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NCMENCIATURE
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Total number of counted emission pulses
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I. INTRODUCTION
A. Review of Literature

1. Fatigue and Fatigue Limit in Steel

(a) Background

The study of fatigue of metals can be traced back to the
early part of the 19th century.(BB) This was the time in history when
reciprocating mechanisms were coming into existence and the masonry
and brickwork of bridges was being replaced by wrought iron structures.
In 1837 and again in 1843 Hodgkinson reported to the British Associa-~
tion that his experiments on transversely-lcaded bars showed that,
" . when bodies, as the axles of railway carriages, are alternately
bent, first one way and then the opposite, at every revolution, we
may expect that a total change in the arrangement of their particles
will ensue". This in effect was the first formally reported observa-
tion of the fatigue phenomenon. This report was soon followed by an
interesting but fundamental theorem enunciated by James Thomson in
1848 namely, "There are two eldstic limits for any material between
which displacements or deflexions, or what may in general be called
changes of form must be confined, if we wish to avoid giving the mate-
rial a set, or in the case of variable strains, if we wish to avoid
giving it a succession of sets which would bring about its destruc-

" This statement uses the term "elastic limits" which was

tion;
later redefined as the endurance limit or fatigue limit. Nevertheless

this is the first direct statement found in literature which estab-

lishes the existence of a fatigue limit. After that time a whole
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series of investigations were started by Wdhler in 1870 and he used
a rotating cantilever machine to obtain the first notions of an S-N
curve (a curve of stress versus number of cycles to failure at the
stress). The techniques used and the results obtained by WBhler<54)
are in use even up to the present day. These experiments were later
confirmed and continued by Spagenburg (1878) and Bauschinger(35)
(1881) who later added a great deal to the store of knowledge in the
area of cyclic loading. All these investigations were mainly of a
purely experimental character, dictated by engineering requirements
of-Uxédayand’as such were mostly phenomenological in nature. Such
studies are still being conducted and will be discussed later.

The second approach to the problem of fatigue was formally
bégun bybEWing, Hﬁmfrey, and Rosenhain who applied the optical metal-
lurgical microscope to the obsérvation of the surface of a metal under
fatigue. Their efforts have paved the way for a second approach which
will be referred to as a microscopic approach. Such an approach was
further aided by Von Iale's prediction of X-ray diffraction through
crystal lattices and Brégg‘s invéstigations of structures of various
metals. Methods for preparing large crystals were next developed by
Carpenter, Czochralski, Gomperez, and Elam. In 1924 de Broglie enun-
ciated the concept of electron wave length and paved the way for a
new tool in microscopic bbservation, the electron microscope. The

microscopic observations will be discussed separately.
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(b) Phenomenological Studies
In 1910 Basquin<56) analyzed a large number of data obtained
from varied sources and found that when the logarithm of stress is plotted
versus the logarithm of the number of cycles to failure there existed

6 or 107

a straight line relationship.between life values of 103 to 10
cycles. ©Such a relation is schematically represented by Figure 1.1.
The life axis is separated into three regions; the low-cycle region,

the finite life region, and the infinite life region. In the low

cycle region the fatigue behavior is described by

where N = number of cycles to failure

€p = true strain in monotonic tension
€, = mean strain = % (e + € i)
m - - 2 max min
€, = variable strain = (€pgx - €min).

This relation was proposed by Manson(Bl) and Coffin(32) and was later
(29) (27)

modified by Sachs et al, and according to Weiss

it seems to be
well supported by experimental data.

Most effort in the area of fatigue behavior is concentrated
in the finite and infinite life regions. The outcome has been a large
amount of information that is quite often conflicting. The region of
interest in this investigation lies in the abrupt change in behavior of

a ferrous material when it is fatigued above and below the fatigue limit,
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Hence a literature survey was also conducted to determine the effect
of various factors on the fatigue limit.
In 1874 Gerber(58) analyzed the data of Wohler and Bauschinger
and found that for a given life there was a relationship between the

mean stress (S and alternating stress (8z). This relationship

n)
later came to be known as the Gerber Parabola. This was soon followed
by a large number of investigations leading to modifications by Good-
man(59>,Fischer(uu2 Nishihara(*5) Soderverg(46) and others. In 1939
(40)

Orowan presented another approach based on his theory of fatigue.
In recent times Sines(#T) and 1ittle(%1) have made substantial contri-
butions to the understanding of the effect of mean stress on fatigue.
All these investigators have made recommendations that are useful only
in establishing a general trend. Yet the details are different enough
to warrant the conclusion that the variations between each of the test
specimens used weré too high to resclve the effect of mean stress on
fatigue in a precise manner.

Besides the mean stress there are several other factors that
'definitely affect the fatigue limit and these will be discussed
briefly:

Carbon content affects the fatigue limit in a direct manner.
In case of high hardness steels the fétigue limit increases with the
carbon content.

Lead content affects the fatigue limit only under certain
conditions and the exact reasons for this effect are not yet estab-

lishedo(u8)
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The effect of small quantities of austenite have been
documented by French,(49) Sachs,(so) and Frankel et gl.,(sl). Micro-
structures containing spheroidite have been shown to have superior
over-all fatigue strength when compared with those containing pearlite
by Dieter, Mehl and Horne(52) in their studies using high carbon steels.

The effect of size has been discussed in detail by Boegehold(53)
and the effect of surface finish, surface treatment, and hardenability,
are discussed in references (48, 12, 7).

The size, shape, and orientation of inclusions play an impor-
tant role in the deterioration of fatigue limit and correlations between
fatigue 1limit and inclusion size have been demonstrated by Cummings
et g&.(5u)(48). Yet certain research conducted by British Iron and Steel
Research Association(Ss) indicates that the inclusions made of silicates
and refractory aluminum compounds are the most injurious to fatigue pro-
perties., This research also indicates that there is a clear correlation
between inclusion size and fatigue life when the inclusions are sub-
surface. No such correlation was found with surface inclusions.

Fatigue behavior has been studied under thermal stresses by
Coffin(56) and Manson.(57) The effect of surface coatings and surface

environment on fatigue properties is reported in several studies(u8’5& 59’60)

Attempts have been made to correlate fatigue limit with other
microscopic, static, or dynsmic properties. The first attempted correlation
is given in Figure 1.2 which is a plot of fatigue limit versus Rockwell

hardnese. The results show that the scatter in fatigue limit is about
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+ 10,000 psi for hardness values up to 35R,. The correlation deteri-
orates still further as hardness increases and for hardness values
greater than 55R, the scatter band is about t 27,000 psi. The next
correlation commonly found in machine design literature(87) is

§S = 0.5, where Sy = ultimate strength. This relationship was com-

pzred (by the author) with published data on fatigue strength and
ultimate strength from many different sources (for more than 150
polished specimens tested in rotary bending). The ultimate strength
(Sy) was plotted versus the ratio Se/Su . The specimens were sorted
out by the diameters in order to prevent the size effect from creating
variations. The results showed that Se/Su can vary anywhere from
0.65 to 0.22 and hence the relation Se/Su = 0.5 1s not a satisfactory
rule to follow.

