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ABSTRACT 

A model based on the activation of dislocation sources has been developed 
for predicting the effect of microstructure on act-ustic emission. The model 
predicts a minimum dislocation srorce length and slip distance below which no 
emission will be detected. Experimental results obtained on various metals 
and alloys having different microstructures substantiate the model. The 
effect of grain size on the acoustic emission from 99-9%  aluminum and 99-9^ 
copper suggests that macroscopic yielding in these metals occurs with the 
help of dislocation pile-ups that have been held up by grain boundaries and 
that the emission results from the activation of dislocation sources near the 
grain boundaries. Experimental results obtained under conditions of very low 
background noise level show that some metals produce acoustic emission when 
the applied load is removed. The amount of emission that is observed corre- 
lates with the magnitude of the Bauschinger effect in the metal. In those 
metals that show an "unload" acoustic emission effect there is the possi- 
bility of using it to investigate the magnitude of the residual stress in a 
specimen. Creep and fatigue phenomena can also be studied by the use of 
acoustic emission. However, for high strength materials the very low signal 
level for any events other than those associated with the final propagation 
of a crack make it difficult to obtain significant data that are useful for 
the purpose of predicting fatigue or creep life. 
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INTRODUCTION 

If there is an abrupt relaxation of either localized or long-range stresses 
within a solid material, strain waves are produced in the material that can be 

detected by means of a sensitive piezoelectric transducer attached to it. The 

noise that is produced is referred to as "acoustic emission." Most solid 

materials produce acoustic emission when they are loaded in tension and the 
following mechanisms have been suggested as sources of emission: the slip o. 

dislocations, twinning, crack nucleation, and crack propagation. 

This investigation is concerned with acoustic emission that originates 

from dislocation motion. This type of acoustic emission is usually one to two 
orders of magnitude less intense than the acoustic emission that results from 

crack propagation. An understanding of the acoustic emission resulting from 
dislocation motion in important because most plastic deformation of metals 
involves dislocation motion. Furthermore, all metals that fracture in a 
ductile manner will simultaneously deform plastically by means of the slip of 

dislocations. Hence a dyneunic technique for studying dislocation motion offers 
the possibility of being a useful tool for investigating or monitoring deforma- 
tion and fracture in metals. 

If acoustic emission is to be used to monitor deformation and fracture 

processes it is important to know the effect of microstructure parameters on 
the acoustic emission process since the amount of dislocation related emission 
produced at any given stress level depends on the microstmcture of the mate- 

rial. Parameters such an  grain size, dislocation density, and the size and 
distribution of second-jhase particles have been found to be important. 

Theoretical models have been developed for explaining acoustic emission 
on the basis of dislocation motion and experiments have been performed to 
verify the models. 

The acoustic emission also depends on whether or not a specimen had been 

previously loaded. Generally, a specimen will not give off ajoustic emission 
until it has been stressed to a level that exceeds the previously applied 
stress. This characteristic is known as the "Kaiser" effect. 

In some circumstances it is possible to observe acoustic emission when 
an applied stress is removed from a test specimen. This phenomenon has been 

observed in magnesium, a Cu-T.9^ Al alloy, 70-?0 brass, and several other 
materials. The effect appears to correlate with the magnitude of the Bauschlnger 
effect in these materials. 

The magnitude of the acoustic emission obtained on removing an applied 

stress depends on the magnitude of the applied stress, as well as on the type 
of material and its microstructure.  Hence a measurement of the unload emission 



offers a possible method of determining the residual stress level in a specimen 
that shows this effect. A m.-Jel has been developed for this technique but 
the application to a practical situation is probably limited to one in which 

a simple stress state is involved. 

Acoustic emission occure during fatigue and creep in metals. Prior to 

crack nucleation the emission is of low level and due, at least in part, to 
dislocation motion. Various investigators have reported the results of tests 
in which acoustic emission has been monitored during fatigue or creep.'1"5) 

Fatigue tests were planned for 7075-T6 aluminum, 6A1-UV titanium, and 
D6aC steel. Excessively high extraneous noise levels in the Research Incorpo- 

rated 50,000 lb programmable fatigue machine on which it was planned to run 
the fatigue tests prevented completion of this phase of the effort. 

A creep test was carried out on a 99.99^ aluminum specimen at room temper- 
ature in which acoustic emission was observed during each of the three stages 
of creep. IVo creep furnaces were set up for testing the 7075-^6 aluminum, 
6A1-UV titanium and D6aC steel at temperatures and time intervals for which 
significant creep occurs in these alloys. Technical difficulties with external 

noise of unknown origin which occurred over extended periods of time made it 
impossible to obtain satisfactory data. 

If acoustic emission is to be used as a nondestructive testing technique 

it usually requires that a stress be applied in seme way. Furthermore, it is 

frequently desirable that this stress be applied so as to create as little 

extraneous noise as possible. Several methods for doing this were explored 

during the program. These are discussed in Section III. 

/ 



II.     THEORETICAL CALCULATIONS 

A.     A MODEL FOR DISLOCATION-RELATED ACOUSTIC EMISSION 

In order to explain the sensitivity of dislocation-related acoustic emis- 
sion to microstructure a model proposed by Agarwal^0'  has    been developed fur- 
ther and verified  experimentally.    This model  is based  on the activation of 
dislocation sources and  the subsequent shutting off of the sou-ces by the bac't- 
stress of piled-up dislocations.(^)    The model  is based  on the assumption that 
below certain limits of free dislocation line length and dislocation glide dis- 
tance there will be no detectable emission.    These limits are determined by the 
strain sensitivity of the detection system,   i.e.,  the minimum displacement P.mln 

at Che surface of a test piece that can be detected by a piezoelectric trans- 
ducer.    This can be calculated from the following equation, 

Bmin    "    ^F (1) 
nan g,T

E 

55 x 

where Vmin is the voltage corresponding to the background noie<- level of the 
system, g,, is the piezoelectric stress constant of the transducer material,  and 
Ejj is the elastic modulus of the transducer material. 

For the equipment used in this study V . = 10 microvolts, g,, = 2U.k x 10"^ 
volt meter/newtcm, and ^ = 5.85 x 1010 newton/n>eter?; hence the minimum detect- 
able displacement is 

10 microvolts  _ _      ,^-15 
6 (       = —    =    7.0 x 10      m 

miTl        2U.Ux in"5, 5.85 x 1010 

In an aluminum specimen of 0.C76 m (J.O in.) deformed length,  the average 
strainc corresponding to this detectable displacement is 

-   -W.   _    7.0 x ID-^m    a    M x 10.1U 
length 0.076 m 

If the probable losses in the system are considered, the mlnimun- detectable levels 
of strain are pr-jbably one or two orders of magnitude larger. 

The shear stress n required tc activate a dislocation source of initial 
length f la given by(°' 



where [i  is the shear modulus of elasticity and b is the Burgers vector.  Equa- 
tion (2) represents here an average value for a combined edge and screw dislo- 

cation and is considered as being representative of those dislocations that 
can act as sources. 

The number n of dislocations in the double pile-up that would be expected 

from a source that has been shut off by the back-stress of the piled-up dislo- 
cations has been shown to be(9J 

= (l-vJLj ^ (l-v}L . j 
Ub   -   f K?J 

where v is Poisson's ratio and L is the total width of the pile-up.  If the 

average glide distance of the dislocations in the pile-up is 5/U(L/2), the 

tota] area A8 swept out by n dislocations will be more than nn ()L/8)
2 but 

less than n «(1/2)2; the latter value will be used in the calculations that 
follow. Thus if 

A 
s 

n n (9 
then by the use of Eqs. (2) ana (5), 

•. - «^ W 

Assmre that a tensile stress is applied axially to a simple cylindrical 

«•, ecimen of cross-sectional area A.  For any given externally applied stress, 
t nose crystals that will first be subjected to slip will have nearly identical 

orientation to provide the maximum resolved shear stress for slip.  Thus, 

those crystals that are subject to early slip can be treated in the same man- 

ner as a single crystal of total slip area As. Consider a slip system whose 
normal to the slip plane makes an angle ♦ with the applied tensile stress and 
whose slip direction lies at an angle \ to the applied tensile stress. The 
shear displacement bB  at the end of the specimen that results from slip over 
an area As is 

bA8 
6 
■ (A/cos (p) 

The axial displacement Ba is therefore 

6      ■    6    cos \ 
a ■ 

If v - 1/3» and the value of com?  cos\ in the case of (111) [110] slip 
in aluminum is assumed to be I/', then by the use of Bq. (U) the axial dis- 
placement at the end of an aluminum cylinder that results from the activation 
of a dislocation source is 



6* = läTF ^ 

where b Is Burgers vector for aluminum, L is the slip area diameter, f is the 

dislocation source length, and A is the cross-sectional area of the specimen. 
If Eq. (5)  is combined with Eq. (1) for the minimum detectable strain, the fol- 

lowing relatioi ship between the slip region diameter L and  source length f, both 
in meters, is obtained: 

L3 = (U.1? x 10'9 m2) f (6) 

-6 
The constant In Eq. (6) is baeed on a specimen area A of 31.7 x 10  sqm (0.0^9 
in.^) and a value of 2.86x 10"-^ m(2.86 Ä) for the Burgers vector of aluminum. 

Figure 1 shows a plot of Eq. (6) on a log-log coordinate graph.  It defines 
the minimum slip region diameter L that, with the equipment used and no attenu- 

ation, will give detectable emission for a source of length f in an aluminum 

specimen whose area is 51.7 x 10"" sq m. Any values of L and f below the solid 
line will not oe detected in the system that has been postulated. 

There are certain limitations on the ratio L/f. This places further limits 

on the possible values of L and f. The length of a dislocation line that is 
free to move is limited because of pinning either at the nodes of the disloca- 

tion network or because of local defectt such as lard particles. Thj maximum 

possible glide distance fo- dislocations that are expanding out from a source is 

also limited. If fine particles limit t'.ie glide distance to the order of lOf, 

then L/f ■ 20. If the Frank network limits the glide distance, then L/f will 
probably be closer to unity. A reasonable maximum value of L/f would be 20 for 

the strains considered here. These strains are well below those corresponding 

to the engineering yield stress. The solid lino in Figure 1 provides a lower 
boundary for detectable emission and the line L = 20f provides an upper boundary 

for plausible slip systems that may operate in the microstrain region at stress 

levels less than macroscopic yielding. The area bounded by these lines in Figure 

1 is therefore the region where slip can be detected by acoustic emission with 
the specimen size and tnoisducer sensitivity th-'   ft  been assumed in develop- 
ing the model. The graph indicates that no ar astlc emission should be detected 

from sources having lengths of less than abou 9 I Iff*  m (O.^M)* 

B.  EFFFfT OF GRAIN SI7.F ON DISLOCATION MOTION DURING MICROSTRAIN AND MACROSTRAIN 

The plastic strain that metals undergo can be described as either micro- 
strain or isnc rostra In. Strains of about !> x 10"1* nark the general point at which 

the transition from microplastic to macrostrain behavior occurs 

There is considerable uncertainty as to what mechanisms operate during the 

microstrain regime and how Important grain boundaries are as dislocation obstacles 
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during mlcrostrain.  It is not known whether microstrain proceeds as the result 

of the movement of mobile or loosely pinned dislocation segments,' ***' or by the 
activation of dislocation sourceu, or possibly both.  The acouctic emission 

technique offers the possibility of providing some information concerning the 

processes involved during mlcrostrain and the transition from microstrain to 

macrostrain. 

