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ABSTEACT

The use of ultrasonic methods for studying defect formation and its
congeqguences in connection with stress eyecling and deformetion in aluminum
and sodium chloride single crystals is the subject of this report,

The observed ultrasonic changes appeared closely agsociated with
chenges in dislocation behavior. To establish this deformation experiments
were used in such a way that results ecould be related to the behavior of
the slip systems and to their orientation. Aluminum single erystals were
used for these experiments, Simultaneous measurements of attenuation and
velocity changes were made continuously during tensile deformation. In the
very early stagea of deformation, for ell orientations, an increase in
attenuation is observed before microscopic yield. Easy glide is observed
by the attenuation and velocity changes.

Measurements in tension have been made for the purpose of comparing
the dislocation damping and pinning effects in en ionic erystael with those
in a metal,

Important equipment improvements have been made for automatic recording
of attenuation and velocity measurements.

This report has been reviewed snd ls approved.

WX, =

Chief, Strength & Dynamics Branch
Metals and Ceramica laboratory
Directorate of Materials and Processes
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INTRODUCTION

Tha purpose of this investigation is that of understanding the physical changes
which are detected and continuously measured in aluminum and sodium chloride during de-
formation and stress cycling. The changes in the material are detected and followed by
means of the measurement of ultrasonirc attenuation and velocity. These measurements
are made by pulse echo methods in the very low megacycle range of frequencies, A
discussion of the earlier work of this type is given in several articles (1)(2)(3){4)
particularly in articles (3) and (4) which are concerned with attenuation and velocity
effects observed in the very early stages of stress cycling between one and 107 cycles.

An explanation of the observed effects was also provided in these reportss
The present report is concerned with the following topies:

I. Discussion of Measurements and Results Related to the Ultrasonic Attenuation
and Velocity Data on Aluminum Single Crystals as a Function of Deformation
and Orientation.

II. Discussion and Results Related to the Ultrasonic Attenuation and Velocity
Data on Sodium Chloride Single Crystals as a Function of Deformation and
Crientation.

ITI. Stress Cycling

IV. Description of Autcmatic Recording Velocity Measurement System.

Manuseript released by authors February 1962 for publication as an ASD Technical
Documentary Report.



I. Discussion of Measurements and Results Related to the Ultrasonic Attenuation
and Velocity Data on Alumimmm Single Crystals as a Function of Deformation and
Crientation.

The- fellowing account of ultrasonic attenuation and velocity measurements
carried out during tensile deformation of high purity single crystal aluminum samples
shows, among other things, the close connection between dislocation damping and the
easy glide mechanism. Stress-strain measurements made concurrently with atienuation-
strain and velocity-strain measurements show from their orientation dependence how the
operation of four, six, and eight glide systems affects the dislocation damping hence
the attenuation and velocitv.

The work described shows how ultrasonic measurements of this type may be used
to study the details of slip mechanisms.

Experimental Procedure

The material used throughout this experiment was alumirum 99.995+% pure. Single
crystals of 3/8" square in cross section and about 12" long were grown in this labora-
tory using a graphite boat and pre-oriented seeds. These were so oriented that the
long axis of the crystal coincided with the following crystallographic directions

100) ’ <110> . < and "( 0.5) ", Here, "(0. 5) ® orientation means that one of
the twelve possible glide systems of the face centered cubic crystal is inclined 45
degrees to the rod axis, so that when the specimen is stressed along that axis, the
maximum resolving shear factor of 0.5 is obtained.

Single crystals thus obtained were cut slightly longer than 5 inches in length
and glued into a steel holder 5 inches long and with a groove 3/8 inch square along its
axis. Since the end surfaces of the holder are made parallel to each other and per-
pendicular to its axis, the end surfaces of the single crystal can be finished par-
allel and perpendicular to this axis when the excess length of the crystal was removed.

After polishing the end surfaces, the specimens were annealed at 550°C for
three hours. Then the specimen was glued into specially designed grips of the testing
machine, using Aralite (trademark of CIBA), without tightening or squeezing so that
deformation prior to the test is avoided. The grips and alignment of the specimen
are shown Schematically in Figure 1.

