these probes, because they can be affixed
to the moving hammer and be at the right place when emission occurs, see Figure 8.
In contrast to acoustic emission these field emission methods are also very fast since
magnetic and electric fields expand with the speed of light.

It is, however, difficult to predict amplitudes since these depend on the distance
between source and sensor and on the field distribution which depends on the shape
of the source; a point-like source, for example, can drop off in a squared manner
with distance, a line-shaped one linearly. Furthermore, one has to expect sources with
shapes and distances varying with time.
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Figure 8. Schematic of an instrumented Charpy hammer.

One of the main goals with ME is to gain the onset of fracture in a fracture mechan-
ics experiment. The problem, however, to temporally localise this event, is obviously
difficult with ME if fracture starts with elementary events in subcritical experiments.
These signals are often too small to be identified within Barkhausen and electronic
noise. There is, however, a possibility to distinguish elementary crack signals from ran-
dom noise, because the crack originated signals are unipolar and random noise is not.
Therefore one is enabled to add them to an increasing (or decreasing) curve. To this
end one only needs to integrate the ME curve and the randomly polarized Barkhau-
sen or electronic noise will not contribute to the accumulation of the crack signals.
The integrated ME signal, Equation (6), presents a curve that is proportional to the
magnetic field, MF, at the place where the sensor is positioned.

MF(t) =/ ME@)dr (6)
0

where the unknown (and here of no interest) integration constant — the local static
field — has been set to zero. This way one can observe even the otherwise undetect-
able onset of fracture in sub-critical experiments as the intersection point of the accu-
mulating curve and the flat noise curve. The crack’s progress can be followed up by
the slope of the curve (Winkler and Winkler, 1998; Winkler et al., 1998). The slope
of the field curve indicates the growth of the fracture surface A:

dA
SI —_— 7
ope I 7
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It will be shown in Section 6 that also the integrated electric emission, the electric
field, EF, offers new insights, even though the reasons for EE are completely differ-
ent from the magnetic case. This electric field, EF, can be calculated from EE using
Equation (6) by replacing the two ‘M’s by two ‘M’s.

5. Units

The unit of the magnetic field strength H is A/m, that of the electric field strength E
is V/im (ASTM E 380 — 76), the units for the magnetic emission (ME) is consequently
[dH/dt]=A/(m-s) and [dE/dt]=V/(m-s) for the electric emission (EE).

In practice, however, the basic signals ME and EE appear both as oscilloscope
traces, i.e., as calibrated in volts. A recalculation of these quantities in magnetic and
electric field units, resp., would be at least difficult if not impossible and with no
advantage. It was decided, therefore, for the experiments described here not to use
the symbols dH/dr and dE/dr for these quantities but rather ME and EE instead
and these be measured in millivolts (mV) and in time units of milliseconds (ms).

The field signals are computed from the signals ME and EE according to Equa-
tion (6) by integration. This leads directly to units mV-ms, that is, to uVs. This is
the unit used for both the fields. Consequently, it is not talked about field strengths
H or E but rather of MF (magnetic field) and EF (electric field) in order to avoid
confusion.

6. Combining ME and EE in steel experiments

The application of the two emissions, ME and EE, combined in one test makes sense
of course only with ferromagnetic materials, i.e., practically with steel as a test material.
This combination of the two methods has been used in Charpy impact tests. Figure 8
shows the principle of a Charpy machine equipped with the sensors. A pendulum-like
moving hammer hits the sample. The hammer carries all three probes, one for force F
and two for emissions ME and EE. It turned out that EE does not react so much on
fracture, rather on plastic effects. The dislocation motion during plastic deformation —
slip on crystallographic planes — generates charge separation and observable but due
to the conductive material short-lived electric fields.

The capability of the combination of the two emission methods shall be demon-
strated with a Charpy test on S 460 M structural steel at a striking velocity of 5m/s.
The fracture surface (Figures 9 and 10, two different photos of the same thing) shows
a strong plastic behavior: three major plastic events follow a big plastic deformation
of the notch tip. The flat parts of the surface are relatively smooth, indicating kind
of stable crack propagation. These areas are shrunk by large shear lips.

Three registered signals, force F, and emissions ME and EE, shown in Figure 11,
are basic for the test evaluation. The diagram of Figure 12, established by a math-
ematical procedure, shows the loss of speed of the hammer during the test. Two of
the three basic curves (Figure 11) appear rather featureless, in particular the smooth
force curve. The ME signal indicates that the sample obviously broke more or less
continuously with decreasing activities when the force decreases. Only the EE signal
shows large activities in the first 1.5 milliseconds.
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Figure 9. Test BMS5; broken test sample, fracture surface 1.

Figure 10. Test BM5; broken test sample, fracture surface 2.
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Figure 11. Test BMS5; total of the registered signals: Force F, ME, and EE; sample rate 2 us.
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Figure 12. Test BM5; loss of hammer velocity during the test, computed.
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Figure 13. Test BMS; magnetic field vs. time.

