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ABSTRACT

ACOUSTIC EMISSION AND RELATED DISPLACEMENTS IN
LITHIUM FLUORIDE SINGLE CRYSTALS

by Robert B. Engle

Acoustic emission is the result of lattice vibrations caused by
mechanisms that govern deformation of crystalline materials when
they are stressed. Observations were made using single crystals
of lithium fluoride oriented for easy-glide deformation when loaded
in direct shear.

Acoustic emission pulses and displacement pulses derived from
rapid step displacements were observed. The largest displacements
(10 x 10‘6 inches) were found to occur in coincidence with large acoustic
emission pulses. Smaller displacements (20 x 10'8 inches) and acoustic
emission pulses were observed to occur together, though not in coinci-
dence, throughout the tests. Some large acoustic emission pulses had
no displacements associated with them.

On the basis of these results a mechanism for the acoustic
emission process is proposed, and is shown to be consistent with the
observations of others who have studied acoustic emission in crystalline
materials. Estimates of dislocation group velocities are made which
agree with previous dislocation velocity measurements in lithium fluoride.

The proposed mechanism involves the interaction between piled-
up groups of dislocations and the obstacles that cause the pile-up. The
pinning interaction causes an increase in local strain energy stored
in the region of the obstacle. When the driving stress on the leading

dislocation, composed of the applied stress and additional stress due



ROBERT B. ENGLE

to the pile -ﬁp itself, is large enough to cause breakaway and
acceleration of part of the group, the local strain energy is available
to excite lattice vibrations that appear as acoustic emission. A
secondary emission process arises during collisions between
coherent groups of moving dislocations and obstacles in their slip
planes. Finally, an alternate type emission occurs at high stress
levels after large plastic deformation when the stress concentrations
at the leading edge of dislocation groups causes crack nucleation and

propagation.
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INTRODUCTION

The fact that tin emits sounds when it is deformed has been
known for many years:- Around 1930 Orowa.n1 and Kla.ss-('an-Nekludow:-.\,2
investigated this phenomenon in tin, that is now associated with the
formation of mechanical twins., Other researchers have reported

3,4, 5; however, no

noises occurring with deformation in metals
great significance was attributed to them.

In 1950 the late Joseph Kaiser6’ 7 started experiments to
determine if other materials produced acoustic phenomena when
loaded. Tests of steel, aluminum, copper, lead, zinc, and wood
revealed sub-audible acoustic pulses accompanying deformation.
Each material pfoduced a characteristic noise spectrum with
amplitude and frequency distributions that correlated with the
different regions of the stress-strain curve. He observed that the
onset of emission occurred before the macroscopic yield point was
reached, emission continued for a period of time when the load was
held constant, and the emission process was irreversible. These
observations led him to conclude that acoustic emission was related
to plastic deformation in favorably-oriented crystals. Friction due
to relative mofion at crystal boundaries was suggested as the source
mechanism.

Subsequent investigations have confirmed the occurrence of

acoustic emission from all of the crystalline materials that Kaiser

tested, and various others as well, but have associated acoustic



emission with more basic deformation mechanisms. They have not
confirmed the rather detailed relationship between stress and the
distributions of amplitude and frequency that Kaiser reported, but
have exhibited the other characteristics that he observed.

Interest in acoustic emission as a possible tool for non-

8,9,10,11

destructive testing led Professor C. A. Tatro to start

investigations while he was at Michigan State University from 1956
to 1962. B. H. Schofieldlz'"16 at Lessells and Associates, Inc.,
also started research into the acoustic emission phenomenon late
in 1954.

The fact that Kaiser, Tatro, and Schofield have all observed
acoustic emission from every material they have tested suggests
acoustic emission may itself become a research tool for deformation
mechanics, if its sources can be identified and techniques for
observation are refined. Both Tatro and Schofield believe the
acoustic emission process is intimately related to microscopic
mechanisms governing deformation of crystalline structures.