In particular it is observed that the acoustic emission produced during 

mlcrostrain is at a low-level and xn the presrnt study involving 99«99l)t alumi- 

num it is independ.-Tit of grain size.  This supports the theory that the pinning 

and unpinning of dislocations is a possible sourc of acoustic emission. 

The onset of macrostrain coincides with yielding and the amount of acoustic 

emission Increases abruptly. On the basis of observed dislocation densities in 

99.99^ aluminum, it would be possible to obtain only O.Vf,  to O.?^ strain without 
the occurrence of dislocation multiplication. However, the observed rate of 
t •' istic emission in 99.99^ aluminum is roughly proportional to strain up to 
strains of ?^, and the proportionality factor is strongly dependent on grain 
size. Hence, dislocation multiplication provldec a good explanation as to the 

source of the acoustic emission. 

A model for mlcrostrain has been suggested by Bilello and Metzger/ 
They envision that mlcrostralnlng proceeds in the following manner. Potentially 
mobile dislocation segments have a uniformly distributed activation stress 0., 

ranging from n at the onset of mlcrostrain, to Oj at the end of the mlcrostrain 
range. The glide distance <m of an activated segment Is proportional to(oA-a0). 
It ir assumed that there are NT potentially mobile dislocation segments per unit 

volume. Each stress Increment do^ activates a fraction, (o^-ao/oj-Oo), of the Nj 

sources, and the glide distance is given by 

... ^i rr 

where lj is the maximum glide distance at the end of the microstrain range. 

Thege assumptions lead to a relationship in which the mlcrostrain is proportional 

to the applied streai. 

Experimental data obtained by Bilello and Metzger^11^ on 99.99^ CM  verify 
this relationship in the mlcrostrain range and show that the «train is indepen- 

dent of grain size. 

Mlcrostrain therefore ends when a substantial fraction of the primary seg- 

ments undergo forward motion, and an overlapping of clear zones of adjacent seg- 
ments occurs. Thus, the end of the microstrain range occurs at a strain that is 

dependent on initial dislocation density. 

the  theoretical strength of a grain boundary depends on the mechanism by 
which dislocations are envisioned to cross the boundary. Itiese mechanisms are 



(12) 
dlecussed by Llv  ' who showa h<M  they explain the rather universally valid 
Fetch Equation, 

o - o0 + Ki'
1/2 (8) 

where K Is the "Fetch slope," / Is the grain size, and a Is the yield stress. 
The value of K Is given by Hall and Fetch as 

a^bi I 1/2 
(9) 

where o^ Is the strength of a grain boundary, i- Is the pile-up length, b Is 

Burgers vector, p Is the shear modulus, and v Is Folsson's ratio.  If the as- 

sumption Is made that / = //? or some other fraction of f, then K Is not a 

function of grain size. 

A mechanism proposed by Cottrell^' suggests that slip In one grain Ini- 

tiates slip in a neighboring grain. Suppose that a dislocation pile-up is held 
up by a grain boundary. One can than envlsirn a Frank-Read source located a 

distance f8 from the boundary in the nieghborlng grain exerting stress n    across 
the boundary. The following relation for K Is obtained: 

I ■ *p(i8)
1/2. do) 

This is In < onformlty with one interpretation^'' of the Fetch equation which 
postulates   that yielding occurs in a polycrystal when the stress at the head of 
a pile-up b-cotnes large enough to activate a hypothetical Frank-Read source in 
the neighboring grain, a distance lg from the grain boundary. 

The effects of grain boundaries and other mlcrostructure parameters on 
acoustic emission nave been studied experimentally in this Investigation.    The 
results of this effort dhow that at the onset of macrostrain (yielding)  there 
is an abrupt Increase in acoustic emission as well as strain.    The effect on 
acoustic eodssion Is strongly grain size dependent in 99*99^ aluminum.    This is 
consistent with a dislocation source activation model in whish the dislocation 
glide distance 1« limited to the size of the grains.    In age hardened materials 
the glide distance is limited by the size and spacing of the precipitated par- 
ticles. 

C.     A MOTEL FOR TOE DETERMINATION OF RESIDUAL STRESS BY ACOUSTIC EMISSION 

Acoustic emission measurement offers a possible method for the determina- 
tion of the magnitude of the residual stress  in materials that show negligible 



load emission but a significant amount of unload emission.  The basis for the 
method is as follows. 

The amount of emission from a test specimen is related to the stress level, 
and to the volume of material stressed. For many engineering materials, includ- 
ing steel and aluminum, the emission is found to have the following characteris- 
tics: 

(l)  On repeated loading of a test specimen to a stress below its yield 
stress the rate of emission is essentially constant and low. The tota1 emission 
produced on loading to a particular stress level is proportional to the applied 
stress, as shown in curve "o-a" in Figure 2. 

(?)    During the unloading part of the cycle the acoustic emission increases 
in an exponential manner as shown by the part of the curve "a-b" in Figure 2. 
The manner in which this unload emission might be used to determine the magni- 
tude of residual stress is as follows. 

Consider an idealized situation in which there is a region of uniform ten- 

sile stress and a region of uniform compressive stress, both of the same magni- 

tude, as shown in Figure 5. Figure h  shows the stress levels reached as a re- 
sult of applying a tensile load "F" to this specimen. Figure 5 shows the sepa- 
rate cumulative emission from sections A and B of the model in Figure 3. 
Figure 6 is a combined cumulative emission curve. 

If a large enough stress is applied to the specimen so that the section 

that was originally in compression is now subjected to a tensile stress, the 
cumulative emission curve would appear as shown schematically in Figure 7. 

Hence, in a general case it Is necersary to apply a tensile or compressive 
stress larger than the residual ttress and then to observe the shape of the 
load and the unload cumulative acoustic emission curves.  If a curve such as is 
shown in Figure 7 is obtained, the change in the slope of the load and unload 
curves will occur at the poak value of the residual stress, 



LOAD 

Figure 2. Hepested loading of a test specimen to stress Jevels below the 
yield stress results in the type of cumulative emission vs. load curve shown 

in the figure. 

F-* 

Figure 5. Simplified model for a specimen containing uniform compressive 

and tensile stresses. Region A is in tension. Region B is in compression. 

Sy 
Stress 

a,a 

Slroln 

Sy 

Figure 'i. Stress levels applied to the specimen shown in Figure 5 in order 

to obtain the acoustic emission response shown in Figure 5. 
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Figure 7« If a sufficiently large tensile stress is applied to the specimen 
shown in Figure 5 so that the region under compression is put into tension, 

a cumulative emission curve having two points of inflection should result. 
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I TU. EXPERIMENTAL PROCEDURES 

i 

i 

A!.  INVESTIGATION OF THE EFFECTS OF MICROSTRUCTURE ON ACOUSTIC EMISSION 

A detailed description of the electronic equipment is given in Ref. 19. 

Ekcept where noted, all testing was done in the 100 to 500 kHz frequency range. 
AiDunegan DRC 02 transducer was used to detect the acoustic emission. Figure 8 

shows a schematic diagram of the equipment. 

The overall background noise had an rms value of about 6 microvolts at the 

preamplifier input. The amplitude of the smallest pulse to be registered en 
the counter was controlled by setting the Jrigger level of the counter. Normally, 
a trigger level setting of 0.1 V was used for testing purposes, which meant 
that a signal had to have an amplitude of 0.1 V or greater at the counter, or 

ten microvolts at the preamplifier input to be registered. 

The load was applied to the specimen by the float and lever system shown 
in Figure 9. This was located inside an audiometric room which had a noise 

reduction capability of 60 dB for an octave band of U8OO-960O Hz. The low 
noise level preamplifier was also located Inside the audiometric chamber and 

adjacent to the test specimen so that the input lead to it is short. 

The materials tested were 99.99^ aluminum supplied by the Aluminum Company 

of America, 202U and 606l aluminum alloys, copper-7.9^ aluminum alloy, 70-50 
brass, 99.95^ magnesium, and 99.9^ copper. All these materials are of fee 
structure except the magnesium which is hep. All the samples were polycrystalline. 
The compositions of the various materials tested are shown in Table 1. 

Round specimens having a gauge section about 3 in. long and l/U in. in 

diameter were used in all tests except the grain size studies. Flat specLnens 
with a 1 in. gauge length and a l/U x l/8 in. cross-section were used in the 

grain size investigation. 

B.  RESIDUAL STRESS TESTS 

Residual stress tests were performed on 1018 steel specimens and on 606I-T6 
aluminum. The steel specimens were annealed at 950oF for three hours and the 
aluminum was tested in the T-6 condition. 

The 60bl-T6 aluminum specimens wo-e 0.5 in. in diameter k.O  in. long and 
had flat surfaces 1.5 in. long and 0.i in. deep milled on both sides.  One of 
these was tested in the "as-received" condition.  Residual stresses were 
introduced in the other specimen by bending it to an angle of about 1/2 degree 

and then straightening it. 
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TABLE I 

COMPOSITIONS OF THE MATERIALS USED 

(a)    Alunlnun and aluminum alloys 

Type Cu Fc           81             V            Zn        *>       >te         Cr Al 

99.995t 0.005      0.0OU      0.001      0.001      0.001        bal 
6061 alloy     0.25 —        0.6        1.0     0,25 bal 
202U alloy      U.5  — —        0.6     1.5      — bal 

(b) Magnesium* 

Type Al Fe jjjj Wi 31 Ca Zn        »te" 

99.95*     0.05     0.056      0.05     0.001      0.01     0.01     0.02     bal 

"The percentage impurities indicated in the table war« the maxi- 

mum allowable values.  99* 95* was the minimum gauranteed purity. 

(c) Copper-aluminum alloy 

Aluminum*   7. A* 

Copper«    bal. 

•Prepared from stock of 99« 99H purity. 

(d) 70-50 brass 

Lead 0.07 
Iron 0.05 
Other elements 0.15 
Copper 68.5 
Zinc bal 
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Three flat specimens of annealed 1018 steel were prepared bavin« a gage 
section 5/8 In. wide, 1/U In. thick and U In. long. Rectangular slots 1 In. 

long and 1/U In. wide were cut in the center of two of the speclaens. A 1018 

ateel Insert 0.0015 In. lonjer than the slot was shrunk fit Into the slot of 
one speclraen.  The slot In the other specimen was filled with an Insert that 

was 0.00e In. thicker than the specimen.  The specimen was then rolled until 
the Insert was the same thickness as the specimen.  The coopresslve stress 

produced in MM Insert in this way was reduced subsequently by plastically 

straining the main bcdy of the specimen in a standard tensile machine.  The 

stresses in the inserts were then measured by the use of strain gages placed 

on the inserts and applying sufficient tensile load so that no further change 
in the length of the Insert occurred. These tests indicated that the ccsq>res8lve 

stresses were approximately 16,000 psi in the shrunk-fit specimen and 6,000 psi 

in the rolled-in specimen. 

C.  FATIGUE TESTS 

Fatigue tests on 7075-T6 aluminum, D6aC steel, and 6A1-UV titanium were 

planned for a 30,000 lb load capacity. Research Incorporated, programmable 

testing machine using axial loading.  This machine is hydraullcally operated 

and utilited a feedback loop to control the applied load level.  High background 
noise level« on this machine made it impossible to conduct any fatigue tests, 

however. A major soiu ce of noise appeared to be cavitatlon noise in the fluid 
that activated the ram in the machine.  Various methods for obtaining acoustic 

isolation between the ram and the test specimen were attempted but not enough 

reduction of the noise was obtained to obtair reliable acoustic emission data 

in a fatigue test. 