The specimens were deformed in tension at room temperature using an Instron
table model testing machine, The speed of the crosshead movement was 0,002%/min,
throughout the experiments.The load was measured by a load cell and recorded as a
function of time. The elongation of the specimen was measured by three dial indicators
reading to 0,.0001" per division. These indicators were arranged in a way shown schem-
atically in Figure 2, These indicators are this way in order to detect and compensate
bending deformation and in order to obtain total length change of the specimen in-
stead of elongation hetween grips, because the velocity change due to deformation



was measured by the change in delay time required for ultrasonic waves to make one
round trip of the total specimen length.

Changes of attenuation and velocity were determined by the pulse echc tech-
niques The diameter of the transducers used was 0.35 inchesy The transducers were
mounted on one end of the specimen using Wonaq (Fisher Scientific Cos)} as the bond-
ing agente Simce the<okange of the attenuation due to deformation was unusually large,
the ordinary method of measuring attenuation, i.e. matching an exponential decay
curve to the echoes, could not be used. Instead, the change of amplitude of the first
echo was traced and recorded automatically throughout the deformation process, The
velocity change was determined from the measurements of the delay time change of the
first echo, together with the measurement of the elongation mentioned above

Instrumentation for these measurements was set up as shown in block diagram
form in Figure 3. Attenuation changes were plotted out over a 40 db range by using the
attenuation readout adaptor(”) (AARA-T) in a slightly modified configurations This
unit was initially designed to sense the relative change in amplitude of any two ultra-
sonic echoes. Since the second and all succeeding echoes disappear with lncreasing
strain in this particular type of experiment, it became necessary to introduce an
artificial constant amplitude echo and to measure change in attenuation of the first
echo with respect to this., The delay trigger output from the Mk XVIIT attenuation
measurement unit was used as the artificial echo. The AGC system was disabled in
this configuration. To obtain greater than 20 db dynamic range a stepped attenuation
was inserted in the receiving system at the input to the I.F. strip. At the beginning
of an experiment the attenuation in a typical sample was low enough to allow the inser-
tion of 40 db loss in the receiving system. The AARA-I was used on the 10 db scale,
When the attenuation in the sample had increased 10 db in the first round trip, 10 db
was removed from the path. This could be done 4 times plus the 10 db range of the re-
corder therefore a total change of 50 db could be plotted. Changes in round trip time
in the sam%le were obtained from the Velocity Readout Adaptor (VERA-I) as indicated in
reference (4), The first echo was necessarily used for this purpose since all later
echoes subsequently disappear during an experiment, The amplitude of this first echo
is maintained at a constant amplitude by manually adjusting the continuously variable
60 me/sec atteruator. It is necessary to do this since the velocity Readout Adaptor
is sensitive to input amplitude,

Experimental Results
a) (0. 5> orientation

Figure j shows the relationship between stress, attenuation change and frac-
tional change of velocity against the strain, for 10 MC shear waves, The polarization
of the transducer was so oriented that the particle displacement of the vibration was
perpendicular to the projection of the primary glide direction into the end surface,
as shown in Figure j. That is, the particle displacement of the vibration does not
have any component in the primary glide direction.



After the initial rise (stage A) the stress-strain curve clearly indicates
the existence of easy glide for approximately 0.2 % tensile strain stage B, followed
by stage C*. The corresponding attenuation change (the difference between the atten-
uation for any particular strain and the initial attenuation at zero strain) is very
similar in shape to the stress-strain curve; that is, after an initial rise, the atten-
uation stays almost unchanged during the easy glide region and then starts to rise and
keeps increasing steadily in stage C.

The corresponding velocity change is defined by
sV _ VE) -V
V v

where V is the initial velocity before the deformation and V) is the velocity for a
particular strain**, As shown in Figure }, the velocity increased slightly at the be-
ginning, remained practically unchanged during easy glide and then decreased rapidly
in stage C.