Fatigue 1limit 1s a dynamic property and as a rule it cannot
be predicted closely by any known static property. This belief was
quite well known even in the 1800's. Bauschinger(55) was the first to
note the difference between the proportional limit of a virgin specimen
and the proportional limit of a specimen after cyclic loading. He
designated the former as the "primitive elastic limit" and the latter
as the "natural elastic limit". 1In 1932 Gough(65) and others attempted
a correlation between a "dynamic proportional limit"and the fatigue
limit and found them to be in good correlation, To‘obtain a dynamic
proportional limit a specimen is cyclically loaded and its hysteresis
curve is first plotted for each cycle as in Figure 1.3(a). As the

cycling progresses the maximum stress o y 1is increased and the dynamic
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strain 'o x' is noted. The dynamic stress-strain curve is the locus
of the point a . The dynamic proportional limit is the point at
which the dynamic stress-strain curve deviates substantially from a
straight line. Gough'®3), 1azan(93r 9) wu(92) platherwick(91),
and Olsen(9o) conducted experiments which have shown that the dynamic
proportional limit is a good indication of fatigue limit during cyclic
stressing (see Figure 1.4). Note also that in Figure 1.3(a) 'o @'
is the plastic strain for each cycle and as such gives a good measure
of the area inside the hysteresis loop, which is also a good measure
of the damping present at that particular value of maximum stress 'o y'
Iazan and Wu<92) found that the damping increased quite rapidly as the
cyclic stress was raised above the fatigue limit. Figure 1.4, shows
a plot of the plastic strain 'o 4' (indicated in Figure 1.3) as well
as the dynamic strain 'o x' at each level of cyclic stress.

There are many theories which suggest models explaining the
phenomena of internal damping(97’ 98, 99, 100, 102, ll5>. Most of
these theories deal with damping phenomena at very low strain amplitudes
and as such fall quite short of explaining the abrupt increase in
damping beyond the fatigue limit,

(c) Microscopic studies

The extensive use of the metallurgical microscope, the elec-
tron microscope, and x-rays, has resulted in a great deal of information
regarding the microscopic behavior exhibited by materials during the

progress of fatigue. The principal observations that have been made are

described below. Most of these investigations seem to indicate that
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a fatigue specimen undergoes three stages; work hardening and the
formation of slipbands, the nucleation of cracks, and the growth and
propogation of cracks.

The formation of slipbands was observed as early as 1903 by
Ewing and Humfrey. This lead to the attrition theory of fatigue which

was based on the observations of slipbands, extrusions and intrusions.

(62-67)

Then in 1924 Gough and his co-workers began their series of

very important investigations and found that even during fatigue at
considerably low stresses slip did occur on well defined planes. They

also showed that environment does not affect crack initiation but it

(65, 66, 6T)

does affect crack propogation. Then came the very impor-

(ko)

tant enunciation of the dislocation theory by Taylor(68), Orowan

(120)

and Polanyi in 1934 who worked independently of each other. Since

then many mechanisms have been suggested which can explain work
hardening, formation of slipbands, and extrusions and intrusions.

The most prominent mechanisms for work hardening have been proposed by

(68) (69)

Taylor , Seeger

(72)

0
5 Baisinski(7 ), Mott(7l), Hirsch and Warrington, -

and Kuhlmann=Wilsdorf(75)u The theories of extrusion, intrusion, and

(74)

)

slipband formation have been advanced by Mott(75), Cottrell-Hull

(77), Thomson(78) and McEvily and Machlin(79)

and Fisher (762 Fleischer
have made further suggestions regarding the formation of extrusions and
intrusions. Many observations have been made on extrusioné, intrusions

(80, 81, 82)

and slipband formation. Hempel has conducted extensive
studies in steels and has found that there is a change in the slip be-
havior above and below the fatigue limit. He found that just below

the fatigue limit the number of slipbands appearing even after a few
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million cycles of stress was much lower than that observed in the
finite life region. There are other observations made by Wood(Bh’ 85, 86)
who, working with x-rays as well as taper sections, concluded that there
are two mechanisms of fatigue. One of these operates above Se (fatigue
limit) and causes slipbands of high localized distortion which give rise
to asterisms in x-ray defraction spots. The other mechanism seems to
operate below S, and gives rise to fine slip lines.

(88)

Despres using electron transmission microscopy in 304
stainless steel found that at stresses corresponding to lives below
lO5 cycles there is very strong evidence of cellular structure for-
mation, while lower stresses give a band structure that increaseg in
width and density of imperfections with increasing number of cycles.
Once these slipbands are formed cracks appear to be initiated

inside the slipbands. Yet there is only one mechanism(79) proposed
so far that can explain to some degree the initiation of a crack fol-
lowing the formation of slipbands. These cracks grow and propagéte
within the slipbands until they meet the cracks in néighboring grains,
and thus give rise to large scale fracture. This process was first
photographed and reported by Gough(69) in 1924 yet the explanations

of micromechanisis and processes involved in crack growth and prope-

gation are still being developed.
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2., Acoustic Emission Phenomena

Historically the evidence of stress-induced sounds was first
observed as the "cry of tin;" Czochralski<lo§) traced the cry of tin
back to the spontaneous reversal of atomic structure at twin locations.
The existence of the emission of acoustical pulses from most other
materials when they are subjected to applied stress was relatively
unknown until recent times. In 1950 Dr, J. Khiser<lou’ 111, 112) re-
ported the existence of stress induced sounds from other materials such
as zinc, steel, aluminum, copper, lead, and even wood. This work has
been followed by Schofield(15°2u), Cusick(los), Tatro and Liptai(lB’
235 26), J. R. Frederick at the University of Michigen, and more re-
cently by Hartbauer(los), Bainbridge and Baker(106), and Dunagan and
H}arris(lo7)°

Kaiser observed that the emitted sounds have an intensity

18 20 watts/in? and a frequency range of

in the range of 107" to 10~
5900-25,000 cycles per second. Using an electronic detection System
with a background noise of 15 microvolts.he reported that emission
starts and stops with load. He concluded that the acoustic phenomena
were irreversible in the entire stress range. He also noted that on
re=-gtressing a previously stressed material the emission did not be-

gin until the previous stress was reached., This was later called the

Kaiser effect. On the basis of his observations he concluded that the

grains shifted owing to the stress and gave rise to the noise, Hence
he thought that this noise was a "thermofrictative phenomenon” at the

grain boundaries. In his observations the amplitude reached maximum
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values thrice as the load increased from zero to failure. This was
explained by assuming that these peaks were emitted by the outer zone,
the core zone,and the recrystallized zone respectively. He was able

to observe that there were two types of pulses,the burst type and

the continuous or the high frequency type.

Tatro and Liptai(l5) have observed that in the case of
aluminum there is no marked difference between the emission from single
cryétals and poj_'ycrystalso They believed that the appearance of
emission corresponded to the oxide cracking induced by the formation
of surface slip markings.

Schofie1q! 19 -24)(108-110)

has conducted some of the most
extensive studies in this area, Working_with single crystals of
different orientations he concluded that there is a marked difference
in emission with orientation. In order to isolate the effect of sur-
face oxide layer,tests were conducted on aluminum crystals with .5
orientation in an etchant solution and on gold crystals of .5 orien-
tation. The results showed conclusively that the emission is not
solely a surface phenomenon but the surface affects emission by altering
dislocation mobility on the periphery of the specimen. These experi-
ments on gold are of further interest because for the first time some
emission was also observed on the unload in a virgin specimen as well

as in specimens with two or four cold worked edges as shown by Figures

1.5, 1.6, 1.7.