D.  CREEP TESTS 

A creep test was performed at room temperature on a 99. 99Jt aluminum spec- 
imen in the sound Isolated room used for studyin« the effect of microstructure 

on acoustic emission.  The experimental setup is shown in Figure 9.  The gauge 

section of the specimen measured 1/8 in. x 1/8 in. and had a length of }  in. 
Ro difficulty was encountered in detecting acoustic «mission during short time 
creep (less than one hour) in this specimen. Longer creep times were not attempted 

because the primary interest was In the elevated temperature teste of the higher 

strength alloys. 

TWo conventional elevated temperature creep units were set up and instru- 
mented for acoustic rmisslon tests on D6aC steel, 6A1-UV titanium, and 7075-T6 

aluminum.  Provision was made for locating the acoustic emission transducer 
outside of the furnace containing the test specimen and coupling it to the 
specimen by means of a metal rod or bar Joined to the specimen. 

18 



E.  THERMAL STRESSING 

Several methods for inducing thermal atreaaca aa a means of producing 
acouatlc emission were tried. These vere as follows: (1) an Infrared heat 
lamp; (2) an flO W laaer beam; (3) heating a apeclmen and quenching it In an 
oil bath (taking care to avoid bubble formation); and (U) cooling by the uae 
of a localised heat sink conalatlng of a small container filled either with 
llqulrt nitrogen or « "dry l<-e" and acetone mixture.  In theae teata the acouatlc 
emission transducer waa placed at a point on the apeclmen tiat waa at room 
temperature or, In the caae of the oil bath teat, It waa placed r>n the outside 

of the wall of the tank. 

19 



IV.  EXPERIMENTAL RESULTS 

A. ACOUSTIC EMISSION BEHAVIOR OF 99- 99* ALUMINUM 

Figure 10 shews the type of acoustic emission date obtained on annealed 

99>99S aluainua. The X-Y recorder pen is autooatically reset to aero after 

every 10,000 counts.  This accounts for the appearance of the load eaission 
plot for a total count of 20,800 during the first loading.  The dashed arro*f 
(?) on the abscissa indicates the maximun stress level reached in the previous 
load-unload cycle.  The other solid arrow (t) indicates the maxinum stress 

level reached. There is a large aaount of load «nission of the high-rate type. 
The unload emission counts are very low and are of the burst type.  Figure 11 

shows stress-strain data for this material along with load and unload emission 
data. 

Only verv few load emission counts were obtained on the second loading 

when the pre/ious stress level is not exceeded: 6k  counts as compared to 
20,800 counts in the first load cycle. The load emission activity of high-rate 

type commences on loading when the previous stress level is exceeded in the 

second loading. A preload of 57.5 lb was maintained on the specimen to minimise 

emission from the interface between the specinen and the grips. 

Specimens with different grain sizes were obtained by cold-rolling as- 
received 1 in. diam bar stock by different amounts and recrystalliaing the 
material.  Eighty percent cold work followed by heating at U82*> for 2-1/2 hr 

resulted in an average grain sice of about 125M. 

Figure 12 shows the load and unload emission data for 99.991 aluminum 
for two different average grain sizeu, 125M end «baut I'M- Specimen 6(b) 
chotaed no unload emission on reloading.  Figure 15 shows the dependence of the 

unload emission on stress for these two different grain sites. 

B. THE EFFECT OF QUENCHED 11 VACANCIES ON THE ACOUSTIC EMISSION BEHAVIOR 
OF 99. 99% ALUMINUM 

TVo similar specimens of 99.991t Al were heated to 650*C for 2 hr.  One 
specimen was them quenched to -10*C in ice brine, and iomtediately tested for 

acoustic emission activity, while the other specimen was allowed to air cool 

before being tested.  The experiment was then repeated with the sane two 
specimens, except that the roles of the two specimens were switched, and the 

quenched specimen was allowed to age for 5 hr at room temperature.  The 5-hr 

aging treatment enabled the quenched-in vacancies to diffuse through the lattice 

and form vacney clusters, or discs.  These disc were probably on the order 
of 200 X in dlan., end spaced about 0.1M to 0.5M apart. ^15) 
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Figure 15. Stress dependence of the unload emission from 99.99^ aluminum 
for two different grain sizes. 
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The results of the experiment show that the acoustic emission activity is 

grossly reduced by the presence of quenched-in vacancies because of the pinning 

effect they have on the dislocations.  Tie presence of discs causes a further 
reduction in acoustic emission activity.  These dislocations effects are clearly 

observable in Figure lh. 

C.  ACOUSTIC EMISSION OBSERVED IN 99- 99f> ALUMINUM DURING LOADING AND UNLOADING 

The characteristics of the emission observed varies according to whether 

subgrains are present in the material or not.  In the specimens with lOji ot 
20u subgrains most of the emissions: observed are of the isolated "burst" type. 

The time interval between such bursts is on the order of milliseconds.  Long 

intervals of Inactivity, on the order of seconds, are observed in which no 

bursts at all occur. 

In specimens lacking a subgrain structure, the characteristics of the 

emissions are not observed to depend on grain size.  The emission seems to be 
made up of groups of bursts in which the individual bursts are -»parated by 
10 to 100n  sec.  The groups contain 10 to 100 bursts and usualJ-V reoccur at 
a fairly uniform rate.  They result in the "steps" in the high-rate-of-emission 

part of the ELE versus applied stress plots, as may be seen in Figure 15.  In 
the intervals between the groups of bursts, a segment of low-rate-of-emission 

is often observed. 

Upon unloading, very little emission is observed.  Reloading results in 

negligible emission until the previously reached load was attained; hence, 

99-99^ Al displays the Kaiser effect. 

1.  0.1 Volt Trigger Level Tests 

A series of tests was run with a 0.1 V trigger level setting to determine 

the effect of grain size on the load emission from 99- 99^ Al.  The results of 
these tests for a stress of 1500 psi are shown in Figure 16.  They show a 

maximum acoustic emission at a average grain size of about 550^.  The increase 
in emission with increasing grain size below 550pi is attributed to the increase 
in the slip distance of the dislocations in the individual grains of the material. 

The decrease above 350n is attributed to the decrease in the number of grain 

boundary sources of dislocation multiplication with the decreasing grain 

boundary area. 

Figure 17(a) shows the variation of cumulative load emission ELE with 

applied tensile stress for cold-rolled specimens of 99-99^ Al that have been 
subjected to a "recovery" heat treatment. They have subgrain sizes of 10M and 

20n, respectively. The average of the behavior of two specimens of each type 

is plot'-.eJ.  Note the diminishing rate of emission as the applied stress 
increases, resulting in a downward concavity of the plots. Similar ulots for 
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(a) as quenchtd (b) aged 5 hr (c) air cooled 

Figure Ih.    ELE vs. applied stress for the acoustic emission from 99-99$, 
aluminum is diminished by the presence of quenched-in vacancies or vacancy 

disks,  (a) A specimen which was quenched from 650oC to -10oC, then tested 
within 2 min; (b) a specimen which was quenched as in (a), then allowed to 

age at room temperature for 5 hr before being tested; (c) a specimen which 
was air cooled from 650oC. Each 1/2 in. square on the horizontal scale 

represents a 750 psi applied stress increment above a 750 psi preload. The 
vertical (ELE) scale is 10,000 counts per full scale deflection of the pen, 
or 1000 counts p3r l/2 in. division.  (The frequency range used in these 
tests was 8-15 kHz.) 
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Figure l^.  Chart recordings of stress vs. number of counts for four dif- 

ferent grain sizes ranging from 120-7!?0|i.  The various grain sizes were 
obtained by the strain-anneal technique.  Each l/2 in. square on the 

vertical scale is 100 counts. Trigger level is 0.1 V. 
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80^ and 20^ cold rolled Bpeclmens, which were recrystallired to give 650^ and 

350M grain sizes, respectively, are shown in Figure 17(b). The shape of these 

plots is typical of all recrystalllzed specimens without a subgrain structure. 
Figure 17(b) is an average of the data from three specimens of each type. Note 

the differences in the scales for Figures 17(a,b). The emission from the large 

grained specimens is about an order of magnitude greater than that from the 
small grained structures. 

2. 0.2 Volt Trigger Level Tests 

It was hypothesized that the position of the peak In the ELE vs. grain 

size curve was a function of the trigger level setting of the acoustic emission 
counter. To test this hypothesis, a series of tests was run with the trigger 
level set at 0.2 V, rather than 0.1 V, thus doubling the minimum transducer 
displacement required l~>  register a count on the counter. 

Sample chart recorder curves for four different grain sizes are displayed 

In Figure 18. The scales are Identical to those for the 0.1 V trigger level 
curves. Figure 19 shows LIE versus grain si?e at a stress of 1500 psi. Note 

that the LIZ  scale for the 0.2 V trigger level curves Is one-tenth that of 
the 0.1 V trigger level curve shown in Figure 6. 

A development of a peak is observed in the 0.2 V trigger level tests which 
differs in two notable »lys from the development of the peak in the 0.1 V 

trigger level tests. The first difference is that the peak occurs between 

UOOM and U50M grain size vs. JJJM for the 0.1 V setting. The second difference 

is that the height of the 0.2 V trigger level peak is lower relative to the 

height of the curve away from the peak. For the 0.2 V curve a decline in LlL 
with Increasing grain size beyond the ^50^ peak is very nearly proportional 
to the reciprocal of the grain diameter (D)-l. 

D. ACOUSTIC EMISSIONS FROM 99.9lt Cu 

A more limited investigation was conducted on speclmenc of 99.9Jt Cu 
to see whether a grain size effect was present In the cumulative load emission 
behavior of this metal. Figure 20 summarizes the results of this series of 

tests. A peak, the position of which appeared to be stress dependent, occurred 

at about 150M grain size for a 10,500 psi tensile stress level. At 13,500 pal, 
the peak nnved to about a 50M grain size. 

There Is a significant difference between the emission behavior of 99.9)t 
Cu and 99-99% Al. Test records show that when obtaining cumulative load 
emission versus applied stress corves for Cu there is a much larger stress 

Increment between emission bursts in 99-9%  Cu than in 99.991 Al. This gives 

the cumuiatlve load emißsion curves for 99*91 Cu a characteristic "stepped" 
appearance. 
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Figure 18. Chart recording! of number of counte ve. street for four dif- 
ferent grain sizes. Each 1/2 in. square on the vertical scale is 100 

counts. Trigger level is 0.2 V. 
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The emission from both the Cu and the Al occurs In successive groups of 
bursts. The magnitude of each burst in Cu is large at the beginning of a 

group, with the signal height declining almost linearly with tine. The linear 

decline in magnitude is in contrast to a fairly uniform magnitude which is 

seen in groups of bursts fron» 99.99!t Al. The bursts from 99.9^ Cu are 5 to 10M 

sec apart, and a typical group of 20 to kO bursts lasts about 200\i  sec, compared 
to ^00 or 500M sec for 99.99jt Al. This group-of-bursts quality probably results 
from a situation in the grains of the metal in which a localized slip event 
occurs, relaxing stresses in a region of the specimen. This highly local 

relaxation of stresses triggers other slip events in neighboring regions, 
resulting in a series of microstrain events occurring In a very short time 

Interval, and within a small volume of the specimen. Stress concen'.rations 

resulting fron dislocation pile-ups associated with the microstrain event ma> 
also play a role in the triggering of a series of events. 