The behavior of longitudinal waves is different. A4s shown in Figure 5, the
attenuation increases quite rapidly with increasing strain, from the beginning of the
deformation, and does not exhibit any special characteristic associated with easy
glide. The corresponding velocity change is also different from the shear wave case;
after a slight increase in the beginning, it tends to decrease immediately, again
without any observed relation tc the easy glide.

b) Symmetrical orientations.

The experimental results obtained with 13 MC longitudinal waves for < lOO) s
< 111} , and 110> orientations are shown in Figuyre 6, Figure 7, and Figure 8 re-
spectively. The results on 10 Mc shear waves for { 100) and <rlld> orientations
are shown in Figure 9 and Figure 10 respectively. No measurements could be made with
shear waves propagatsng along the 111;) direction, because of a complicated decay
pattern.

*C is used to designate the portion of the stress-strain curve that follows easy
glide, without reference to a specific strain hardening mechanism.

**This “% should be distinguished from the theoretical fractional velocity
change derived from the expression (2) given in the discussion section, because

the theoretical velocity change is the difference between the purely elastic velocity
at infinite frequency and the measured velocity at any given strain or frequency.



For all these cases, the attenuation increases rapidly from the start of the
deformation, and the velocity change shows a definite maximum at around 0.02 ~-- 0.1 %
strain, The location and the size of the maximum vary for different orientations.

Discussion of the results

The experimental results reported above definitely suggest that the measured
changes of attenuation and velocity are associated with dislocation motion, It is
therefore of interest to try to interpret the present r?sults in terms of the dis-
location damping treatment given by Granato and Lucke(5 + These authors show that the
damping of a specimen containing dislocations is described by the logarithmic decrement

& ,given by
d (1)

w
WY +(wc1:)ij

Since the motion of the dislocation lines produces a strain in addition to the elastic
strain, the apparent modulus C is lower than the true modulus G_, by an amount AG ,

given by
2 2
A . D AW (W — Y
- = Y/ 2.
Go /-(“)ol- W*) ’(&JC/ )j
In the above expressions, the symbols have the following meaningse Total length of

movable dislocation line per unit volume _A, , lattice parameter fL. , circular fre-

‘quency t) , Poisson's ratio ¥ . Agwm l{(l—)))/”l- d‘gB/A, the dislocation mass pe;?"?
/3

A = ﬂA.A’P{L [-EJ_:_

(2)

unit length As 77’)0 z y damping constant B, density » Burgers vector b, ”’Hea7l).
, C= 26O AT -) - a),-.-.%_ , effective length of dislocation loop Le',

orientation factor. . e

Since the attenuation O( measured in db//u_sec is related to the logarithmic decre-

ment f\ by
o = F65x /107 92) A

equation {1) can be rewritten as follows:
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The values of A, B and C will be considered constant for the material, and

the frequencies of the experiments are fixed at 10 MC or 13 MC, thus the attenuation
increases with increasing {3 , J\ and Le . For a sufficiently small amount of deform-
ation it can be assumed that(} and/\ remain unchanged, and most of the changes in
attenuation and velocity are due to the increase of loop length Le +» For such a case,
the attenuation and velocity change are plotted against W"/U)\ in Figure 11. Here,
the atimnuation and fracgional velocity change are normalized to their maximum values,
and the valus ($,)2 = 10 , is used. 5ince the resonant frequency Weo is related to

the loop length L, by
Wo = HL/LQ

the increase of L, corresponds to the decrease of%in Figure 11, From this figure,
the experimental results on the increase in attenuation as well as in velocity can be

explained if the value of before the deformation is in the range between one {where
the maximum takes place in the of —=€P%)curve) and & 30 (where the minimum takes
place in the ﬁv/v — W curve). thermore, from the previous condition it is

possible to estimate the upper and lower limits of the loop lengthcfor which an increase
in both attenuation and velocity can be cbserved. Figure 12 shows the limits of locop
length against the frequency for two different walues of B, For the frequency of 13 MC
used in these e iments the limits of the loop length given by this estimation become
3.2 X 10™ cm¢e 8 X 10-Jem, which is reasonable for the purity of the aluminum single
crystals used in this experiment.