-16-

.Amoimoﬂpmpﬁmﬂho ¢° PIOH JO JoTARUSd UOTSSTUY *G°T aandr g
Spuodds = Wyl
0zz 00z 081 091 o7 0zl 001 08 09 oY oz
_ |
_, | X |/

Sie Ty /M\ 4\\\

) SN G H.\

v 4 T Nt A\ e TN

- £
Q

Ipn3ydoy wogssimy o
Iy UIWIIS V©
o1 @

(]

01

114

oz

114

ot

1%

$4TaV01

ot

T

n

91

401 X ORS/NI/NI IIV¥ NIVM1S

o
-

©
TVO6 JALIVIN ~ JANLITIRV NOIS&DC

(48

”

91



-17-

*(601) -so8pd maua0g

Jo mwﬂ..mM.HOB PIOD WQHSOHHO_M UOTYIBIUSTIQO G- PIOD JO JOTABUSH UOISSTUWH .@.H 2JINn3T 4
SpUcdas - IWyY
o (1144 002 081 091 oyl (1741 001 08 034 (174 w.
P —— P @ J — — 0
1
]
apn3yidmy uojssimy ®
218y uUIPIIS gy v
peol © ©

o1

S1

(074

114

ot

s€

oy

SET-aV01

o1

(A

”n

91

SO X J3S /NI/NI 93wy uywasg

[1)9

[4S

91

91

AVIS FALIIVIEY = FAALITINV NOISSTA -



‘(6aT\S99PE TT® JO 3JIOM PTOD SUTMOTTOL UOTABAUSTIO ¢° DPTOH JO JOTABUSG UOISSTIWH ), °T 9I03TH

Spuodds = Iyl
ozz 00z 081 091 on1 0z1 001 0% 09 o o0z 0

— [4]
a4 TY —
L[ T] T\

<\

ot

st

-18-

{ nuﬁ%ym

\L}\
]
$91-av01

114

Ipniyrduy uoyssiwy @ ®

31wy ujeals vV————V

j 0ot
peo1 © <) \

113

oY

$Ol X O2S/NI/NI AIVM NIVHIS

o
-t
T'VOS AALIVINY = FJaNLITAWV NOISSIWE



-19-

3. Summary of the Literature Survey

The literature survey thus indicates that during cyclic
loading the behavior of a ferrous material when stressed above the
fatigue limit (endurance limit) is remarkably different from the be-
havior of the same material below the fatigue limit. This is borne
out by the observations arising from surface observations, electron

transmission studies, damping studies,and dynamic stress-strain studies.

B. Statement of Problem
The purpose of this investigation was to observe the dif-
ference in the acoustic emission as well as surface behavior of com-
mercial ferrous materials when they are subjected to cyclic tensile

loading above and below the fatigue limit.
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II. EXPERIMENTAL PROCEDURES
A. Test Specimens
1. Materials

In order to add to the practical value of this research pro-
gram, it was decided to test the most commonly used ferrous materials.
Tn order to observe the effect of carbon content on acoustic behavior,
steels with tﬁo different ranges of carbon content were investigated
namely 0.18 to 0.20% and 0.42 to 0.45%. Two markedly different forms
of prior deformations are available commercially: the hot rolled and
cold rolled conditions. During cold rolling the grains are deformed
and elongated while during hot rolling the temperature is high enough
to allow recrystallization. The materials used were low and medium
carbon steels in hot rolled and cold drawn conditions. All the steels
used in this investigation had a microstructure of ferrite and medium
to fine pearlite.

There were many long and elongated inclusions in each of
the materials and quite often these were visible at magnifications as
low as 10X.

Each material was obtained in the form of a single 20 ft,
long 1-1/8 inch diameter bar. In order to minimize the effect of in-
herent variations of properties within each bar on the test results,
specimens were machined from adjac ent sections of the bar.

A great deal of prior information is available regarding the
microscopic properties and fatigue behavior of these materials. Table
2.1 gives the nominal compositions (as reported by the manufacturer).
The engineering stress-strain diagrams for each of the materials are

given in Figure 2.1
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Table 2.1
CHEMICAL COMPOSITIONS OF THE STEELS USED FOR THIS INVESTIGATION*

ATIST Condition Carbon % Manganese % | Phosphorus | Sulphur

No (Prior Max % Mex %
deformation)

1018 | Cold Rolled | 0.15 - 0.20 | 0.60 - 0.90 .0k - .o5A

C1020 | Hot . " 0.18 - 0.23 | 0.30 - 0.60 .0k .05

clok2 | cold " [0.40 - 0.47 | 0.60 - 0.90 .0k .05

C1l045 | Hot " 0.43 - 0.50 | 0.60 - 0.90 .0k .05

ksi

*Ryerson Steel

Ho

100

1042 C.R
90

80

1045 H.R
70

1018 C.R
60

50 H 1020 HR |

40 ] .

STRESS,

30 _

20 .

0 I L L I 1 1 | l
0 0.05 0.1 015 0.2 0.25 0.3 0.35 0.4 0.45

STRAIN - INCHES/ INCH

Figure 2.1. FEngineering Stress-Strain Curves for Materials Used
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Figure 2.2. Fatigue Specimen
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2, Specimen Preparation

The specimen shape and size are indicated in Figure 2.2.

ll) and is con=-

This shape is quite similar to that proposed by Kroll(
sidered highly favorable for acoustic emission studies. These specimens
were machined on a lathe out of the steels in their as-received con-
dition and then finished with 500 grit emery paper. They were next
electropolished to a very high surface finish (.4 microinches R.M.S.)
with the help of an electrolyte containing 25 érams chromium trioxide,
125m1 glacial acetic acid and 5ml distilled water. The polishing
was done in the cell shown in Figure 2.3, using a stabilized and
filtered d-c power supply at a current density of 40 milliamperes per
square centimeter. The cathode used was made of copper and the cell
was constantly stirred and cooled to 27°C. The specimens were stored
in mineral oil. During the acoustic or fatigue tests these specimens
were removed from the oil but precautions were taken to make sure that
there was enough oil adhering to the surface. During surface obser-
vations and replication these specimens were removed from the mineral
0il, cleansed with chloroform and then immersed in acetone for a very
short period. .Care was taken to avold exposing the bare metal to the
atmosphere over extended periods in order to minimize oxidation.

A specimen in its machined and electropolished state prior

to any external loading will be referred to as a virgin specimen.
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B, Test Plan

Ffom each of the four materials selected, namely 1018 and 10L2
cold rolled and 1020 and 1045 hot rolled steels, four specimens were
prepared. The first specimen was used for a static tensile test, the
second specimen was used to obtain microstrain data, while the last two
specimens were fatigue specimens. One of the fatigue specimens was
cyclically loaded above the fatigue limit while the other fatigue spec-
imen was cyclically loaded below the fatigue limit.

The following observations were made on each fatigue specimen

6
h’ 105, 107, and lO7 cycles of cyclic

in its virgin state and after 105, 10
loading:
1l. Observations of acoustic emission behaviour using a
specially designed testing facility.
2. Observation of surface changes with a light microscope
and with an electron microscope by replication.
The cyclic loading on a fatigue specimen was discontinued
after lO7 cycles of loading. Specimens that survived 107 cycles of

loading were etched (partially) with Fry's reagent* and the surface

Observations were repeated on the etched as well as unetched portions,

*Composition:

58 Cupric Chloride
4Oml Hydrochloric Acid
30ml Water
25ml Ethyl Alcohol
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(a) Copper Cathode

(b) Specimen
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Figure 2.4, Thermally Operated Loading Machine
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C. Acoustic Testing

1. Loading Machine

Some preliminary experiments were conducted using a thermally
operated loading machine (Figure 2.4). This machine was made up of two
parallel beams supported by two columns which were welded to them. The
specimen was threaded into one of the beams and bolted to the other.

As the columns were heated by the use of electric coils these columns
expanded and loaded the specimen in tension. The unloading was accom-
plished by allowing the loading machine to cool in air or by passing
water through the columns., This particular machine had the following
disadvantages: (a) In order to be effective the coupling between the
specimen and the machine had to be very rigid. Hence the acoustic
transmission loss between the specimen and the machine was low, and
ambient noises were easily transmitted to the transducer. (b) Elec-
trical as well as mechanical noises produced during the heating process
were at times large enough to be picked up by the sensitive acoustic
pickup. (c) The time required to load a specimen to the desired level
was approximately 15-20 minutes and the time required to unload a spec-
imen (silently with ambient cooling) was about 40-60 minutes. Cooling
by means of water. was more rapid but gave rise to excessive noise.