Acoustic emission observed by Schofield characteristically
consists of two components: a relatively high amplitude, low
frequency, burst-type which occurs randomly with long quiescent
periods between bursts; and a high frequency component with smaller
amplitude that is continuous in nature, appearing much as broad-
band noise in electronic equipment. Both components appear in
elastic and plastic regions of the stress-strain curve. Schofield's
results indicate there is a minimum strain rate below which the

high frequency emission is notably absent. The equipment used at



Michigan State University was capable of only very low strain rates,
and the fact that no high frequency emission has been observed there
is in agreement with Schofield's observations. If the strain rate is
high enough, high frequency emission generally starts before the
nominal elastic limit is reached, increases in amplitude as the
elastic limit is reached, and then diminishes in amplitude as plastic
deformation continues. The emission pulse rate is observed to
increase with increasing strain rate, and the frequency spectrum
apparently shifts to higher frequencies as plastic strain increases.

The burst-type emission also appears in most of the materials
tested. However, the relative contribution of the burst-type is quite
small when compared to the high frequency contribution above the
threshold strain rate; nor can the total plastic deformation be explained
on the basis of total acoustic emission for those tests made at low
strain rates when the high frequency emission is not observed.

The largest group of experiments has been run on aluminum
alloys and pure aluminum. Schofield1 2, 13, reporting on tensile
tests of specimens machined from 24ST-4 aluminum, characterized
the emission as being primarily of the high frequency type; initial
pulses were of lower frequency with higher frequency pulses starting
at higher stresses with increasing rate. Burst-type emission was
present with much higher amplitude,but with much less contribution
to the total pulse count. The alloy polycrystalline specimens
exhibited more of the burst-type emission than single crystal
specimens of pure aluminum. Tests with pure aluminum single

crystals produced much the same general behavior for high frequency



emission, with some differences in character that could be related
to the orientation of the crystals. The burst-type was notably
absent during the early stages of deformation, but did occur during
later stages of plastic deformation.

415 single crystals of aluminum

In another series of tests1
were loaded while immersed in an etchant bath so that the surface
oxide film would not be a contributing factor. Crystals with the
tensile axis in the (100) direction still exhibited high frequency
emission in about the same amounts, though its initiation stress was
shifted to a higher value. Very little burst-type was seen. On the
other hand, single crystals oriented with a Schmid factor of 0.5 gave
no emission to strains as high as 20%. Polycrystalline specimens
with grain densities ranging from 25 to 160 grains per cm2 were
tested and gave no noticeable difference in emission from the oriented
single crystals, thereby ruling out the importance of grain boundaries
to the emission process as proposed by Kaiser.

10,11 and Shoema.kerl'7 on 2024 T-4 aluminum

Reports by Tatro
specimens tested at a low strain rate give more information on the
burst-type emission because the high frequency component was not
present to mask its occurrence. They observed burst-type emission
in the elastic range that shifted to higher frequencies with lower
amplitude and faster pulse rate in the plastic range, much a.s‘ the
high frequency emission of Schofield; however, the peak emission
was recorded before the yield point was reached.

18,19

Tests by Liptai and Ta.tro11 on specimens of 2011 T-3

aluminum were nearly the same, except emission peaks were recorded



in the plastic range. The only surface treatment that restored
initial emission activity was electropolishing that removed 0. 05
inches from the surface. Electropolishing combined with electron
bombardment partially restored initial emission activity, but shifted
its onset to higher stress levels.

R. G. Liptai18’ 19, testing single crystals of aluminum with
a (100) tensile axis, reported burst activity much the same as for
the 2011 T-3 specimens; except the activity seemed to be enhanced
in the plastic region. He found thick anodized and reacted coatings
increased the acoustic activity, while electropolishing afterwards
would reestablish the as-received activity of the specimen.

When testing single crystals of zinc, Schofield13 observed
burst-type emission as the salient feature of the emission spectrum.
Bursts occurred immediately upon loading at low load rates. Pulse
rate and amplitude increased with stress, and emission continued
for a period of time if the load was held constant. High frequency
emission did not become apparent until gross deformation set in and
stopped immediately when the load rate was reduced to zero. The
amplitude of high frequency emission increased with deformation. A
crystal coated with photoelastic adhesive gave several extremely
energetic bursts associated with the formation of twins, though most
of the burst-type emission occurred at stresses below that commonly
thought of as being required for twin formation. One bi-crystal was
observed to give an energetic burst associated with a grain boundary
reorientation.