E.  LOAD AND UNLOAD EMISSION BEHAVIOR OF VARIOUS MATERIALS 

Figure 21 shows stress vs. strain, load emission, and unload emission 
curves for anneal«! 6o6l aluminum alloy. Figure 22 shows load and unload 

emission curves for annealed 202U aluminum alloy. Similar curves are obtained 

for the following tnnealed materials: 70-50 br«ss, a Cu-7.9)t Al alloy, 99.95lt 
magnesium, and 99-991 aluminum, except that they dlfffer r-iantitatively.*52) 
Figure 25 summarises the unload emission data for the above materials. The 
results are plctttd vs. plastic strain because of the greater significance of 

strain as far as dislocation notion is concerned. The  scatter in the data for 
the Cu-7.9 Al alloy is btcause of the relatively lo». strain. Data at higher 
stress levels do lie on an extension of the curve. 

Tests were conducted on 6o6l alloy with different f.glng treatments in 

order to observe the effect of hardness on the unload emission.  Five identical 

specimens were solution treated by heating at 770aF for 5 hours. Aging was 
done at MX)*F for different lengths of time.  The resulting hardness values 

are shown in Table II.  All the specimfis v<»re subjected to a maximum stress 
of 6600 psi In one load-unload cycle.  llfVfl 2k  shows the effect of hardness 
on unload emission for the differently heat treated specimens. 

P.  CORRELATION BETWEEN THE OBSERVED UNLOAD EMISSION 

AND THE MAGNITUDE OF THE BAUSCHINOER EFFECT 

An effort was made to determine if a correlation exists between the unload 
enisslon of 202'» aluminum alloy with different aging treatments and the corre- 

sponding Bauschinger effect.  Four speciments of 202U aluminum alloy were solution 

treated by heating at 9R0*T  for 5 hr.  The aging treatments and the hardnesses 
attained are shown in Table III.  All the specimens were subjected to a maxi- 
mum stress of 8250 psi in one load-unload cycle.  Tabie III also shows the 

emission response.  As aging progresses, acoustic emission decreases, goes 
though a minimum value and then increases. 
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TAKLE II 

AGING TIME AMD RESULTANT HARDNESS OF 6o6l ALUMINUM ALLOY 

Agin« "Zirae „ _ Specimen No.   at ^ ln ^   HaraneSs,RE 

81 
82 
8U 
85 
86 
87 

0 56 
1.5 9^ 

2k 87 
k9 Qk 
JM 82 
375 72 

TABLE III 

AGE-HARDENING TREATMENT, HARDNESS, THE RESULTANT MICROSTRUCTURE, 
AND THE UNLOAD EMISSION IN 2024 ALUMINUM ALLOY 

Hardness, Unload 
Specimen No, Aging Treatment *E 

Microstructure Emissior, 
Courts 

71 26haF  for l6 hr 100 G-P zones 697 
72 520 0F for 5 hr 105 9" precipitate 562 

73 1^28 0F for 5 hr 101 9' precipitate 621 
Ik 5720F for 5 hr 91 9 preciptiate 715 

Table IV shows the microstructure dependence of two measures of the 
Bauschinger effect, the Bauschinger strain, and the Bauschinger stress, with 
the unload emission for the same specimens listed in Table III. The unload 
emission correlates with the Bauschinger stress, but not the Bauschinger strain. 

The Bauschinger strain was measured for several annealed materials.  The 
results are shown in Table V along with the unload emission and the stacking 
fault energy for various materials.  It can be seen that low values of unload 
emission correspond to low values of Bauschinger strain and high values of the 
stacking fault energy.  The unload emission correlates well with Bauschinger 
strain, except for an Inversion in order by 202l| and 6o6l aluminum. Large 
values of unload emission correlate with large values of Bauschinger strain 
and low values of stacking fault energy. 
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G.  RESIDUAL STRESS TEST RESULTS 

The results of the acoustic emiisloirTesls' on aiT annealeif (siress"-free) 
and the residual stress specimens are shewn in Figures 25-28. The curves shown 

are reproducible to within +5jt on any particular specimen. A preload of 50 lb 

was maintained on the specimens when making a test, hence the applied load is 
shown in the figures as ranging from 50 to ^00 lb. The maximum load of U00 lb 

in all tests is less than half t"he yield stress of the materials. 

The effect of residual compressive stresses on the acoustic emission from 
the 606I-T6 aluminum specimen that has been bent about l/2" and restraightened 

is evident by comparing Figures 25(a) and 25(b). The emission obtained on loading 
the specimen is greater than when no residual compressive stresses are present 

and there is an increasing rate of emission on loading up to the stress at 
which the compressive stress is overcome by the applied tensile stress.  This 
point is indicated by the arrow on the graph ao a load of about 250 lb.  Beyond 

this load the rate of increase of emission is constant. 

According to the model described in Figure 7 there should be a point of 

inflection on the unload part of the curve.  This is not evident, however, 
perhaps because of the low value of the unload stress that Is associated with 

that part of the specimen having residual compressive stress. 

Figure 26 shows the emission from a 1018 flat steel specimen having no 
residual stresses.  The constant rate of emission obtained on the application 
of a load can be noted.  In Figures 2? and 28, however, the emission rate 
increased during the application of a load.  In both specimens it is evident 
that the applied stress was not sufficient to overcome the residual compressive 

stress and there is no inflection point on the load curve. 

H.  CREEP ^EST RESULTS 

Figure 29 shows the results of the creep tests carried out at room temper- 

ature on a specimen of 99- 99^ aluminum. 

Excessively high background noise levels made it impossible to obtain 
significant results on the 7075-16 aluminum, D6aC steel, or the 6A1-UV titanium 
at elevated temperatures. 

I.  THERMAL I3TRESS RESULTS 

The thermal stress tests were primarily qualitative because of the diffi- 
culty in knowing the magnitude of the stress levels that were produced or the 
distribution of the stresses that result from bubble formation. 

It was found that all of the methods used for producing thermal stresses 

were able to produce acoustic emission in specimens that would normally be ex- 
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Figure 25(a). Cumulative acouctic emission from 606I-T6 aluminum during loading 

and unloading. The maximum stress applied to the specimen is less than half of 

the yield stress. 
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Figure 25(b).  Cumulative acoustic emission from a 6061-T6 aluminum specimen 

that 'iad been bent to about 1/2° and then restraightened. The arrow indicates 

a region of the load curve in which there is a change in slope, as might be 
expected from the model in Figure ?• The applied stress is less than half the 

yield stress. 
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expected to give off emission if stressed. However, the usefulness of liquid 

nitrogen as a means of cooling is limited by the high noise levels. 

The principal requirement is that the rate of heating (or cooling) is 
sufficient to produ > a thermal stress gradient. This means, for example, 

that on metals it it necessary to use an Intense laser beam source, or a qur ich 

technique because of the relatively high thermal conductivity. On polymers, an 
Infrared source is sufficient because of their lower thermal conductivity. 
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V.  DISCUSSION OF REEULTK 

A. APPLICATION OF TOE DISLOCATION SOURCE MODEL TO TEST RESULTS 

Annealed 99.99t aluminum: The high values of acoustic emission that have 
been measured for this material indicate the presence of sources greater than 
O.^i in length, in fact probably of the order of 10-I00u. This is also the 

range of the size of cell and subcell structures observed in electron-microscope 
pictures of this material. The region of detectable emissiai shown in Figure 1 
for source lengths of O.5-100M shows that a wide range of L/f, where L is the 
slip region diameter and f is the dislocation source length, can be expected to 

give measurable emission. Both air-cooled and furnace-cooled specimens of this 

material give detectable emission. This suggests that even if the impurities 

have some pinning effect, the source lengths that are encountered are still large 
enough to be detected. Tests on 202k  aluminum also show that water quenching 
from 9750F (52kac)  results in large load emission but air- and furnace-cooling 
from the same temperature apparently allow enough precipitation of impurities to 

prevent detectable load emission for occurring. Subsequent over-aging causes 
the emission to return slightly. 

Cold-worked 99-99^ aluminum:  If it is assumed, for purposes of a rough 

calculation, that the increase in dislocation density as a result of cold-work 

produce a uniform simple cubic network of progressively smaller unit size. It 

is possible to make an estimate of the highest dislocation density for which 
acoustic emission can be detected in these tests. A reasonable value of L/f for 

such a network may be taken as 5. Figure 1 gives the minimum detectable source 

length for this condition as about 12M, the intercept of the L « Jf, n ■ 2 line 
with the threshold line. Since the dislocation density foo-vd in annealed mate- 

rial is about lo5 to 10^ lines per sq cm very little strain hardening is required 
to reduce the source length to less than 12u and eliminate detectable load emis- 
sion. This has been observed in all tests conducted to date, even when the 
test loading is not in the same orientation as the cold-work defomation load- 
ing. 

Naturally-aged g02U aluminum: As the preclpitatf.-s form gradually follow- 
ing solution heat treating, the maximum value of the dislocation source length 
f decreases until it is less than 0,25M. Alloys of this composition are known 

to have an average particle spacing15 in the range 0.015-0.050M.  If f is of the 
eame order of magnitude as the particle spacing, then Figure 1 indicates that 
no emission should be detectable from a fully aged 202U aluminum alloy. The 

fine cross-hatched region for 202U-T1* does. In fact, fall well below the thresh- 
old curve.  Partially aged 202U should give a limited amount of detectable emis- 
sion because the particles would be expected to have average spacing in the 

micron range. This agrees with the experimental results obtained by Agarwal^ 
as shewn in Figure 30. 
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Figure 50. Dependence of the cumulative load emission from 2D2k  aluminum 
on aging time. 
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Overaged 202k aluminum:  Aging Al-l^ Cu at '5720F (JOO'C) for 1 hr or 

Al-U.6^ Cu at U820F (2500C) for U8 hr gives an average CuAlg particle spacing 
In the range 1.0-2.^i. The aging treatment In these experiments at 600°? 

(3l60c) for 100 hr may therefore result In slightly higher spacing, namely In 
the range of 2-3M. Figure 1 shows that part of this region falls within the 
detectable range and part below the threshold,  rhe tests give a small but un- 
questionable number of acoustic emissions for this condition. 

B.  EFFECT OF GRAIN SIZE ON ACOUSTIC EMISSION 

1. The Mlcrostraln Range 

It Is possible to relate the width f of an activated Frank-Read disloca- 
tion source with the length L of the pile-up produced by It, and the number of 

dislocations which It emits. This has been shown^") for the Bli.'e of the speci- 
mens used In this Investigation to be 

h 
T3    f x 2 x 10 ,  „ 
L    ■ —!  (11) 

where L and f are expressed In microns (n). The activation shear stress aact 
for a given source width Is known, and hence Eq. (11) gives the minimum slip 

distance required to produce a detectable acoustic emission. Table VI shows 

the calculated values of L, aact, and N for a range of values of the source 
width, where N is the number of d'.Blocations produced in a pile-up before the 
resulting back stress shuts the srarce off. 