(4) The strain rate was not linear but exponential. (e) The maximum
strain that this machine could produce in a specimen was too low. If
a specimen were to undergo a permanent deformation of .022 inches the

load would drop by more than 95%.
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In order to avoid all these drawbacks another loading device
called the acoustic test machine was designed. This machine and its
various parts are shown in Figure 2.5. Figure 2.5(a) shows a schematic
view of the machine. Figure 2.5(b) shows only its front end where the
specimen is situated. When the reservoir (1) is lowered using the
drive unit (e) the water flows from the support tank (m) to the re-
servoir. The ballast tank (h) (which is buoyant at zero load) gradually
exerts its weight on the lever (b) which in turn applies the load to
the specimen (s) in the grips (n) through the hanger (q). The load
rate could be easily governed by the use of valve (k) and was kept con-
stant at about 350 lb/mina A plastic deformation of about .022 inches
at the specimen changed the load by less than 5%. Thus this system was
considered to be very "soft". The power requirement was only 1/60 h.p.

(2, 3, 6, 9, 10, 1k)

The specimen was isolated first of all by putting
the acoustic test machine in a soundpr oof room having noise reduction

capability given by Table 2.2,

Table 2.2

NOISE REDUCTION CAPABILITY CF SOUNDPROOF ROOM

Octave bands cps Noise reduction in db
37.5 - T5 22
75 - 150 28

150 - 300 36

300 - 600 L6

600 - 1200 53

1200 - 2400 58

2Lkoo - 4800 61

k80O - 9600 63




-28-

QUTYOB{ 3S9J 9I3SNODY *§*g 2anITd

o} B
pug quoxd oq3 jo yderdojoud (q) @/ oTaeweyds ()

)
[/

|

=]

N\

| o1 1
| 1l LR &
- ,

~®

3

@
@<\*>I

L usuroads .

za8uey ® (pues SuTUTBIUOD) WUBL ISEITEd %

uoqyeld @ wmyro)
JopToH 1835410 © (edfy weeq) TT°D Peol QO
sd1al woTAN @ 3Tupn aatad @
sue], pa0ddng @ squiop 3o¥00§ ‘A ‘@ pue Tred @
atoaxesay @ ) s08pH aFTul %

SAT® FEYEY
(Tox3uod 93BI PEOT) ww GM % uFremzormes &




-29-

Next the acoustic test machine was placed on a rubber floor mat and
sound isolation was provided at the places marked (i) in Figure 2.5(a).
Finally the specimen was placed in nylon grips. Prior tests conducted
by Schofield revealed that nylon has good damping qualities as compared
to metals like steel or aluminum.

The load cell in the acoustic test machine was calibrated
by the use of the load cell on the fatigue machine. A certificate of
calibration of the load cell on the fatigue machine was supplied by
the manufacturer. This cell was used as a standard throughout the
experiments.

The problem of eccentricity was solved by using four ball
and socket joints which were co-axial with the axis of the specimen.
These sockets were made of DU material which is a porous bronze im-
pregnated with teflon and lead (coefficient of friction = 0.05). When
the stainless steel balls rub on the DU material they do not exhibit
a stickslip friction phenomenon. The final check on eccentricity was
made by loading a dummy specimen with highly sensitive solid state
strain gages on it. This method revealed that the bending stress on

the specimen did not exceed 4.0% of the total uniaxial tensile stress.

2. Electronic Equipment:¥*

The three quantities that were measured and recorded during

an acoustic test were:

* See Figure 2.6 and Figure 2.7 also see appendix for detailed
specifications of various equipment.
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Figure 2.7. Electronic Equipment - Photograph
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a. Load on channel (1) of the Visicorder oscillograph
b. Emission amplitude on channel (2) of the Visicorder oscillograph
c. Cumulative emission on channel (3) of the Visicorder oscillograph.

The load was measured using a beam type load cell having solid
state strain gages which were temperature compensated. The output of
the load cell was displayed on channel (1) of the Visicorder, and
the overall drift at the output during a load-unload sequence was
less than 1%.

The acoustic pulses were picked up by the help of a lead
zirconate titanate piezoelectric crystal (PZT-S} of 0.25 in., diameter
and 0.1 in. thickness. The crystal was mounted on a copper disc inside
a holder which was made of nylon and shielded electrically by copper.
Figure 2.8(a) gives a sectional view of the crystal holder attached to
a specimen. Figure 2.8 (b) and Figure 2.8 (c) are photographs of the
same.

The other side of the crystal holder was kept in constant
electrical and acoustic contact with the specimen (s) by the help of
spring (e), Figure 2.8. The crystal was connected to a preamplifier
by means of a very short cable to avoid electronic noise pickup. The
specimen was grounded to the copper shield (of the crystal holder)
which in turn was grounded through the cable,thereby avoiding ground
loops.

The preamplifier was a "hushed" transistor amplifier (Millivac)
and was chosen because it was capable of having a wide band and a low

noise level. The output of the preamplifier was connected through a
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filter to three separate devices in parallel; an EICO Vacuum tube
volt meter (V.T.V.M.), a Tektronix oscilloscope and a Honeywell Visi-
corder. The V.T.V.M. was modified so that its output could be dis-
played on the Visicorder in order to obtain a permanent record. The
oscilloscope display was used so pictures of waveforms could be taken.
The electronic counter had a binary coded decimal output which was
connected to a digital-to-analog converter. The output of the con-
verter was triggered externally at 10 cps by a square wave generator
and the analog pulse, corresponding to the total number of pulses
counted (cumulative emission), was recorded on channel (3) of the
Visicorder. At the beginning of each run the load cell was balanced
and its gain was checked using a calibrating resistor. Hence the
cell's output on the Visicorder was always 500 lb/in. of deflection.
The "hushed" transistor amplifier was always set to accept a band
width of 2.0 - l8QpOO cps at a gain of 70 db. The Krohn-Hite band
pass filter was used to attenuate all frequencies below 300 cps. All
electronic equipment except the preamplifier was left outside the
soundproof room as shown in Figure 2.7. In this manner the overall
noise level was maintained below 4 microvolts R.M.S. as referred to
the input of the preamplifier. The acoustic detection system was
calibrated by transfering the calibration switch (Figure 2.6) to
position (2) and applying a known 1 kc/sec. signal (.055 volts R.M.S.)
from the calibrating signal generator. This voltage was checked by
using the V.T.V.M. and then the trigger level on the counter was set

so that all the signals above .C55 volts R.M.S. were counted. In
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this manner the sensitivity was kept constant throughout the whole
series of tests and the calculated values of the sensitivities re-
ferred to the input of the preamplifier were as follows:
Minimum voltage at preamplifier input that could trigger
the counter = 24.8 microvolts peak to peak
Minimum pressure at the crystal that could trigger the
counter = .394 Newtons/sq meter
Minimum intensity of sound at the crystal that could

15

trigger the counter = 3.88 x 107~ watts/sq cm.

D. Mechanical Testing
Three types of mechanical tests were performed for the
purpose of this investigation. These were tensile (static) tests,
fatigue tests, and microstrain tests. Because of the limitations
of each testing facility, these tests had to be conducted on thfee
different machines using three different types of specimens. The

detaills of each type of test are given in the following paragraphs.