Thus the increase of the attenuation as well as the velocity in the early stages
of deformation can be explain?d. Furthermore, this consideration provides the explanation
for the previous experiments 6) where no velocity increase was observed. In those ex-
periments, less pure aluminum polycrystals were used as specimens and the ultrasonic
frequency was 5 MC, Under these conditions, the loop length would be smaller than the
lower limit derived above, and a velocity increase effect could not be observed,

The expansion of loop length is limited, for as soon as sufficient dislocation
multiplication takes place, the dislocations in different glide systems intersect each
other and cause a shortening of the loop length. Therefore, there is a maximum in the %
deformation curves. As can be seen from the expressions (2) ynd (3)‘ AV/V is mMore sensitive
to the change of@Whor loop length, in the range of e/of € d/u) , than the attenua-
tion eof is. Therefore, the attenuation continues td' increase because of the increase
of dislocation density even though the velocity decreases.

The location and the size of the maximum in the A%- deformation curve should
depend on how soon,in the deformation process,sufficient intérsections take place, It
is natural to assume that among the three symmetrical orientations, sufficient inter-
section takes place earliest in the (100) orientation, next in the (].'.Ll) orienta-
tion, and then in the ¢ 110D orientation, because the ¢ 100) , the ¢ 111) and ths

110) orientation have 8, 6 and 4 equally favored glide systems respectively*.

* For these orientations the resclved stress is zero on the remaining of the twelve
possible slip systems.



As shown in Figure 13 vhere the fractional velocity changes AW are plotted against
the resolved shear strain, the location and size of the maxima are exactly in the order
predicted from the crystallographic orientation considerations mentioned above.

As the deformation increases, the assumption that {) and ) remain constant
becomes less and less valide As soon as the dislocation multiplication becomes appre-
ciable the distribution of dislocations on each glide system changes. Therefore the
orientation factor*(}) , which depends on the crystallographic orientation of the spec-
imens and the modes of the ultrasonic waves used, is alsc a function of deformation.
However, the -change of{L as a function of plastic strain cannot be computed without
further assumptions about the details of dislocation multiplication.

Figure 14 and Figure 15 show the comparison of the attenuwation change for the
symmetrical orientations obtained at 13 MC longitudinal waves and 10 MC shear waves
respectively., The difference in attenuation change with strain for the three symmet-
rical orientations can also be explained qualitatively on the basis of differences in
the change loop length. As mentioned above, sufficient dislocation multiplication
causes a shortening of the loop length, and, for larger deformations, the value (§%® )<
approaches the value (%}). As can be seen from the expression (3), the attenuatIon
becomes more sensitive to the change of loop length in the range of (“Waly ¥ {w) .
Moreover, the loop length, at a given stage of deformation, is expected to be largest
in the €110) orientation and smallest in the {100) , with intermediate values in
the ( 1].1) orientation, thus the difference in attenuation change is also expected
to be in that order. This is indeed found to be the case as shown in Figure 15 and
Figure 160

In the case of < 0, 5) orientation, the marked difference in the attenuation
change between shear waves polarized perpendicularly to the primary slip direction,
and longitudinal waves, can be understood in the following way: the < 0.5 arientation
is such that only one of the 12 possible {_lll <110> glide systems has the maximum
regolved shear factor of 0.5 and the rest of the glide systems have smaller resolved
ghear factors. For such an prientation the onset of macroscopic flow is usually attri-
buted to rapid dislocation multiplication which is confined essentially to the primary
slip system. This corresponds to the easy glide region {stage B} in the stressastrain
curve. The termination of easy glide is thought to coincide with the stress values
for which substantial dislocation multiplication begins to occur in at least one add-
itional slip system, on which dislocations have to travel through the forest of dis-
locations already developed in stage B. This corresponds to stage Ces Sirice the shear
wave is so polarized that the particle displacement of the vibration has components
along all the glide systems except the primary one, the shear wave does not "see® the
glide motion of dislocations in the primary glide system. Therefore, in the easy
glide region, attenuation of the shear wave does not increase. However, in stage C,

* Originatly derived on the assumption of an isotropic distribution of
dislecations.



the shear wave begins to detect the effect of additional dislocation multiplication
in secondary slip systems, in all of which there is a component of vibrationgl die-
placement. This is reflected in a rapid increase in the obswrved attenuation.
Longitudinal waves, however, have components along all the glide systems including
the primary one., This explains the experimental fact that the attenuation increases
quite rapidly as a function of strain, from the beginning of the deformation, with-
out any relation to the easy glide.