TABLE VI 

THE ACTIVATION SHEAR STRESS AND REQUIRED SLIP DISTANCE FOR 
A RANGE OF DISLOCATION SOURCE WIDTHS 

fftj Vt (k8/n«n2) Kl») N 

0.1 8.6 Ik 170 
1.0 .86 30 37 

10 .086 65 8 
100 .0086 lUo 2 

From dislocation etch pit studies a reasonable estimate of typical source 

widths in an annealed specimen Is between l\x  and 10M for all grain sizes. This 
estimate is based en the assumption that the average dislocation spacing 
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corresponds to the distance between pinning points on a dislocation line. Table 

VI shows that the shear stress required to activate such sources would vary from 

l.C^S/mm2 for f = 1 to 0.1kg/inm2 for f = 10. For grain sizes larger than about 

150u, any such source which sweeps across an entire grain should be detectable. 

The first acoustic emission activity, consisting of a few counts, is ob- 

served to be at about a O.l'Wmm2 (roughly 150 psi) tensile stress. There ap- 

pears to be no systematic variation in the number of counts vs. grain size until 
a tensile stress of about O.V^/mm2 (600 psi) is reached. 

The small number of counts detected at a 0.1 V trigger level at a tensile 
stress below 0.Uk8/mm2 suggests that the typical microstrain events that occur 

in the microstrain region are not characterized by the activation of Frank-Read 

type sources. Some sources may have been activated, as counts were registered, 
but the bulk of the microstrain was probably the result of the relatively stable 

movement of raobile or loosely pinned dislocation segments. Such events would 

most likely not involve a large enough number of dislocations moving far enough 
simultaneously to produce a detectable emission. 

The acoustic emission observations and the stress-strain observations sug- 

gest that during microstrain in 99-99^ Al the glide distance is not defined by 
the grain size, at least for g_'ain sizes larger than lOO^i. A more likely expla- 
nation is that interactions between moving dislocations and forest dislocations 
provide the most important strengthening mechanism. 

2. Effect of Grain Size on the Acoustic Emission 
Behavior in the Macrostrain Range 

At tensile stresses of O.U to 0.5kg/nim2 (600 to 750 psi), specimens with 
grain sizes larger than 200u appear to have entered the macrostrain range. 

Macrostrain is characterized by a nearly flat appearance of the stress-strain 
curve, with the slope varying slightly with grain size. Acoustic emission data 

show a rather sudden increase M  the rate of emissfon even before the macro- 

strain region is reached, at a tensile stress of about U50 psi for all grain 

sizes larger than 200^. Once this high-rate-of-emission region is reached, the 
cumulative load emission ELE is approximately proportional to the applied stress. 

This Implies that the rate of emission is approximately proportional to the 
plastic elongation, at least up to elongations of about 2%,    Figure l^ shows the 
strong effect that the grain size has on this proportionality factor in the 

macrostrain region. These observations provide some clues as to how deforma- 

tion—at least the deformation detected by the acoustic emission trai^ucer— 
proceeds during macrostrain. 

There are two phenomena that might give rise to the emissions detected dur- 
ing macrostrain. One is the widespread unpinning and coordinated movement of 
dislocations, and the other is the activation of dislocation sources. 
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Consider first the unpinning and coordinated movemänt of dislocations.  If 

this is the controlling source of emissions it must explain both the uniform 
rate of emission with strain, and the observed effect grain size has on the cu- 
mulative load emission ELE behavior. Suppose that dislocations, upon being un- 
pinned, are able to move across an entire grain and are stopped by grain bound- 

aries. Such unpinning events may be envisioned to occur as an "avalanche" of 
dislocations spreading across a grain. The magnitude of such events should be 
roughly proportional to (grain slze)5, the number of dislocations Involved being 

proportional to the grain size, and the slip araa being proportional to (grain 
size)2. This would predict that the total number of events activated at a par- 
ticular value of plastic strain be proportional to (grain size)"', plots of SLE 
versus grain size on the descending side of the peak, using some value of plas- 
tic strain rather than an applied stress level as the constant parameter show 
that ELE is roughly proportional to (grain size)"2. This alone does not neces- 
sarily disqualify the model of unpinned dislocations forming avalanches that are 
stopped by grain boundaries, but the following considerations cast doubt on its 

validity. 

The initial dislocation etch pit density of all recrystalllzed Bpecimens 

was roughly 10" per cm2. Using the relation 

Length of line       Number of intersections 

Unit volume    ' f      Unit area 

gives 2 x 10" cm/citP as the length of dislocation line per unit volume in a 
specimen. Assuming that all of the initial dislocations are mobilized and move, 

on the avfcra^r a distance of 1/2 the grain size, the equation 

vMb| 

y ■ —7" 

expresses the maximum shear strain possible from the unpinning, and subsequent 
movement of Initial dislocations alone. The volume of the specimen is v; M is 
the length of dislocation line per unit volume. The maximum elongation possible 

by this mechanism is about 0.15^6. Hence, if unpinning is the major cause of the 

emissions detected, it requires that a continuous generation of dislocations 
occur concurrently. The assumption that the activation of dislocation sources 

is not the major cause of emlseions further requires that the freshly generated 
dislocations undergo successive pinning-unpinning processes, and some possible 
secondary dislocation motion associated with them that give rise to the emis- 

sions. 

So far, the unpinning model can  adequately explain the observed uniform 
rate of emission with strain, but it is necessary to acknowledge the possibility 
of dislocation generation in order to account for the amount of strain over 
which uniform emission occurs. Further, It is necessary to Justify the assump- 

tion that the activation of these sources is not the major cause of the detected 
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emissions. Intragranular obstacles provide opportunities for successive pin- 

ning and unpinning of the dlfloc lions generated by the sources, and these un- 

pinning actions cause most of t i i emission. The requirement that such intra- 
granular obstacles be dominant iiplies that the grain boundaries must be masked 

as sources of emission behavir of a specimen. This is certainly not the case. 

From these arguments It nay be concluded that the major cause of the 
detected emissions, at least for a certain range of grain sizes, is not the un- 
pinning of dislocations. This suggests that the activation of dislocation 
sources be considered as a mechanism leading to the generation of acoustic 

emissions. 

Without going into a detailed discussion, source activation may be used as 
a model to explain the observed uniform rate of emission with Increased applied 
stress. Each increment of applied stress activates a uniform additional number 

of dislocation sources. As an incidental point, this may imply that the dis- 
tribution of sources is inversely proportional to the source width, i.e., 

1 
&LE «e ÄO "■"►&«« T 

where AN is the number of additional sources activated by the stress increment 

Aa, and f is the average width of those sources activated as the stress in- 

creases from a to a + Aa. Such a statement is complicated, however, by the 

possibility that new sources are created as strain proceeds. 

The final question to be answered is "can the source activation model ex- 

plain the observed variation in the rate of emission with grain size?" Assume 

first that there exists a grain size Independent distribution of dislocation 

sources in a specimen. At a given level of applied stress, all sources down 
to a certain width should have been activated. It can be deduced from Table VI 

that the grain size is not likely to control the detectabillty of sources which 

are smaller than 10u. Hence, such a model cannot easily explain the observed 

ELE vs. grain size variation. 

Attempting to develop a satisfactory model involving the activation of 
dislocation sources, we focused on the grain boundaries themselves. We studied 
the changes in the appearance of slip lines In the micrestructure of the 99.99/0 
Al as the applied stress was Increased from 500 psi to 900 psi in increments of 
150 psi. The results of this effort indicate that slip in one grain activates 
slip on secondary systems in adjacent grains. These observations, combined with 
the observation that the grain size effect on the ELE versus grain size curve 
began to emerge at tensile stresses of about 600 psi motivated the proposal that 

the major cause of the emissions detected is the activation of dislocation 
sources near the grain boundaries when slip is propagated from one grain to its 

neighbor. This is essentially the intergranular slip model proposed by 
Cottrell^1^ and it will now be applied to the acoustic emission observations 

as a possible explanation of the ELE versus grain size variation. 

• 
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C.  THEORY OF THE SHAPE OF THE ZLE VERSUS GRAIN SIZE CURVE 

Intergranular slip occurs when plastic strain is propagated, by some mech- 
anism, through a grain boundary. Typically, intergranular slip does not begin 
simultaneously throughout the entire specimen, but starts at a few localized 
regions and becomes more and more predominant as deformation proceeds. 

Consider a typical grain boundary in a recrystallized specimen. Cottrell 
envisions the propagation of slip across a grain boundary to occur when the re- 
solved shear stress at the head of a dislocation pile-up held up by the grain 
boundary reaches a critical value a0.    A suggested mechanism was the activation 
of a Frank-Read source in the adjacent grain, near the grain boundary.  If 
there are N dislocations in the pile-up, an applied shear stress a  exerts a 
stress NCT on the grain boundary. The number of edge dislocations in a double 
pile-up is given by(1'^ 

_ 2(l-V)aL 
Gb (12) 

where L, in this case, is the distance from the source to the leading dislocation 
of the pile-up.  If L is assumed to be equal to one half the average grain diam- 
eter D, the stress applied by the pile-up on the grain boundary may be taken as 

NCJ = "^b («) 

The validity of taking L as D/2 1B questionable, particularly since the 
length of the dislocation pile-ups which were observed at a 0.8k8/nim2 tensile 
stress was not seen to be controlled by the grain size. From a stress concen- 
tration standpoint, the effective length of a dislocation pile-up may have an 
upper limit determined by the surrounding dislocation network density.^) The 
local stress Induced by the pile-up may activate secondary sources in the net- 
work. These secondary sources may Interact with the pile-up dislocations, ef- 
fectively dividing a large pile-up into a series of shorter ones. Also Eq. (13) 
takes no account of the effect of blunting which, based on etch pit studies and 
the relative ease of cross slip in aluminum, probably occurs. 

The typical acoustic emission data of Figure 10 indicated that up to a 200n 
grain size, the applied stress needed to Initiate the high-rate-of-emission 
decreases as grain size increases. For grain sizes larger than 200u, little 
consistent effect upon the stress level at which high-rate-of-emission begins 
was observed. Data slip line studies showed that the initiation stress level 
corresponds fairly well with the stress level at which slip seems to begin to 
propagate across grain boundaries. Hence, it may be proposed that up to about 
?00u, the grain size serves as an upper limit to the effective pile-up length, 
and that for greater than 200w grain size the length of a typical pile-up is not 
controlled by the grain size. 

56 



If the length of a pile-up Li L, and x le the dlstance ahead of the pile- 

up on Its glide plane, the local shear stress at x (for x > 1) is apprcotimately 

given by(l°) 

~-°[-U ^x -   a]1  + h.\ U1*) 

where a is the local shear stress and a is the applied shear stress. The 

significance of the above equation is that the stress concentration due to 

the presence of a pile-up is long range in nature. Hence, well into the 

grain adjacent to the one in which the pile up exists, the local shear stress 
is considerably higher than the applied shear stress. This factor should aid 
in the movement of dislocations across the adjacent grain at high velocities. 

When the stress field due to the pile-up succeeds in triggering a disloca- 
tion source in the adjacent grain, the local stresses on the source are quickly 
relaxed to a level Just below that necessary to operate the source. This quick 
relaxation of stress is caused by the nearness of the source to the grain bounä- 
ary. A small increment in applied stress is necessary to cause a further incre- 
ment of slip across the grain boundary. In effect, a large angle grain boundary 
is step-wise unstable as a slip obstacle. Figure 51 shows a possible sequence 
of events leading to a grain boundary "breakthrough." The proximity of the 
source Sg to the grain boundary limits the number of dislocations it may emit in 

an unstable step to Just a few, maybe from one to ten. 