1. Tensile Tests

The tensile tests were conducted on a 60,000 1b Baldwin
Southwark testing machine using a standard (A.S.T.M. Designation
E 8-61t) round test specimen of .505 in. diameter and 2 in. gage
length. For low strain rates stress-strain curves were obtained
using a stress-strain plotter supplied with the machine. For higher
strain rates the stress-strain curves were plotted manuelly. The
strain rate was held within .05 to .002 per min. These specimens

were stressed to fracture 1n monotonlc tension.
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2. Fatigue Tests

These tests were conducted on a 20,000 1lb Research Incorporated

Materials Testing System Model 900.29 shown in Figure 2.9(a). The spec-
imens (Figure 2.2) that had undergone acoustic as well as surface ob-
servations were fatigued using this machine. The grips of this
machine were made of steel and are shown in Figure 2.9(b). They
are similar to those used in the acoustic test machine (Figure 2.5(a)).
The alignment is obtained by the use of four coaxial ball and socket
joints,Figure 2.9(b). These balls were made of stainless steel and
the sockets were made from porous bronze impregnated with lead and
teflon (DU material). The total bending stress on a specimen (measured
using a dummy specimen with solid state strain gages) was found to be
less than 5058% of the total axial stress. Figure 209(0) gives a closer
view of the ball and socket joints. This fatigue machine is an elec-
tronically controlled hydraulic system operating on a closed 1loop
principle (Figure 2.10). Hence it is capable of delivering a wide
range of inputs to the specimen. The input during all the tests was
such that the stress ratio

_ Stress Amplitude

A= Mean Stress - S

1l as indicated in Figure 2.11.

During the tests the load waveform used was sinusoidal and the load
cell output was monitored on an oscilloscope. The cyclic frequency
of this machine was held constant at 30 C.P.S. during the testing

period,
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3. Microstrain Tests

The microstrain tests were carried out on an Instron Tension-
Compression Machine, This machine was a constant strain rate machine
and had two types of readouts. The first readout was an x-y plot of
microstrain (abscissa) versus load (ordinate). The microstrain pickup
was of the capacitive type and had a sensitivity of 1.865 x 10‘6 inches
per 1/20 in., on a Mosely x=y recorder. This readout was used to
measure the amount of plastic deformation at the end of each cycle of
load., The second readout was a plot of load versus time. Whenever the
observed strain was beyond the range of the microstrain readocut the
strains were calculated from the chart of the second readout.

The strain rate was held constant at .05 per min during the

microstrain tests. The specimen shape and size are given by Figure 2.12.

E. Surface Observations

Surface observations were made by the use of a Unitron light
microscope using reflected light. Photographs were taken using a
Honeywell Pentax camera with Panatomic X fine grain film. The magnif-
ications used ranged from 75X to 1500X (oil immersion). Owing to the
curvature of the specimen shank (0.2 inches diameter), the depth of
field was not sufficient to obtain the necessary details for this
particular study; hence this technique was used only to make gross
surface observations.

In order to overcome the deficiency of the light microscope
the surface of the specimen was replicated and the replicas were ex-

amined under an electron microscope (J.E.M. 6-A)., Both single and
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double stage replication techniques were tried and it was found that
the double stage techhique was in no way superior to the single stage
one. Hence single stage replicas, made out of collodion and shadowed
with platinum and palladium at an angle of about 30 degrees, were used
extensively.

A micro etchant was used only on those specimens that had
survived 107 cycles of load. This etchant was Fry's reagent whose
composition is 5gm Cu Clo, 40ml conc. HCL, 30ml HEO, 25ml CQH5OH.
Only half of each specimen was etched in this reagent for 10 seconds.
The other half was left unetched for comparison.

Both halves of the specimens were then subjected to surface

observations. The results are discussed in the next section.

e 100 .096__|
094 — 250 450

A2R . ) — .12 .248
AN 8 _

126 @ 155 g4

124 7 153
B 012
.o17

These surfaces must be parallel to each other
and square with diameter B within .0005 TIR

All diameters must be concentric within .0005 TIR

Remove all burrs and sharp edges

Figure 2.12. Microstrain 8pecimen
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IIT. RESULTS
A, Acoustic Emission

1. Load-Unload Characteristics of a Virgin Specimen

For the purpose of this study the term “virgin specimen" will
apply to a specimen in its as=-received, machined, and electro-polished
condition, prior to the application of any tensile stress.

There is a great deal of information available regarding
the fatigue limits of the materials chosen for this investigation.

From this information the maximum (S ) and minimum (Sep;,) values

Cmax
of the scatter bands on the fatigue limit of each of the materials

was determined (see Figure 3.1). In case of each material two stress
levels, 57 and S, , were chosen, one above and the other below the
scatter band of the fatigue limit data. In order to prevent this
scatter from creating an ambiquity in the results, one of the specimens
of each type of material was fatigued at the stress level S, below

the and the other specimen was assigned to be fatigued at a

Senin
level 83 above the Semax . During the acoustic tests both of these
specimens were stressed only to S .

Table 3.1 shows the values of S and 82 together with the
mechanical properties for each steel used.

The characteristics of the acoustic emission obtained during
the loading of a hot rolled material were significantly different from

that of the cold rolled material. Figure 3.2(a) shows a typical Visi-

corder chart obtained during the acoustic test of a hot rolled 1020
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Table 3.1

MECHANICAIL PROPERTIES OF THE MATERTALS USED FOR THIS INVESTIGATION
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(a) Visicorder Output (b) x-y Recorder Output

Figure 3.2. Typical Test Results from an Acoustic Test on 1020 Hot
Rolled Steel. Virgin Specimen. (Data Recorder Simul-
taneously on Visicorder and x-y Recorder.)
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steel (note that time increases upwards and amplitude to the left).
The emission is quite low until the upper yield stress is reached.
At that point there is a sudden increase in emission until the lower
yileld stress is reached. This emission beyond the upper yield is
designated in the discussion that follows as high frequency emission
and it tapers off gradually as soon as the load begins to increase
once again. Figure 3.3 shows plots of the cumulative emission
versus the load for each of the hot rolled steel specimens tested.
It should be mentioned that even though the general trend in the
emission behavior during the loading of hot rolled steel virgin spec-
imens is the same, no two specimens (cut from adjacent pieces of a
single bar) were exactly alike in their acoustic behavior.

When the stress on these specimens was released it was‘
observed that the unloading operation élso produced acoustic emission
in each case as shown in Figurew5°5° |

The general acoustic behavior can be summed up by the use
of Figure 3.4 which shows schematic diagrams of cumulative emission
from steel specimens while they were loaded to a predetermined stress

S

max &nd then unloaded. Curve oabcd represents the behavior of a

virgin hot rolled steel specimen during 1ts first load-unload cycle,
From o to a the specimen 1s relatively silent. At the point a
Just prior to the upper yield point the specimen starts to emit copi=-
ously and between points a and b the high frequency emission is ob-

gerved. From b to c¢ the emission drops off once again as strain
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hardening begins to occur. At the point ¢ the direction of loading
is reversed. On the unload part of the cycle there is first a region
cd where no significant emission takes place, After point 4 the
emission gradually begins to reappear. The emission continues from
d to e and it keeps increasing in its rate until point e is
reached,

The nomenclature that will be used in describing the results
is clarified by Figure 3.4. The cumulative emission from o to c
will be called the total emission on load and will be denoted by ZEz .
The total number of acoustic pulses counted by the electronic counter
between c¢ and e will be called the total emission on unload and
will be denoted by ZEu . The maximum stress reached during a load-
unload cycle will be denoted by Spax ¢ The difference in stress
between points ¢ and d will be called the stress delay and will
be denoted by AS .