The integrated ME signal (Figure 13), i.e., the local magnetic field MF, shows four
different main regions as is indicated by the four slopes labelled 0 to 3, and pointed
out by inserted straight lines. The slope of region 0 is negative and designates the
development of a field due to the irreversible Barkhausen noise caused by impact
stress waves: no crack, therefore “0”. This changes when fracture occurs indicated by
the beginning of region 1. This slope can be correlated to the production of the flat
areas between and close to the four ‘plastic events’. During the time interval from 2
to 3ms, when the steeper slope 2 is observed, the subsequent central flat and more
rough (i.e. fast crack velocity) area is produced. This crack with slope 2 reduces the
strength of the sample drastically so that the force drops to ~1/4 of its maximum
value. With the final slope 3 in the interval from 3 to 7ms the shear lips, the last
weak connection that keeps the two sample halves together, eventually separate. The
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Figure 14. Test BMS5; magnetic field at the beginning (ext. of Figure 10).
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Figure 15. Test BM5; electric field at the beginning.

hammer speed has reduced to ~2.5m/s, Figure 12, and this is roughly the speed of
that crack propagation.

The beginning of fracture is more resolved in Figure 14, an extension of Fig-
ure 13. Here the effect of the impact stress waves is more clearly observed with its
negative slope within the first 100 us. This stops for another 100 us, while nothing
seems to happen. And then, at r ~ 200 us, fracture begins and propagates more or
less steadily with constant mean speeds.

The electric field signal in Figure 15 tells what happened in that short period of
the magnetic stagnation between 0.1 and 0.2 ms. This was the period of plastic defor-
mation of the ligament, beginning in the notch tip. An inserted straight line indicates
the rising electric field due to the increasing plastic volume in the sample. The onset
of yielding occurs at t,=0.96ms, as can be seen in EE (Figure 11) as well as in EF
(Figure 15). However, one cannot conclude from the EE signal when general yield-
ing, 4y, occurs, i.e., when the sample’s ligament behaves completely plastic. This can
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be observed in EF (Figure 15) after the first huge plastic deformation signal (174 — ~
200 us) when the field, EF, suddenly decreases at 0.2 ms after its increase. This instant
is when general yield, #,,, occurs. The signals EE and EF show four (in Figure 11
and the first three in Figure 15) large plastic events that can be observed on the frac-
ture surface, too (Figures 9 and 10). The first event is obviously the gross notch tip
deformation that begins at 174 us and ends at ~200 us. The three other plastic events
occur at 480, 730, and 1420 us. It seems that there is no relationship between the
magnitudes of the signals to the size of the surface events. But this appears plausible
if it is considered that the EE sensor (right side position in Figure 10) sees less of
the signals of the larger objects number 2 and 4 (counted from the notch tip) than
the closer object number 3 which seems smaller.

These results are remarkable. Neither the force curve nor the magnetic emission
curve gives any hints of this plastic behavior of the material, but electric emission
does! It indicates the four strong plastic events that are evident on the fracture sur-
face. The magnetic emission signal shows nothing of them, only the relatively smooth
crack propagation with slightly different mean speeds in the vicinity of the plastic
events composed by microscopic details. A comparison of Figure 15 with Figure 14
shows that in MF the first three events are slightly indicated by larger magnetic activ-
ities that possibly are due to the generation of relief stress waves and their reflections,
since the average field change is zero in these short time intervals of ~ 100 us. From
this follows that the ‘fine structure’ of region 1 of the magnetic field (Figures 13 and
14) has a more staircase-like behavior than just a straight uprise.

With the three basic measurements (Figure 11) of an experiment and some calcu-
lations one often can constitute or derive the following features or data, or part of
them:

(a) the entire behavior of crack development, in general and local,

(b) the onset of fracture,

(c) the relative or absolute speed dA/ds of the generation of fracture surfaces, A,

(d) the relative or even absolute crack speed dcr/dtr — depends on the character of

the fracture,

(e) the yielding behavior, in general and local,

(f) the onset of yielding, ¢,, and

(g) the instant of general yield, f,,.

7. Conclusions

The experiences of the group of investigators mentioned in the Acknowledgements
below over the past 15years of investigating and applying field emission techniques
in hundreds of experiments have been convincing that sensing methods based on
ME and EE hold great promise for providing a better understanding of the mate-
rial’s internal events that occur during loading and fracturing. Such methods applied
to fracture mechanics tests yield fast, accurate, direct and in some cases heretofore
inaccessible measurements of important critical events of crack initiation and yield-
ing in a direct way instead of the currently used indirect conventional methods that
need many samples or test series. Convincing is the simplicity of these techniques
with no sample preparation or complicated adjustments. Each test delivers its own
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accurate data. Although primarily the instants of events (e.g., the onset of a crack)
and the relative velocities of crack surface expansions can be determined, amplitudes
in similar tests can also be compared. Also the velocities of stress waves caused by
an impact in ceramic and plastic slabs have successfully been determined by two
EE probes at a certain distance. Present day sensors seem to have reached a certain
maturity, but new sensors based on effects such as EE and ME discussed here could
expand and extend current abilities to monitor and measure material response.
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