Suppose that there is a grain size independent density of grain boundary 

sources, such as Sp, per unit grain boundary surface area. Assume also that 
the width of these sources is grain size independent. Then, at a given applied 

stress, the number of these sources in a fixed volume which had been activated 

by local stress concentrations should be proportional to the total grain bound- 

ary surface area, which in turn is proportional to D2/D5 = D"1, where D is the 

average grain diameter. This, of course, is assuming that the density of grain 

boundary sources, and not the density of dislocation pile-ups which reach the 

grain boundaries, is the parameter controlling the number of grain boundary 
sources that are activated. 

If the grain boundary model can now adequately explain the observed acous- 

tic emission behavior, in particular the ZLE vs. grain size variation, it would 
be reasonable to state that it is the majA- cause of the acoustic emissions de- 

tected in polycrystalllne Al specimens. It has been shown that the number of 
grain boundary sourcee activated should be proportional to D"l. If N is the num- 

ber of dislocations that take part in a slip event which produces acoustic 
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Applied stress activates source S^ which produces a dislocation pile-up 
held up by the grain boundary. 
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As the pile-up grows under increased stress, it activates the source S, 
in the adjacent grain. ' 

Figure 51.  Grain boundary source mechanism. 
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rmlcBlon and 'V IB the minimum slip area necPBBary to produce an acoustic 
emission, and If N equal to 10 is taken as an upper limit to rhe number of dis- 
locations produced in a single burst by one of the grain boundary sources, the 
minimum slip area that can yield a detectable emission from such a source is 

10,000n?, and the corresponding grain diameter is about 520M. Thus, a plot of 
the likelihood of detecting the activation of a grain boundary source, when the 

trigger level setting is 0.1 V, should be very small for grain sizes smaller 
than 100M, increase continuously as the grain size increased from 100M to 520u, 
and undergo no further increase as the grain size increases beyond about 5i?0u. 
Between lOOp and 5P0u, the rate at which the likelihood of detection Increases 

with grain size is difficult to specify, being complicated by three factors: 

1. There is certainly scatter in the grain size within a given 

specimen; 

2. The actual slip area depends on the way in which the slip plane 

cuts across the grain; and 

5. Dislocation obstacles such as Lomer-Cottrell barriers, impuri- 

ties, and forest dislocations would result in a variation in the 

actual slip area swept out in a single step, with (grain diam- 

eter)2 as an upper limit. 

A plot of the total number of grain boundary source events detected by the 

transducer should be a plot of the product of the number of grain boundary 
sources activated (proportional to 1/D) times the likelihood of detecting a 

source. Figure 52 shows this function graphically. Notice that a peak is pro- 

duced at a 3?0u grain size. 

At stresses on the order of 0.8k8/mm2 to 1 kg/mm2, some Intragranular dis- 

location sources should be detectable, in addition to the grain boundary a asso- 

ciated sources.  Additional detectable events were seen, see Table VI. For 
grain sizes larger than 150u, the cumulative activity produced by intragranular 
sources should not vary much with grain size even if the grain size does control 

the slip distance at stresses on the order of 1 kg/nim?. Hence, a constant level 
of activity may be added to the dashed curve of Figure 32(a) to give the total 
number of events one would expect to detect during a 0.1 V trigger level test. 

This total number is represented by the solid curve of Figure 52(a). 

The behavior shown in Figure l6isfiirly well described by the solid curve 

of Figure 5P(a).  The theory developed accurately predicts the position of the 

peak, but does not predict the constant level of ELE for increasing grain size 

beyond about 1000|i. 

In Figure 19 the peak in the ZLE vs. grain size curve was observed to be 

ler,s prominent for the case of the 0.2 V trigger level test than for the 0.1 V 

trigger level tests. Also, the peak occurred at a grain size of i+OOp to 500u 

in the 0.2 V trigger level tests. 
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Figure 32(a). Graphical representation of acoustic emicsion behavior model 

based on the activation of grain boundary sources. 0.1 V trigger level. 
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figure 52(b). The calculated effect of changing the trigger level setting. 
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The shift in the position of the peak for the 0.? V trigger level tests 
is to be expected for the following reason. In doubling the trigger level, by 

changing it from 0,1 V tc 0.? V, the minimum detectable surface displacement 

"a" is doubled. If the relationshio between the number of moving dislocations 
and the minimum detectable area, namely, 

Na = lO-7 (meter)2 (15) 

iß assumed to be valid'19) then the smallest slip area that can yield a detect- 

able emission from a grain boundary source (set N equal to 10) Is 80>OOOtl < 
correrponding to a grain size of lkl\i.    Similarly, the- saturation condition (set 
N equal to one) occurs at a grain size of k31\i,  which is larger by a factor of 
v? than the saturation condition for the case of a 0.1 V trigger level. Thus, 
it is to be expected that doubling the trigger level should translate the posi- 
tion of the peak by a factor of J2  to a larger grain size. This accurately 
describes the observed effect of raising the trigger level from 0.1 V to 0.? V. 

In view of the approximate nature of the analysis, the observed positions 
of the peaks in the 0.1 V and 0.2 V trigger level curves appear to bo in good 
agreement with the theory developed. 

D.  ACOUSTIC EMISGIONG FROM 99-99)6 Al SPECIMENS IBM :LrtVE 
BEEN SI EJECTED TO A RECOVERY HEAT TREATMENT 

Because of the nature of subgrain walls and the comparatively small slip 

area available within a subgrain, the grain boundary source mechanism that was 
proposed to account for the behavior of the recrystall!zed specimens is not 

applicable to the case of the recovered specimens In which subgrains are present. 
Any microstrain event which Is constrained to wl.thin a single subgrain will be 

unlikely to result in a detectable acoustic emission. This may be seen by con- 

sidering Table VI and recalling that the largest subgrains under consideration 
are only about PO^t long. 

It Is probable that the initial emissions produced in the recovered spec- 
imens result from the movement of loosely pinned subboundary dislocations. 

These sources of emission are exhausted, and further emission probably comes 

from subboundary breakthrough events. Only under special circumstances can the 
breakthrough events give rise to emissions, thus the small number of counts 
produced as '.he tensllr stress Increases beyond the 1 k8/nim2 range. Deformation 
must proceed mostly by the process of dislocation movements and source activa- 
tion that do not Involve more than one or two subgrains. 
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E.  ACOUSTIC EMISSION FROM METALS DURING THE REMOVAL OF STRESS 

1. Conditions to Produce Reverse Plastic Strain 

The following discussion on the conditions necessary to Initiate reverse 
plastic deformation on unloading Is based upon works by Cottrell/?1' Nabarro/2?) 
and Kulhmann.^) 

To Initiate motion of an already existing dislocation in a polycrystal, a 
stress Oj^ acting on the dislocation has to be overcome,  o^ is the maximum value 

of the fluctuating Internal stress field, which is the result of the resistance 
to the motion of the dislocations caused by various irregularities sucn as for- 

eign atoms, precinitated particles and other lislocatlons. The dislocetiors 
can be assumed to be moving through a potential field of energy hills and val- 

leys of constant maximum slope aj. When the applied stress 0, exceeds the 
Internal stress field o»t  slip takes place. Dislocations tend to pile up against 

either obstructlonr that already exl^t such as a grain boundary, or those that 
are created due to dislocations in differ -nt planes intersecting, such as Lomer- 

CottreDl locks. Let ad be the back stress due to dislocation plle-ups at the 
obstfirles. The dislocations hnya  moved forward until 

CT1 = 01 + 0d 1 (K) 

Consider what happens when the applied stress a^  is reduced to a^-Ao. If 
Aa is less than ?a^ the dislocations move no farther than across one valley. 
The internal stress decreases from a,   to o.-Aa to restore equilibrium. The 
minimum vaAte to which the internal stress can reduce to ie -OJ 

(J-L-AJ = ad-ai (17) 

From Eqs. (1?) and (18) it is clear that as long as the dislocation motion 
Is limited to the distance across one valley, the resulting plastic strain is 
small. 

When the reduction in the applied stress Aa is greater than twic« the value 
of the internal stress field, i.e., Aa > 2a^  equilibrium can only be restored by 
a reduction in the value of the back stress a^. This means the dislocation had 
to move farther t'ian across one valley. The resulting plastic flow is easily 

perceptible. Thus the only condition to be satisfied to cause reverse flow is 
Aa > 2VJ« 

It can easily be seen that if aj^ > > 2ai and the applied stress is then 
reduced to zero, reverse plastic flow can take place during unloading as shown 
in Figure JJ. 
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STRAIN-£ REVERSE 
PLASTIC STRASN 
ON UNLOADING 

Figure 35.     Reverse  plastic  flow on unloading. 

The principal forces resisting the motion of a dislocation in a metal lat- 
tice are the following: 

i. 

2. 

The resistance offered to dislocation motion between two succes- 
sive equilibrium positions, i.e., the force required to overcome 
the potential sciraratlng the two equiUbrium positions, a lat- 

tice spacing apart. This is the Peierls-Nabarro force. 

The resistance due to point defects in the lattice, precipitate 

particles and other dislocations. The spacing of these defect 

sites is much larger than one atomic spacing. 

jj. The resistance offered to dislocation motion by grain boundaries 

and subgrain boundaries. 

A resistance can act as a friction stress or a back stress during the pro- 

cess of unloading, depending upon the extent of dislocation motion. If the 
motion is limited to two successive equilibrium positions of dislocations, a 

lattice spacing apart the interaction stress will be a back stress and the only 
friction stress will be the Peierls-Nabarro stress. If we consider the long 

range motion of dislocations shearing through several bariers such as precipi- 

tate pa-.-ticles, th« internal stress due to particles will act more like a 

friction stress. It can be assumed that at small ranges of stress, slip is 
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limited to within the jralns anü the retlstance that a grain boundary offers 

becomes more of a back stress. Deak(?0) classifies this as a "long-range" back 
stress whereas back stress due to closely spaced polLt defects are termed 
"short-range" Internal ccresses. 

During the process of deformation. It Is likely that some dislocations are 
stopped by closely spaced point defects. Many more iray get piled up against 

strong barriers such as grain boundaries. While unloading, the short range back 

stresses relax first as they have to overcome only the Peierls-Nabarj-o force. 
It is useful to calculate the order cf strain that results when the short range 

beck stresses relax. This simply means that the dislocation motion is limited 
to motion over a distance lying In between the defects. 

The spacing of solute atoms in a solid solution is given by 

A = b/c5 

where A = spacing of solute atoms, 

c = concentration of solute, 
b = Burgers vector. 

Vte can calculate the strain when the dislocation moves In between twe solute 
atornn.  Since the strain that results due to motion of a dislocation between two 
solute atoms spaced a few atomic distances apart is smaller than that flue to 
motion of the dislocation incoherent precipitate particles in an overaged alloy, 
the following calculations are done for an overaged alloy. The results will 

indicate that unless several dislocations move at one t'.me or one dislocation 

moves through several particles, even inter-particle motion cannoc be detected. 