Figure 3.2(a) shows a typical Visicorder output for a test
run on a virgin 1020 hot rolled steel specimen with its x=y recorder
counter part in Figure 3.2(b). It will be noted that the amplitude
of the emitted pulses and the cumulative emission are not related during
the load or the unload part of the curves. The emission on unloading
is predominantly of the burst type. The emission during the loading
is also of the burst type except for the region between points a

and b where high frequency emission is present.
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When a virgin cold rolled steel specimen is stressed its
behavior is quite similar to that of the hot rolled specimen except
for the fact that the high frequency region ab (Figure 3.4) is com-
pletely missing in the case of a cold rolled specimen. Figure 3.4 il-
lustrates schematically this marked difference in behavior. The ob-
vious consequence of this difference in behavior is that ZEz for
a cold rolled steel specimen is remarkably lower than ZEg for a hot
rolled specimen. The general trend of the emission on unloading for
a cold rolled steel specimen is very similar to that of the hot rolled
steel specimen. Figure 3.5 shows the emission behavior of the cold

rolled steel specimens used during these tests,

2, Changes in the Emission Behavior that Result From Repeated Loading.

When a hot rolled specimen prestressed above the SYu is
reloaded to the same value of S 5, the emission pattern changes from
oabcde to oc'd' e (Figure 3.4). 1In other words the high
frequency emission between points a and b 1s absent. The unload
emission is still present and c¢' e' resembles c e . The hot rqlled
virgin specimen stressed such that S o, > Syu , on reload behaved in
8 very similar way to a virgin cold rolled specimen if the previous

value of S was not exceeded on reload. The cold rolled specimens

max

did not show any marked changes in behavior when they were reloaded.
Each specimen was next reloaded for the third, fourth, fifth,
etc., times. Each time the S attained was lower than that attained

max

previously. Figure 3.6(a) shows the results obtained on a 1020 hot
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rolled steel specimen that was loaded consecutively to maximum stresses
of k6.2, 46.2, 39.8, 31.8, 23.8, 17.5, and 8.7 ksi. Such a load
pattern will be called a decreasing load pattern. The first observation
that can be made from the set of curves in Figure 3.6(a) is that all
the load=unload curves follow the same general trend. The second
observation is that the stress delay AS and the total emission on

unload 2R depend on the value of Spayx . Figure 3.6(b) shows a

u

plot of Smax versus B and AS and a definite relationship is

u
observed between these three variables. When the logarithm of Smax
was plotted against ZEu the relation shown in Figure B,T(a) was
obtained. This relation will be called the unload emission charac-
teristic., This relationship was found to be typical of all materials
tested and the unload emission characteristics for all the virgin
specimensare shown in Figure 3.7(b). Each curve always reached a
single maximum at a stress value denoted by S*¥ . The part of the
curve below S* was very nearly a straight line while at SmaX >

S*, ZEu dropped quite rapidly. It was also noted that below S*

the unload emission pattern did not change with the repetition of
loading. In fact for each Smax < 5% the value of ZEu obtained
did not fluctuate more than 5% from one loading cycle to another.

On the other hand for S ., > S* the value of ZEu obtained had a
tendency to increase slightly with each successive load cycle until a

saturation value was reached. This is shown in Figure 3.8 by plotting

the values of ZEu obtained from a 1045 hot rolled steel specimen,
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which was loaded to Spyy >S* . It should be borne in mind that all
the observations discussed in this part hold only for unload emission
characteristics obtained with a decreasing load pattern. The emission
behavior during the loading part of each cycle did not show a consistent

pattern on repeated loading.

3, Effect of Strain Rate on Load and Unload Emission

In order to find the effect of strain rate on the acoustic
emission, a steel specimen (1045 hot rolled) was subjected to an un-
interrupted load and unload cycle while making sure that § ., < 8% .
The stress versus cumulative emission curve from this test is shown
in FPigure 3.9(b). Next the specimen was reloaded to the same value
of Spgx and then unloaded. But this time the unload was inter-
rupted at points a, b, and c¢ as shown on the Visicorder record in
Figure 3.9(a). The x=y plot of this interrupted unload behavior is
shown in Figure 3.9(b) and the outcome apparently does not deviate much
from the previous one obtained from uninterrupted unloading. The only
deviation occurred near b and c¢ where the strain rate was too low,
The interruption‘at 8 had no apparent effect on the stress delay
AS . This experiment clearly demonstrated that the unload emission
behavior is strain rate dependent. Figure 3.9(a) also demonstrates
that the unload emission is not only a function of the load but it
also increases with the strain rate. Experiments in which the loading
was interrupted were also conducted and it was found that even the

emission behavior on loading was strain rate dependent- an observation
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varified by Schofield in the case of single crystals of aluminum<llo).

4, Effect of the Load Pattern on the Unload Emission Characteristic

The curve obtained in Figure 3.7 is cailed the unload
emission characteristic. This curve was obtained by loading the
specimen to a value of S ., = 51 (Figure 3.1) and then consecutively
lowering the Smax for each following cycle as explained in Figure
B,Y(a), This type of load pattern, which is called a decreasing load
pattern, gives rise to the question, "What effect does the load pat-
tern have on the unload emission characteristic?” In order to answer
this question a virgin 1045 hot rolled steel specimen was loaded re-

peatedly eight times (1 through 8) in such a manner that the Smax

was increasing from one cycle to the next. The same specimen was

then loaded for seven more times but this time the Smax was decreased
from one cycle to the next (Figure 3.10). The Smax was plotted ver-
sus R and the results are shown in Figure 3.10. Figure 3,10

u

indicates that the unload emission characteristic of a virgin hot
rolled steel specimen changed by less than 20% when two different
loading patterns were followed on the same specimen in this sequence.
During this series of loads and unloads this specimen had undergone
a permanent elongation of 0.8%. This specimen was allowed to age
for 326 hours at room temperature and a series of loads and unloads
was performed on it using the same two load patterns as before.
Figure 5.1l shows the results in the same way as in Figure 3.10; the

numbers on each point indicate the order of loading. From load cycles
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(1) through (7) the 8 was increased on each consecutive cycle.

max
From cycles (8) through (13) 8., Was decreasing. The total emission

on unloading was higher when the S was decreasing from one cycle

max
to the next. The interesting feature to note here is that in Figures
%.10 and 3.11 there is a stress 8% at which emission was highest
(using a decreasing load pattern) and this stress is very nearly the
same in both cases for a decreasing load pattern.

The material (1045 hot rolled steel) undergoes substantial
plastic deformation during the eighth reload (Figure 3.10), It will
be observed that a corresponding departure from a straightline re-

lationship between ZEu and S takes place at that point.

max

5. The Kaiser effect

After conducting his series of tests Kaiser concluded that
when a specimen previously stressed to a certain prestress is restressed
the emission does not reappear until that prestress is exceeded. - This
effect has been called the "Kaiser Effect." Kaiser indicated that this
effect could be used to detect the amount of prestress in a part. 1In
order to check the validity of this effect a 1045 H.R. steel specimen
was consecutively stressed to seven increasingly higher levels of
stress and the cumulative emission was recorded during the reapplication
of the stress,

The results of these tests are shown in Figure 3.12. It
can be readily seen that the Kaiser effect does not occur from loads

nos. (1) through (6). At load (7) the specimen went through the upper
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yield point (at 1675 1b) giving rise to an increased rate of
emission. This emission began to diminish after the load reached
1725 1b. At 1775 1b the locad was released and the specimen was
reloaded for the eighth time (load No. 8). During the eighth load
the emission followed a generally increasing path until a load of
1775 1b was reached. Beyond this load a very abrupt increase in
emission was observed and the oscilloscope revealed that the high
frequency emission which had stopped during the previous loading
had started once again. An explanation of this will be given in
Section IV. At present it can be said that the Kaigser effect is

not a universal effect occurring at all stress levels.