Probing experiments have been run on carbon stee18-13’ 17,



3, magnesium and 40/60 solderlo, copper and 1ead13,

tinlz, brassl !

and pure iron16. All were observed to produce acoustic emission.

R. T. Sedgwick20 tested single crystals of lithium fluoride in
(100) compression in the elastic stress-strain region and observed
what may be another burst-type emission. Crystals with thick surface
films, that tended to raise the elastic stress-strain curve, produced
burst-type emission when the films were etched from the loaded
crystal. Burst-type emission was also observed in the elastic region
during loading for both coated and uncoated crystals. This emission
exhibited a delay character by continuing for a while after each
increment of load. This is characteristic of burst emission observed
by others in metals.

Since the introduction of the concept of the moving dislocation
in 1930 by TaylorZI, Orowanzz, and Polanin3, dislocation motion
and interactions have played a major role in explaining the behavior
of materials under load. The importance of dislocation theory in
explaining the yield strength, ductility, work hardening, fatigue,
and fracture of materials is recognized and supported by many
experimental results. There are, however, few techniques that
allow direct observation of dynamic behavior of dislocations.

The sources of the acoustic emissions observed to date in
crystalline materials are still subject to debate, though all of the
present interpretations have one point in common. In each case,
the results are most easily interpreted as being due to the motion
of groups of dislocations, possibly to the motion of single dislocations.

Previously, dislocation behavior has been inferred from metallographic,



X-ray, and electron microscope studies that are inherently limited

to observation of events near the surface, or sound attenuation
measurements that can measure gross changes but not the details

of dislocation behavior. Acoustic emission may be a phenomenon that
will allow direct observation of dislocation motion.

The earlier work of Schoﬁeldl 2,13,14

, and the experiments

of Tatro, Shoemaker, and Liptai all seem to indicate that acoustic
emission is a surface phenomenon, or is controlled by the nature of
the surface. Schofield's measurements on aluminum single crystalslz,
for example, lead to a remarkably close, though tentative, correlation
between the number of high frequency emission pulses and the number
of slip lines formed at the surface. Liptai's results with coatings

on :-.11uminuml 8,19

also strongly indicate that burst-type emission is
due to surface effects in crystals. Both, at the time, interpreted
acoustic emission to be the result of energy released when piled-up
dislocations broke through the surface barrier and left the crystal,
causing the formation of new surface accompanied by heat and an
elastic wave. This explanation is strengthened by those experiments
that investigated the effects surface treatments and films had on the
character of the emission. The burst-type in aluminum was observed

to increase with coating thicknesslB’ 19. Shot-peened 1018 steel

specimens produced more activity shifted to higher stress levels“’ 17.
Aluminum single crystals tested in an etchant bath produced either no
emission (0.5 orientation) or high frequency emission that started at
higher stress levels for (100) orienta.tion1 4 15.

Later tests by Schofield15 on gold single crystals indicated

that some emission is not a surface phenomenon. Gold was chosen



because it does not have an effective surface film. In these tests
burst-type emission was much more prevalent, appeared to be
partly reversible, and increased in activity with continued plastic
strain. The high frequency type started immediately upon loading,
peaked at about 0.08% strain, and decreased thereafter. The
burst-type emission was much more energetic when specimens
were annealed after a test and were then retested. In this condition
the crystals had coarse-grained annealing twins in the test section.
Etching away a surface layer did not restore or alter the character
of the emission as it did for aluminum. Cold work of screw faces
or edge faces of the 0.5 crystal did enhance the high frequency
emission; and, in this case, surface etching returned the emission
to normal.

These results have led Schofield to identify the burst-type
emission with the formation of stacking faults in gold and the high
frequency emission with the movement of dislocations in the interior
of the sample.

Zinc13 also exhibits burst-type emission which Schofield has
tentatively related to the formation of stacking faults (more probably
micro-twins) and, in the more energetic cases, to twin formation and
grain boundary reorientations.