Let us assume a 2^ spacing between particles in an overaged alloy. Let the 

dislocation move through an average distance of l|j, under the application of a 
stress. The resulting shear strain 

= Nl.b.Afl 

where N' = number of mobile dislocations, per unit volume, 
b = Burgers vector, and 

A. = area swept by a unit length of dislocation. s 

Vor one single dislocation, with cm average displacement of l\i the shear strain 
is r ^ 1 (2.83 x ID"8) (1 x lO"1*) = 2.83 x ICT12. In an undeformed specimen of 
annealed aluminum, the dislocation density is of the order of lo5 to ICr/crtP, 
If we assume a dislocation density of 10o/cm2 between two precipitate particles 
spaced two rslcrons apart, the number of dislocation lines Is less than one. It 
can thus be seen that the number of available mobile dislocations is small and 
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BO ie the strain. 

The minimum strain detection capability of the acoustic emission instru- 
mentation used in this investigation is 0.85 z 10"10 in./in. Hence, intra- 
particle motion of the dislocation is unlikely to be detected unless motion 
between several particles takes place at one time. Thu,-;, the major contribu- 
tion must be due to the relaxation of long range back stresses when the dislo- 
cations pile up against the grain boundaries and move through or around several 
particles. 

?. Role of Cross-Slip in Reverse Plastic Dafcrmation 

The above argument for reverse plastic deformation implies a basic assump- 
tion, i.e., that there are enough mobile dislocations in the slip plane to give 
the deformation on unloading. 

At the start of the third stage or near the end of the second stage of 
deformation, Seeger(2^) observed ccarse slip in copper and aluminum replicas. 
At this stage, the slip lines cluster together to form bands which are compar- 
atively short and connected to other bands by slip. The connecting slip is 
called cross-slip. This is a characteristic feature in the deformation of alu- 
minum. Obstructions to dislocation m ;tion such as Lomer-Cottrell locks in the 
primary slip planes cause screw dislocations or screw components of edge dislo- 
cation loops to cross-slip to alternate planes which have a common slip direc- 
tion.  The ease of cross-slip depends on the stacking feult energy of the mate- 
rial. To cross-slip, cne two partial dislocations have to first come together 
to form one dislocation.  In the case of a metal with low stacking fault energy, 
the partials are widely separated and the energy needed tofbrce the partials 
together is higher. Hence, cross-slip does not take place easily.  On the con- 
trary, aluminum, with a stacking fault energy of about 200 ergs/cm2(?5) exhibits 
cross-slip even under low stresses at room temperature. 

Seeger(2^ obtains the following expression for the shear stress necessary 
to combine two partial dislocations at the head of a pile-up of dislocations 
and thus initiate cross-slip. 

T . i EM - £d do) 
n L *+ 'f   b , 

where T = shear stress necessary to initiate cross-slip, 
n ■ number of dislocations in the pile-up, 
G ■ shear modulus, 
y ■ stacking fault energy, and 
b ■ Burgers vector. 
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The numb-.- of dislocations in the pile up is given by 

n = 
TTTL 

Gb 

where L is the maximum glide distance. L is approximately equal to half the 
grain diameter, D, ir a high purity material. Precipitate particles, subgrain 

boundaries, etc. reduce the slip distance. Equation (19) can therefore be 

written as 

T  = 

or 

T  = 

Gb v/2G 
TTTL . hn 

Gb 
nL 

fa 

■J2G2h 
? 

2r8tfl 
nL 

1/2 

Certai':! results are apparent on interpreting the above equation, 

as follows: 

Ihey are 

1. Larger grain size decreases the shear stress necessary to initiate 

cross-slip. For the same plastic strain, larger grains will con- 

tain a longer pile-up and will uncergo cross-slip at a lower stress. 

2. Higher slacking fault energy allows cross-slip at lower stresses. 

3. Any eondition that decreases the glide distance increases the stress 

necessary to initiate cross-slip. 

From transmission electron microscope observations, Feltner and Laird^2'' 
defined slip character as planar or wavy depending on the degree to which the 
dislocations are confined to individual slip planes. Aluminum, aluminum- 
magnesium alloys, copper, pure dilute iron-carbon alloys, etc., show wavy slip 
mode. Copper-aluminum alloys and brass show planar slip mode. Feltner and 
Laird(2'',) observed a dislocation structure that is confined to one plare in a 

copper-T."^ aluminum alloy subjected to cyclic stresses. No dislocation dipoles 
were observed. Also 70-50 brass, cyclically strained at small amplitude, showed 
straight dislocations forming many mu^tipoles. For very small plastic strains, 
few complex dislocation interactions occur. On unloading, the short range in- 
ternal stresses move the dislocations over their own debris. It is likely that 
more dipoles are formed by the cross-slip. Therefore, the magnitude of friction 
stress might increase as the dipole density increases during loading and uload- 

ing. 
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Materials that exhibit planar slip mode show considerable reverse plastic 

deformation on unloading. Feltner and Laird(p8) observed a deformation as high 

as 1%  to Pfff,  of the pre strain in copper-7.*5^ aluminum alloy, annealed, whereas 
high purity annealed copper did not show any deformation on unloading. The 

Bauschlnger tests conducted on a copper-?.^ aluminum alloy during this inves- 
tigation confirm this. It can be concluded that the reversal of dislocation 

motion is much easier in a planar mode material for the following reasons: 

1. Slip is confined to primary planes because of reduced cross-slip 

activity. 

2. The dipole obstacle density is very low. 

3. The reverse dislocation motion, aided by long range back stresses, 
takes place easily. The opposite is the case with wavy slip mode 

materials. 

The above discussion on reverse plastic deformation can be summarized as 

follows: 

1. Reverse plastic deformation on unloading is possible if the applied 

stress exceeds twice the value of the Internal stress, (a1 > > 2^ 
to be Loservable) and if the decrease in the applied stress ACT is 

greater than twice the value of the internal stress CT^ i.e.. 

ACT > 2a1. 

2. Significant reverse deformation is observed in planar slip mode 
materials because there is less cross-slip and dislocations are 

thus generally confined to primary slip planes. 

5. There is a certain minimuE strain pulse that the measuring system 
is capable of picking up. Hence, most slip in the secondary sys- 

tems will not be picked up by the detection system. 

The above explanation is among the possible mechanisms that can explain the 
observed unload emission behavior. Increased resistance to dislocation motion 
due to interaction with forest dislocations might prevent the dislocations from 

moving back. 

The unload emission behavior of various materials is discussed in the light 

of the above conclusions. 

F.  UNLOAD EMISSION IN 99.99^ ALUMINUM, AND 6o6l AND 2024 ALUMINUM ALLOY 

From Seeger's^26^ equation, the applied stress tc initiate crosa-slip in a 

polycrystalline 99.99^ aluminum sample, annealed at 9V00F for 5 hr is calculated 
as being about 800 psi. The average grain size of the sample was about 1500n. 

Among all the materials tested, 99.99^ aluminum gave the least unload emission 
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as can be seen In Figure 23 which compares unload emission behavior of various 
materials for the same plastic strain.  It is more meaningful to compare emis- 
sion at the same strain as the dislocation interaction can be assumed to be sim- 
ilar for this condition. The low unload emission in high purity aluminum is 

explained as follows. If other factors do not interfere, slip distances are 
larger in large grain specimens and there are more strain pulses whose amplitude 
lies above the detection capability of the measuring system. This is verified 

by the large amount of acoustic emission obtained during loading in 99.99$, alu- 
minum. The ease of cross-slip at lower stresses, however, reduces the avail- 
ability of dislocations in primary planes which might possibly move back and give 

rise to reverse deformation. Though friction stresses are low, cross-slip seems 
to be the predominant factor in controlling the amount of reverse deformation. 

Figure 11 shows a drop in unload emission at a stress of about 2200 psi (at a 

strain approximately equal to 0.2^). This is due to increased cross-slip activ- 

ity as well as increasing obstructions to dislocations and other forms of fric- 
tlonal stresses. 

The effect of grain size on the unload emission of 99.9956 aluminum is shown 

in Figure 15. In large-grain polycrystalline 2<aterial, the deformation might 

take place on a single slip system but as the stress is Increased, several slip 

systems become operative. In fine-grained specimens, deformation is essentially 
by multiple slip. Whereas a large grain specimen shows a decrease in m.load 

emission at a lower stress of about JlOO psi, the unload emission curve tor a 

fine-grain specimen ahows no drop In emission activity within the stress levels 
used in this investigation, as can be seen in Figure 13, even though a much 
smaller number of emission counts is Involved. Slip takes place in smaller 
strain Increments in fine-grain samples. 

For the 125n grain size sample, the applied stress to initiate cross-slip 
ifi about 2360 psl. It can thus be assumed that extensive cross-slip activity 
exists at a stress of about JOOO psi and hence, the appearance of a drop in the 
unload emission beyond this stress level. For the 15^ grain size sample, the 
applied stress to initiate cross-slip is about 6750 psi. It is seen from Fig- 
ure 13 that the unload emission, though small in fine grained samples does not 
show a tendency to decrease at stresses as high as 5000 psi. 

Another factor might also contribute to the reduction in unload emission 
counts in larger grain material. Segal and Partridge(55) have reported changes 

in the dislocation density at various stages in unlaxial deformation of 99.99% 
aluminum. The average density of the dislocations in an annealed specimen is 
5 x ICr/cnß.    In specimens stressed up to 1350 psi, most of the regions appear 
similar to the annealed material. At 2700 psi, there are more regions where the 

dislocation density is as high as 2 x icß/cm2,  though there are large regions 
which still contain no dislocations. However, at about UOOO psi there is a ten- 

dency for dislocations to form groups. The dislocations are also shorter and 

more numerous. This means that as the deformation proceeds, slip distances be- 
come smaller and smaller. It becomes increasingly difficult for the dislocation 

to move back when tU« applied stress is relaxed due to more dislocation inter- 
action. 
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Figure P5 shows a comparison of the unload emission counts of 99.99^ alu- 
minum, aluminum-copper 20?k  and aluminum-magnesium 6o6l alloys.  The aluminum 
alloys show a slightly larger value of unload emission than the 99-99^ alu- 

minum. The grain size of these alloys is much smaller than that of 99.99^ alu- 
minum. Turnbull(25) gives a value of 117 srgs/cm^ for the stacking fault energy 

of an aluminum-1^ magnesium alloy. Pure aluminum has a stacking fault energy of 
about 200 ergs/cm2.(25) This, together with increased drag resistance, makes 

cross-slip more difficult in these alloys. Figure 21 shows a drop in the unload 
emission at about 8750 psi for annealed 6o6l aluminum alloy. A 202U aluminum 

alloy will show cross-slip at much higher stress.  Seeger's equation gives a 
value of 1^028 psi as the applied stress to initiate cross-slip in 202U-T6 alu- 
minum alloy specimen. Figure 22 shows that the unload emission drops at about 
15000 psi in an annealed P02k  aluminum alloy. 

The unobstructured slip distance will be largest in supersaturated solid 

solution and diminishes as the precipitation process commences. This will in- 
crease in the overaged condition,  loomas and NuttingV29) report mean slip dis- 

tances of 5000 Ä when the microstructure contains G-P zones, kOO  Ä when the 
microstructure contains 0" precipitate, and 700 A when it contains the coherent 

0' precipitate. When the structure consists of an incoherent precipitate 0, 

cross-slip and the slip lines are wavy. Thus the following conclusions can be 
stated. 