6. Effect of Strain Aging at Room Temperature on the Acoustic Emission

In Section IIT A. 2. it was observed that whenever an un-
load emission characteristic was obtained using a decreasing load
pattern the E, was constant for a given Spax < 5% . It was also
noted for a given material at a given time that two unload emission
characteristics obtained using a decreasing load pattern were identical
for Spayx < S% . Yet it was found that for the same material the ZEu
for a given Smax < 5% was not a constant over a long and extended
period of time. A 1045 hot rolled specimen was subjected to a series
of loads and unloads and an unload emission characteristic using a
decreasing load pattern was obtained. This characteristic showed

that at an S of 31.8 ksi the ZEu appeared to be quite stable

max

when the specimen was reloaded instantly to the S .. of 31.8 ksi.
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This specimen was left undisturbed in the grips and reloaded to

S of 31.8 ksi after periods of rest.

max

Figure 5.13% shows the values 2E and JE y) obtained when

u
the specimen was reloaded to the Sppy, of 31.8 ksi after varying
lengths of time. It was observed that ZEu dropped to about 50%
of the value obtained for a virgin specimen within the first 30

hours. After 100 hours there was no further significant change in

the value of XE; .

T. Effect of Fatigue on Emission

Each of the specimens being investigated in the program
was subjected to extensive acoustic tests in its virgin state and
after every lOé 10% lO% and 106 cycles of fatigue loading. The re-
sults are as follows,

(a) Emission During Loading
The following three observations of the emission behavior
on loading were made as the specimens were progresgively
fatigued:

(i) The high frequency emission phenomenon observed
in the hot rolled virgin specimens did not appear
in the specimens that had been fatigued.

(ii) The total emission on load (2E,) decreased at
first during fatigue and then increased again
after reaching a minimum value in the region of

th or lO5 cycles, After 106 cycles of stress



(o)

(iii)

65~

ZEz reached a maximum in case of those specimens
which were fatigued above the S . There was
also an increase in ZEz in the case of those
specimens which were stressed below Se for 106
cycles, but this increase was not as pronounced
as in the previous case. This is shown in Figure
3.14(a).

The amplitude of the emitted bursts also seemed
to follow a pattern similar to that of the JXE,.
Figure 3.14(b) shows Visicorder chart recordings
of the amplitude of emission obtained for two 1020
cold rolled steel specimens stressed in their vir-

b and lO6 cycles of fatigue.

gin state and after 10
It can be seen that the emission amplitude ob-
sérved after 106 cycles of stress was much higher
than that observed after lOu cycles of stress.
The amplitude of emission from the specimen

fatigued for 106 cycles above Sepq, Was much

higher than that of the specimen fatigued below

Semin

Emission during unloading.

Figure 3.15 shows the unload emission characteristics observed

using a decreasing load pattern at five different stages in the

fatigue life of a 1042 cold rolled steel specimen.

figure the following observations can be made:

From this
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min

1018 C.R. Specimen Fatigued Below Sg .

After lﬁh Cycles of Loading After 106 Cycles of Loading

After 15t Qycle of Loading

(b) (Continued)

Figure 3.1k (Continued).
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(i) The unlcad emission ZEu for a virgin specimen is
about twice as high as the emission obtained after
it has been fatigued.
(ii) The maximum required stress for peak emission on un-
locad S* , does not change appreciably as the specimen
is fatigued.
(iii) The general pattern of the unload emission characteristic

6

is unchanged even after 10~ cycles of fatigue.

B. Surface Observations

l. Virgin Specimens

At the outset it was decided to observe progressively the
behavior of the surface of all the gpecimens as they were undergoing
fatigue. In order to make any meaningful observations it was further
decided to electropolish the surface using the technique discussed in
Section IT A. 2. The electrolyte used was a mixture of chromium
trioxide, water, and acetic acid. After trying various other electro-
lytes such as a mixture of sulphuric acid and orthophosphoric acid,
or a mixture of nitric acid and acetic anhydride at different current
densities, it was found that the chromic-acetic acid electrolyte used
gave the best polish on the surface of the specimens.

The steels used were of the commercial quality and contained
inclusions in the form of elongated stringers of non-ferrous material.
These inclusions were removed preferentially during the electropolishing

process and hence shallow and polished elongated craters were left
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behind. These craters were always oriented parallel to the axis of
the specimen. Their widths varied between 0.001 and 0.003 inches,
and their lengths varied from 0.003 to 0.1 inches. TFigure 3.16 shows
the elongated craters on the surface of a virgin specimen of 1018

cold rolled steel at a magnification of 330x

2. After the First Load Cycle

All the specimens were first loaded in the acoustic test
machine (Figure 2.5) to a stress 51 as described in Section IIT A, 1.
During this lcading all the 1020 hot rolled steel specimens exhibited
the formation of primary slip lines on the shank part of the specimen.
This change manifested itself between the upper and lower yield points.
The electron micrographs in Figure 3.1 T(a) through 3.17(e) show the
various aspects of these primary slip lines. The spacing of these '
slip lines was about 0.5 x lO"3 to 1.2 x lO'5 inches yet they were
quite wavy in their appearance. When these lines were observed at.
higher magnification they were not precisely step-like in nature but
were more like ripples on the surface (Figure 3.17 (a2)). The slip lines
in one grain were not parallel to those in other grains. Even in a
single grain these slip lines were never exactly colinear or parallel,
On the contrary they followed no general contour. Their spacings
generally grew more dense near the grain boundaries (Figure 3.17(b)).
These 1020 hot rolled steel specimens were stressed beyond the upper
and lower yield points and the loading was continued well into the

strain hardening region as observed from the load versus time curve,
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Figure 3.16. Typical Craters Left by Inclusions.
Light Micrographs at 330x,Virgin
1020 Cold Rolled Steel.,
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(a) Primary Slip in (b) Primary Slip Near (c) Grains With and
the Center of the Grain Boundary Without Primary
grain 5000X 1400X Slip 1400X

(4) Duplex Slip (e) Primary Slip lines
2100X in the Vicinity of
an Inclusion Crater
2900X

Figure 3.17. Primary Slip Lines in 1020 Hot Rolled Steel Virgin
Specimen Electron Micrographs of Replicas.
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Figure 3.18. Yet it was observed that all of the pearlite grains
and some of the ferrite grains did not show any semblance of primary
slip even when their neighbors did (Figure 3.17{c)). Figure 3.17(d)
shows the existence of duplex slip which occurred during this upper

and lower yileld point region. @ Duplex slip<lgl)

was not as predominant
as the single slip mentioned above.

The inclusion craters had a marked effect on primary slip
lines and they seemed to be able to disrupt the smooth contour of
these lines to a great extent (Figure 3.17(e)).

The 1045 hot rolled steel specimens did not exhibit any
detectable surface change (in the form of primary slip lines) at all
during the first load cycle, even when undergbing the upper and lower
yield point phencmenon.

The cold rolled 1018 and 1042 steel specimens exhibited
no change in their surface when they were loaded up to a stress 5q
given in Table 3.1.

None of the specimens showed any sign of necking when sub-
jected to loads up to S7 . In order to determine the acoustic and
surface behavior during the necking period, a cold rolled 1042 steel
specimen was subjected to loading beyond S; wuntil very substantial
necking took place (this specimen was prepared and used exclusively
for this test only). It was noted that in the necked region slip
lines were formed. These slip lines occurred in ferrite as well as
in pearlite grains and were very step-like and abrupt in appearance
as can be seen in Figure 3.19 which shows electron micrographs of a

replica made of the surface in the center of the necked region.
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(a) Slip lines in neighboring Ferrite and Pearlite grains 4400X

(b) Slip lines in Pearlite - 16000X

Figure 3.19. Slip Lines Appearing on the Surface in the Necked
Region of a 1042 Cold Rolled Steel Electron Micro-
graphs of repljcas
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3. After Cyclic Loading Below the Fatigue Limit

The surfaces of the four specimens 1018 cold rolled, 1020
hot rolled, 1042 cold rolled, and 1045 hot rolled which were subjected
to cyclic loading at a stress S, below Sg .. (Figure 3.1) were ex-
amined after every 103, 104, 105, 106, and lO7 cycles of load. It was
found that no slip lines or surface changes could be observed on any
of them even after using electron micrography on collodion replicas
shaded at various angles (20 to 50 degrees). Even the 1020 hot rolled
steel specimen that showed primary slip after the first application of
a load showed no further change (Figure 3.20(q)).