Schofield explained the relative lack of burst-type emission
from aluminum by the fact that the energy required for the formation
of stacking faults in aluminum is much higher than the energy required
for the formation of stacking faults in gold or for the formation of

micro-twins in zinc.



Schofield now feels the acoustic emission process is related to
internal deformation processes instead of surface effects. However,
in so far as surface condition effects the motion of dislocations in
the interior regions, surface condition can alter the acoustic emission
process.

The emission that R. Sedgwick20 observed in lithium fluoride
appeared to come from two different sources. The bursts, observed
when the surface films were etched away under load, can definitely
be attributed to the egress of groups of dislocations that were piled
up on a.slip plane due to the surface barrier. The fact that the
surface coatings tended to raise the stress-strain curve led him to
the conclusion that dislocations have some role to play in elastic
deformation. He formulated a model depending upon the dislocation
network present in the unstressed crystal to provide dislocation
segments in favorably oriented slip planes that are pinned at points
where they leave the planes. These segments act as Frank-Read
sources which are activated by stresses too small to cause dislocations
to leave the crystal, but which can contribute to deformation. Yield
occurs when the force on the leading dislocation on a slip plane is
large enough to cause it to leave the crystal. Back stresses would
cause the sources to operate in reverse, so that the process caﬁ be
thought of as a quasi-elastic one.

According to Sedgwick's model the initial acoustic emission
is due to the activation of these Frank-Read sources. Sources with
the longest loop length will be activated at the lowest value of stress

and will continue to operate until dislocations emanating from them
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become blocked and pile up in the slip plane. As stress increases
the shorter sources activate. The emission due to the initial
dislocation distribution should be symmetric about the activation
stress required for the average loop length.

New dislocations produced can also block the operation of the
original source distribution, having the effect of shifting the mean
loop length to lower values. This secondary effect causes the
expected distribution of effective sources to be skewed towards the
shorter length, and should, therefore, produce an emission distri-
bution that is skewed towards higher stress as was observed. This
mechanism, if verified, may explain the elastic region emission
observed by others.

In reviewing the data reported above, it becomes increasingly
obvious that there are a multiplicity of mechanisms which can act
as sources of acoustic emission. Any process involving a rapid
transition between different dislocation configurations within the
crystal lattice must also produce an accompanying acoustic emission.
Whether or not the emission is detected would depend upon two factors.
The first is the rate at which the process proceeds, and the second
is the amount of energy dissipated in vibrational modes as the
transition occurs.

Acoustic emission pulses have been variously identified with
slip line formation, formation of stacking faults, cracking of surface
films, release of piled up dislocations, action of Frank-Read sources,
twinning, grain boundary reorientation, and motion of individual

dislocations in the interior of the specimens. The only estimate of
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displacement has been made by Schofie1d13, who found that there was
nearly a one to one relation between slip line formation in aluminum
and the total high frequency pulse count. His estimate was based
upon average values of slip line spacing, which are subject to
question; these indicated that the average emission pulse corresponds
to a displacement of from 50 to 150 x 10"8 cm and involves the
motion of from 20 to 50 dislocations in aluminum. Similar estimates
were made for zinc with the result that the displacement range was
from 15 to 50 x 10-8 cm, corresponding to the motion of from 5 to

20 dislocations. A direct measurement of the displacements actually
involved would greatly assist the positive identification of the acoustic
emission mechanisms.

R. L. Sproull32 has successfully used a capacitance-type
transducer to measure displacements on the order of 1 Angstrom.
Sproull's device is awkward for measurement of dynamic displace-
ments, but his success indicated a capacitance transducer might
provide the sensitivity required to detect small displacements

related to acoustic emission. References3 to an ionization
transducer utilizing a capacitance sensor looked promising, and
efforts were directed towards developing a displacement transducer
that would allow the measurement of such small dynamic displace-
ments. If the necessary sensitivity could be achieved, acoustic
emission measurements were planned to try to correlate the
emission pulses with discrete displacements in order to learn more

about the phenomenon.