As far as the authors are aware, this is the first experimental sspgration
of the effects of primary and secondary glide systems during plastic deform-
ation of face centered cubic single crystals.

Copelugions

It is shown that the changes of ultrasonic attenuation and velocity in single
crystals of aluminum due to plastic deformation, are very sensitive to the orientation
of the crystals. For symmetrical orientations, the change of attenuation decreases
with the reasing number of equally favored slip systems; i.s. in the order ( 110)
( Jll) ’ (130) having 4,6 and 8 equally favored slip systems respectively.

In the case of( 0.5) crientation, the chbange of shear attenuation clearly
shows the easy glide phenomenon when the polarization direction is appropriately
oriented, while the longitudinal wave attenuation increases, without showing any char-
acteristic connected with easy glide.

The velocity increases slightly in the beginning of deformation and then tends
to decrease, that is the A N-defomation curve has maximum, The location and
size of the maximum also depend on the crystallographic orientation, in the same way
as in the case of the atteruation change.

The increase in velocity as well as attenuation in the early stages of deform-
ation can be explained on the basis of the dislocation damping treatment given by
Granato and Lucke, if the loop lengths of the dislocations, before the deformation,
are larger than 3.2 x 10~ 'cm, taking the damping constant B equal to § x 10-% .



II. Ultrasonic Attenuation and Velocity Data on Sodium Chloride Single Crystals
as a Function of Deformation and Orientation,

In the course of the study of dislocation pinning and unpinning that occurs
during deformation and during recovery after deformation,it has become apparent that
any property of the solid related to dislocatipn changes is worth investigating because
there are a sufficiently large number of variables so that really definitive experiments
require several kinds of measuremsnts. It is for this reason that we have been convinced
that it is desirable to compare the deformation of metallic crystals (aluminum) with
the deformation of ilonic crystals.. Ionic crystals exhibit large changes in electrical
conductivity during deformation. This increase in conductivity disappears in about
twenty minutes at room temperatures The point defects are assumed to be associated
with both conductivity changes and dislocation pinning hence damping changes. Since a
dislocation acts as a source of point defects during deformation and as a sink for
point defects during recovery it is certainly worthwhile to examine the connection
between the concentration of point defects, as shown by conductivity measurements, and
deformation as compared with attenuation and velocity changes.

In addition to conductivity changes there is a ®charge effect® in the deformed
sodium chloride in which there appears to be a charge associated with disleeationse.
When the dislocations move the charge effect can be observed at the surface of the
sample,

In the defermation experiments carried out in our laboratory the specimens were
in the form of rods 3/4 inch in diameter and 4 1/2 inches long (Harshaw Chemical Co.).
The orientation of the samples was such that their axis coincided with a (100) direction
of the crystal, The surfaces of the rod specimen were polished with water for the pur-
pose of inhibiting the formation of cracks during deformaticn.

The specimens were mounted in grips of the Instron Tensile testing machine, and
the measurement of attenuation and velocity was carried out in the same way as with the
aluminum samples except that with NaCl the sample was glued into the grips with Stycast
2651 (Emerson and Cummings, Inc.)s The reason for the difference in the epoxy resins
was simply that NaCl could be taken out of the grips by disolving the sample and this
could not be done with aluminum hence with the aluminum samples the glue had to have a
solvent and with NaCl it did not. Stycast is stronger than the resin used for aluminum
but Stycast has no solvent. With NaCl the transducer used was one half inch in diameter.