1. In the case of solution treated alloys, the slip decreased are 

sufficiently large so the strain pulses are easily pic1, d up by 

the detection system, whereas the strain pulses are too small for 
alloys that are aged to produce peak hardness. 

2. The tendency for cross-slip is much lower in overaged alloys ap- 

is evident from the shape of the hardness vs. unload emission 

curves in the case of 6o6l and 202h aluminum alloys. 

It is of interest to compare this result with the Bauschlnger effect in 
202k aluminum alloys with different microstructures and with the results of 
Abel and Haim1 ) on the effect of microstructure on the Bauschlnger effect in 
202k aluminum alloy as shown in Table IV. Table IV indicates the possibility 
of a relationship between the unload emission and Bauschlnger effect in this 
alloy. Howtrer, it must be borne in mind even when it is known that there is 

a deformation on unloading this does not necessarily mean that -mission can be 
detected by the measuring system. The intensity of the strain pulses must be 
above the minimum strain detection capability of the system. 

G.  COPPER-7.9^ ALUMINUM ALLOY 

Copper-7.9% aluminum Is a single phase alloy and the specimen used in this 
investigation had a grain size of about 50u. The stacking fault energy is ap- 
proximately it ergs/cm2. (50) Am-v.g the fee metals and alloys tes+ed, this alloy 

showed the largest unload emission for the same amount of strain, as can be seen 
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In Figure ?3. The stress to Initiate cross-slip Is quite high.  Electron micro- 
scope studies Inälcates slip to be planar and confined mostly to primary pianos. 
It would, therefore, be expected that under the absence of cross-slip, and with 

less friction stress ("ue to the absence of second phase particles, unload emis- 
sion should be quite high. This is verified in Figure 25. The copper-7.9^ alu- 
mlnu-n alloy showed 3 to 5 times the unload emission that was obtained on a 2021+ 
aluminum alloy of the same hardness, namely about 70 R-,. 

E 

H.  THE KAISER EFFECT IN COPPER-7.9^ ALUMINUM ALLOY 

One of the interesting observations in the copper-7.9^ aluminum allpy is the 
absence of a complete Kaiser effect. An unstable Frank-Read source has been 

proposed as the cause of load emission in aluminum and aluminum alloys. In the 

case of repeated loading, sources of suitable length all operate during the first 
loading, and in the second loading no other source operates until the previous 

stress level is exceeded. This hypothesis, however, assumes that there is no 

rearrangement of dislocations during unloading, a situation more likely to happen 
in the materials that Agarwal tested, where the tendency for the dislocations to 

move back is small. It is hypothesized here that the dislocations that move back 
on unloading can move forward on reloading thus giving emission on second load- 
ing. This emission on second loading cannot be expected to be high as in the 
first loading. 

The absence of a Kaiser effect in the fee alloys can perhaps be explained 
on the basis of a model proposed by Makln.(33) He postulates that locks are 
formed during unloading and that these locks are broken on subsequent loading. 
His evidence for this is the reappearance of a yield point phenomenon on a 
second application of a load to a single crystal tensile specimen of 99.99^ 
copper. The yield drop is  directly proportional to the decrease in stress dur- 
ing unloading. 

Since there are fewer slip systems to operate, the chances of Lomer-Cottrell 
locks forming in copper-7.9^ aluminum alloy is decreased though it cannot be 
completely ruled out. Instead, it can be assumed that the dislocation in the 
active slip planes can move back and forth and that the ease of their motion 

depends on the nature of the friction stresses. While unloading, the disloca- 
tions are anted upon by the back-stre. jes. They move a certain distance, and 
then stop when they encounter an obstacle. The back stresses cannot be relieved 

except by thermal means. The back-stress builds up until it is sufficient to 
cause dislocations to shear through the barriers. This planar motion of dislo- 
cations can take place back and forth depending on the direction of the effective 
stress. 

I*  99.95^ MAGNESIUM 

It has been hypothesized above that if slip is confined to primary planes 
there is a greater likelihood of dislocations moving back and forth. If this 
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were true, hep metals, with slip confined to basal planes, should show more pro- 
nounced effect, r 

99.9%  magnesium samples were rolled to 1/8 in. thick and annealed. The 
amplitude of the emission bursts, load as well as unload, observed in this mate- 

rial were larger than in any other material tested during this investigation. 
The unload emission counts, as well as the emission on reloading, were found to 
be highest in magnesium of all materials tested. The Kaiser effect is not ap- 
parent in this alloy, probably because slip is confined to basal planes, espe- 
cially at low stresses. The maximum applied stress did not exceed 5000 psi in 
the acoustic tests. Because the critical resolved shear stress for basal slip 
is 1/20 to l/lOO of that for pyramidal or prismatic slip, basal slip account for 
most of the deformation. Kelly and HosfordV5*0 obtained stress-stain curves for 

magnesium of comparable purity for single crystals, textured polycrystalline ma- 
terials with randoiuly oriented grains. The orientation of the specimens used 

in this investigation is comparable to the orientation designated as ZR In fieir 
work. It is reported that basal slip is more favorable in a large percentage of 

the grains in this orientation. The twinning mode is not predominant, especially 

in the stress range employed in the acoustic tests. The strain due to twinning 

Is estimated to be less than 10^ of the strain to which the specimens were sub- 
jected. 

J. 70-50 BRASS 

Annealed 70-50 brass specimens show considerable unload emission as seen 
in Figure 25. The stacking fault energy of 70-30 brass is reported as 10 

ergs/cm2.(51) 70-50 brass exhibits mostly planar slip with a few dislocation 

dipoles. The large load emissicn and the absence of the Kaiser effect are con- 
sistent with the above hypothesis for unload emission response. 

K.  THE DEPENDENCE OF THE UNLOAD EMISSION ON THE 
MAGNITUDE OF THE BAUSCHINGER EFFECT 

It is of interest to compare the dependence of the unload emission on the 
amount of strain for several annealed fee materials. Figure 25 thowed a plot of 
strain vs. unload emissior.  It can be seen from Figure 23 and Taile V that as 
the stacking fault energy decreases in fee metals, the unload emission increases 
for the same plastic strain. In Table V it can be seen that there is a correla- 
tion between the Bauschinger strain, stacking fault energy and unload emission 
counts can be noted. The eopper-7,9^ aluminum alloy of all the fee material, 
shows the largest unload emission counts and the largest Bauschinger stain, 

whereas 99.99^ aluminum exhibits the least Bauschinger strain and the lowest un- 
load emission. 



VI.  CONCLUSIONS 

The following conclusions may be drawn on the basis of the results of the 
investigations that are being reported here: 

(1) A plausxb.Te source of acoustic emission is the activation and subse- 
quent shutting olf of sources of dislocations. 

(2) In 99.99^ aluminum and 99.9^ copper^ these sources are generally asso- 
ciated with grain boundaries and their activation marks the onset of macrostrain. 

(5) Whether or not any acoustic emission resulting from the activation of 
dislocation sources will be detected depends on the slip region diameter, and the 
source length, as well as on the sensitivity of the detection system and the 
background noise level. 

(k)    The dominant source of acoustic emission from 99.99^ aluminum in the 
microstrain range (< 5 x lO-1*) is intragranular and not associated with grain 
boundaries. It is due to the early movement of loosely pinned dislocation seg- 
ments, possibly from the subgrain walls. 

(5) The onset of macro-yielding in 99.99^ aluminum and 99.%  copper occurs 
with the help of dislocation pile-ups held up by grain boundaries. The length 
of these pile-ups is Independent of grain size for grains that are larger than 
about 200u in diameter. 

(6) The acoustic emission during macrostrain result from the activation 
of dislocation sources near the grain boundaries. 

(7) Acoustic emission occurs in some materials when the applied stress on 
these materials is removed. 

(8) When the peak magnitude of the stress is increased, the unload emis- 
sion increases, reaches a peak value, and then decreases in all the fee mate- 
rials ttsted in this investigation. 

(9) There is a good correlation between the unload emission and the 
Bauschinger effect. Materials that exhibit large unload emission show a large 
Bauschinger effect. 

(10) The unload emission depends on the grain size of the specimen. In a 

large grain-sized sample, there are more strain pulses of amplitude above the 
threshold level of the measuring system because of larger glide distances. 

(11) Materials that exhibit large unload emission do not show a complete 
Kaiser effect, i.e., they do show some acoustic emission on repeated loading. 
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Tt is likely that as long as the dislocations are confined to move in primary 
slip planes they can move back and forth during unloading and repeated loading 

and produce acoustic emission. Planar glide materials such as b copper-T.9^ 

aluminum alloy behave in this manner. 

(1?) Experimental results support the following explanation for the acoustic 

emission behavior of materials during unloading. Unload emiss5ou is the -esult 

of reverse plastic deformation. However, dislocations must be available in the 

primary slip planes to allow reverse plastic deformation of sufficient mafcnitude 
to be detectable as acoustic emission. Cross-slip reduces the availability of 
the dislocations in the primary slip planes to move back. Since the tendency 
for cross slipping is greater in materials with high stacking fault energies, 
materials such as 99.99^ aluminum give low acoustic emission during unloading. 
On the same basis, a planar glide material, such as a copper-?.9^ aluminum 
bronze, and a 70-50 brass show considerable unload emission because they have 

a low stacking fault energy. For the same plastic strain, the emission from 

copper-7.9^ aluminum alloy is five to six times that of 99.99^ aluminum. 

(15) The use of low level acoustic emission of non-crack origin to monitor 

creep and fatique processes is difficult in high strength alloys because of the 
need to keep the unwanted background noise to a minimum level at all times for 

the duration of the tests. 

(ih)    The "unload" emission can possibly be used as a means of measuring 
the maximum value of the residual stress in a tei^t specimen, but the low level 
of the emission and the consequent experimental difficulties preclude its use 

as a practical test method. 

(15) The use of thermally induced stresses offers a quiet method for pro- 

ducing acoustic emission. The difficulties in piddlcting the absolute value 
or the distribution of the stresses limits this technique to those situations 

where these factors are not important. 



VII. RECOMMENDATIONS FOR FUTURE REfEARCH 

On the basis of the work done In the program the following appear to be 
promising areas for further effort. 

(1) Use of acoustic emission originating from plastic deformation to assist 
in predicting ductile crack behavior. Plastic deformation takes place in frone 
of and simultaneously with the propagation of a ductilt» crack. 

(2) Use modern data processing techniques to analyze the acoustic emission 
signals. Much more information exists in the acoustic emission than in now be- 
ing utilized. Slgnal-to-nolse ratios could he  improved. Information about the 
type of crack, what is going on in the vicinity of the crack, and the characteris- 
tics of the propagation path of the acoustic energy could possibly be obtained 
by such efforts. An initial step would be to investigate the spectra of the emis- 
sion. 

(3) Develop ways for using acoustic emission to monitor or measure the 
strain-hardening characteristics of materials. 

(h)    Develop acoustic emission as technique for nondestructively determin- 
ing or monitoring various mlcrostructure parameters of metals, such as dislo- 
cation density, the amount and distribution of one phase dispersed in another, 
such as results from aging or tempering, or for determining the percent of cold 
work in a metal. 

(5) Develop specialized facilities for fatigue and creep testing high 
strength alloys with the necessary minimum of electrical and mechanical back- 
ground noise.  If this were done, It should then be possible to obtain useful 
predictive information based on acoustic emission. This can be done by making 
improvements in the equipment and by the use of electronic gating techniques. 
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