To identify the source or sources of acoustic emission, it is
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imperative that the specimen's deformation modes be severely
limited, and that as much as possible be known about dislocation
motion in the material. Lithium fluoride is ideal for this purpose,
since so much is already known from the experiments of Gilman and
Johnston24-3l. It is well established from their work that lithium
fluoride deforms plastically by {110} <110> slip at room
temperature. Slip is possible on other planes only at elevated
temperature. Appropriate load geometry can limit slip to one or,
at most, two slip planes. By utilizing appropriate orientation and
load geometry to limit the possible deformation mechanisms, it
was felt that it should be easier to relate acoustic emission to
displacement.

When it became apparent that the necessary displacement
sensitivity was possible, work was started on making a direct-
shear loader that would be quiet enough for acoustic emission
studies. The objectives of the research were: first, to determine
whether or not discrete slip displacements accompany acoustic
emission; second, to determine the magnitude of the displacements
if they exist; and third, to determine whether or not acoustic

pulse height can be related to the size of such displacements.



EXPERIMENTAL PROCEDURE

The loading system shown in Figures 1, 2, and 3 was designed
to provide noise-free, direct-shear loading to bar-shaped specimens.
The system consists of a platform supported by two floats riding in
independent water tanks. A pendulum is suspended from a frame
that is mounted on the platform. The specimen under test is clamped
between the pendulum and the platform. When the water level in one
tank is lowered, the component of the pendulum weight down the
resulting incline is applied to the crystal.

The pendulum is restrained by the specimen under load, the
four support wires, and four lateral wires that prevent sideways
translation and rotation about the longitudinal axis of the specimen.

The load system can be tilted to an angle of 30 degrees in ten
minutes which gives a load rate of 4. 5 pounds per minute. This rate
is constant, due to the combined effects of the lateral restraints and
the variation in water flow as the tank water level decreases.

The load is transmitted to the crystal by square steel bars
(1/2 in x 1/2 in) that also hold the displacement, load, and acoustic
emission transducers. Figure 4 shows the detail of the crystal
clamps and load bars.

Simple beam theory predicts that bending moments in the
specimen will produce a flexural stress of not more than 3.2% of the
maximum shear stress or 10% of the average shear stress applied
by the loader. The load on the pendulum support wires decreases

as the platform tilts. This places an axial load on the specimen

13
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Loading sys

tem.
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Figure 2. Loading system supported on chains.
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Loader level - no load

Figure 3. Loading system - floating.
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such that the ratio of average tensile stress to average shear stress
increases nearly linearly with the angle of inclination of the loader
from a value of zero at 0 degrees to 0.28 at 30 degrees tilt. These
extraneous loads caused slip on slip planes oriented at an angle to

the load plane of the specimens. The load geometry, described

later, severely restricted such undesirable slip in all cases.
Furthermore, these additional stresses had no effect on the

magnitude of the shear stress on the load plane of easy-glide specimens
which were of primary interest.

Acoustic emission, load, displacement, dynamic displacement,
and time data were taken with the systems shown in Figures 5 and 6.

During the first few runs, a consistent time reference was
provided by recording the output of a time-mark generator on one
channel of the tape recorder, and monitoring the recorded time marks
with a counter in order to record remarks in the operating log based
on test time. In later runs, and for all read-outs, the time marks
were also displayed on the oscillograph to allow timewise correlations.
These time marks were used to establish time intervals for the
electronic pulse height analysis that was run for most of the tests.

The displacement transducer was of the differential capacitance
type utilizing a modified Decker Delta unit. Because the Delta unit
injected too much noise into the system, it was modified by using
batteries to supply filament and B+ voltages to the oscillator. In
order to extend the frequency response of the unit and to facilitate
its mounting on the loader, the Delta unit follower circuit was

duplicated in a custom chassis mounted on the loader. The R. F.
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Data electronics, block diagram.
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Figure 6. Data electronics.
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excitation was supplied by the oscillator in the original Delta unit.
The Decker probe was then connected directly to the cathode follower,
thus reducing stray capacitance loading to a minimum with a resulting
increase in frequency response. Driven shields were utilized to
further reduce the effects of stray capacitance on the frequency
response and linearity of the system.

The differential capacitor is shown in Figures 7 and 8. The
large central plate operated<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>