The results of the deformation of sodium chloride are shown in what follows,.
Figure (17) shows the dependence of stress, attemnation change, and fractional velocity
change on strain for 10 mc/sec compressional waves.

The attenuation and velocity results are quite similar in form to those obtain-
ed with aluminum single crystals. The attenuation increases with strain and the velocity
change has a maximum at about 0.1% strain although the actual change in LQ%AV from
zero strain to 0.1% strain is much smaller than it is in alumirmm,



Recovery experiments have been carried out where the load remains on and where
the load has been removed. Attenuation and velocity measured as a function of time
with and without load are shown in Figure (17). Recovery with the "load on"
was measured with constant strain at 0.565% (curve A). Curve B is that for the frac-
tional veloecity change during recovery at constant strain (with load). Curves C and D
are those for attemuation change and fractional velocity change, respectively, under no
loade

The general form of the attemuation recovery, with or without load, is similar
to that of the aluminum single crystals. On the other hand there are marked differences
between the two types of wvelocity behavior for aluminum and scdium chloride. 4s seen
in Figure {17) (curve D) the velocity initially does not change whereas in curve B there
is a sharp drop followed by an increase approximately back to the starting point.

Neither of these two types of recovery behavior has been found in aluminum. The recovery
behavior in sodium chloride appears at present toc be very different from that observed
in aluminum,

Following recovery, that is seventy two hours later, the sodium chloride sample,
faor which the recovery has been shown, was Peloaded until it broke at 1.39% strain.
The stress-strain curve and the attenuation-strain curve are shown in Figure (18). The
attenuation continued to increase with strain and without sign of a maximum until frac-
ture occurreds

This work on sodium c¢hloride has been started recently and relatively little
data is available thus far. It is intended that measurements of conductivity and
surface charge will be made as well as attenuatione~strain and velocity strain measure-
nents.
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111, Discussion of Preparations For Siress Cycling Single Crystals

Preparations for cyclic fatigue tests of single crystals of aluminum have pro-
gresseds This work has involved necessary changes in the cycling mechanism which
consists of a servomechanism controlled universal testing machine and a programming
device. A new load cell of the necessary low capacity for these tests has been installed
and the required changes in circuitry made. A suitable amplifier and extensometers
have also been provided to permit stress-strain recording. Three different avenues of
approach have been under exploration for providing the desired triangular shaped cyclic
load pattern in order to produce a more accurate loading cycle than previously achiev-
ed, There are problems of linearity and response rate, especially at the abrupt re-
versal in loading rate, with each of the three methods. None of these has been found
to be entirely satisfactory.

The three methods are:
1. A mechanically cycled elastic member containing resistance gages to provide
the required modulated cycle for programming the machine.

2. A clock motor-driven, continuously-rotating potentiometer with associated
electronics,
3. A commercially available electronic function generator,

Provision of suitable grips to hold the single crystal specimen in the testing
machine without introducing undesired bending or clamping stresses is a different
problem. The first design of these grips has proven to be unsatisfactory, and a second
design incorporating features which will permit better adjustment of alignment has been
prepared.

As this report is written the equipment in question is very nearly ready to
try out on cycling a single crystal of aluminum.



IVs Description of Automatic Recording Velocity Measurement System

An automatic recording velocity measurement unit has been developed and while
a vworking model of the full unit is not yet in operation, various component sections
of the unit have been tested. This unit will make it possible to record changes in
round trip time of ultrasonic echoes. The unit has been planned to be practically
insenditive to changes in repetition rate, pulsed oscillator jitter, pulso amplitude
and rise time, and to changes in sample attemuation. One nanosecond (10~ ) changes in
round trip time may be observed with a probable accuracy of + 5%« It is expected
that changes in time of 0.1 nanosecond (10710) will be observable. Expected accuracy
for the measurement of 10 nanoseconds or greater is + 1%, It is planned to make patent
application for this device.
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Figure 10.

Stress And Shear Wave Attenuation As A Function Of Total Strain
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Figure 13.
Longitudinal Wave Velocity Change As A Function Of Shear Strain For The Orientations Indicated
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