Etching of the surface did reveal some structure, however,
After 107 cycles of,loadjhalf of the shank portion of each of these
specimens was etched for 10 seconds using Fry's reagent. Then both
the etched and unetched portions were replicated and examined under the
electron microscope.

The results showed that there were some very fine and diffuse
slip lines which were revealed by the etchant in all these specimens.
These slip lines were not present in all areas as can be seen in Figure
3.20(a)). The fine structure of slip lines revealed by etching is
shown at two different magnifications in Figures 3.20(b) and 3.20(c).
The difference between the unetched and etched parts of a 1020 hot rolled
specimen is revealed in Figures 3.20(d) and 3.20(e). Tt can be seen that
the fine slip observed after fatigue appears to have a direction which

is not the same as that of the coarse primary slip.



(a) 1018 Cold Rolled (b) 1018 Cold Rolled (c) 1018 Cold Rolled
Steel Etched 2200% Steel Etched Steel TBtched
3600x 1800C%

(d) 1020 Hot Rolled (e) 1020 Hot Rolled (f) 1020 Hot Rolled
Steel - Unetched . Steel Etched Steel Etched
10000X 10000X ' 28000X

Figure 3.20. Surface Observations on Steel Specimens Fatigued
Below the Fatigue Limit for 107 Cycles - Election
Micrographs of Replicas



-76-

4, After Cyclic Loading Above the Fatigue Limit

Examination of the surface of the specimens stressed cyclically
for 109 and 10” cycles showed no discernable changes in the surface.
After 10° cycles, however, the specimens began to show slip lines
localized in sharp bands in the middle of some of the grains (about
one grain in fifty). These bands will be referred to as slip bands in
the following discussion even though there are only very few of them.
After lO6 cycles of loading these markings increased in size, number,
and intensity. There were usually two to six slip bands per grain and
about one grain in every five possessed these slip bands (Figure 3.21(a)).
These bands generally started at the center of a grain and progressed
towards the grain boundaries. There the bands would connect with the
slip bands in the neighboring grains and thus give rise to a crack as
shown in Figure 3.21(b) and at a larger magnification in 3.21(c).

The fine structure of these bands was observed using high
magnification light microscopy and replica techniques with electron
microscopy. The results showed a region of very severe slip which also
seemed to show profuse cross slip (Figures 3.22(a), 3.22(b), 3.22(c)).
These bands progressed in a direction parallel to the band until they
reached a grain boundary (Figure 3.22(c)) or an inclusion crater
(Figure 3.22(d)). None of the slip bands observed on the surface
began to appear at the grain boundaries or inclusion craters. On the
contrary they first appeared in the middle of a grain and progressed

towards an inclusion crater or a grain boundary. After being stopped
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(a) Slip Bands 1045 Hot(b) Slip Bands 1045 Hot (c) Slip Bands 1042 Cold

Rolled Steel after Rolled Steel after Rolled Steel after
10° Cycles 100 Cycles 100 Cycles

1800X Electron 2500X Electron 6500X Electron
Micrograph Micrograph Micrograph

(d) Slip Bands and (e) Slip Bands and (f) Fine Stucture of
Primary S1ip at an Primary Slip the End of a Slip
Inclusion Crater 1020 Hot Rolled Steel Band 1020 Hot
in 1020 Hot Rolled after 106 Cycles Rolled Steel after
Steel after 10 1400X Electron 10° Cycles
Cycles Micrograph 10000X Electron
1800X Light Micro- Micrograph
graph

Figure 3.22, Surface Observations on Steels Fatigued above the
Fatigue Limit.
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by the grain’boundary they began to spread in a direction normal to
the band and finally completely extended ~inmg one side of a grain bound-
ary or an inclusion crater. The primary slip lines appeared to play no
role in the generation or propagation of slip bands. The direction of
these bands was not the same as the direction of the primary slip
lines (Figure 3.22(e)) and the orientation of these slip bands was
never parallel to the tensile axis but always inclined to it (Figures
3.21(a) through 3.21(c)). The appearance and fine structure of these
bands was the same for hot rolled and cold drawn specimens and as such
these bands were typical of all the specimens that failed between lO6

and 107 cycles.

C. Results of the Microstrain Tests

One microstrain specimen of the type shown in Figure 2.12
was prepared from each of the four materials used. These specimens
were later tested using an Instron tensile testing machine equipped
with a constant strain rate loading system. The purpose of this micro-
gtrain study was twofold. First of all the specimens were observed to
emit acoustic energy during both the loading and the unloading parts
of a tensile test. Kaiser had concluded that the stress-strain curve
is a many leveled curve instead of being smooth and continuous. Since
the capacitive pickup used to measure microstrain at the Ford Scien-
tivic Laboratory was capable of measuring one microinch it was decided
to use it to detect any steps in the stress strain curve. The observa-
tions éhowed that even with such a sensitive pickup the steps in the

stress-gtrain curve were hard to discern. The second reason for
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using the microstrain tests was to determine the amount. of plastic strain
in each of the materials at various stress levels,

In order to be able to correlate the findings of the micro-
strain tests with the acoustic observations made in the acoustic test
machine, it was decided to stress the microstrain specimens in a manner
similar to that used in obtaining the unload emission characteristics.
Thus each microstrain specimen was stressed to the same values of Spg4
as 1ts counterpart used in the acoustic tests. Each specimen was
first stressed using an increasing load pattern, that is, the Smax
(the maximum stress reached during each cycle) was increased from one

cycle to the next until S o4 reached a value close to S; . Then the

specimen was subjected to a decreasing load pattern, that is the S .4

was decreased from one cycle to the next. The values of Smax reached

at each loading of a microstrain specimen were kept identical to those
reached by their counterparts during the tests on the acoustic test
machine. Figure 3.23 shows a typical plot of load versus time dis-
played by the recorder on the Instron Machine.

There was also an x-y recorder which plotted the applied
load versus the extension of the specimen. Figure 3.24 is a schematic
representation of a typical hysteresis loop that was obtained. It can
be observed that as a specimen is cycled from zero to Spgy and back
to zero stress, it will undergo a certain amount of plastic deformation.

This plastic deformation is represented by e The plastic strain is

p°

then plotted against S,,, for each cycle and curves shown in Figures
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3.25(a) through 3.25(d) are obtained. In these figures it should be
born in mind that the points labelled by erect triangles (A) were ob-
tained by using an increasing loading pattern while points labelled by
inverted triangles (V) were obtained by using a decreasing loading
pattern. The data obtained during the microstrain work are also in-
cluded in the Table 3.1.

Examination of the data has revealed significant facts. TFirst
of all the values of upper yield point are markedly different for each
of the three loading machines used in the whole program. The lowest
value of the upper yield point that was observed was the one which was
measured on the acoustic test machine., This is not believed to be due
to an error in the calibration of the load cell in the acoustic test
machine because this calibration was checked constantly by using the
technique mentioned in Section III. There were other factors which
could have caused this difference. These factors are tabulated in Table
3. It is possible that any of the factors mentioned in Table 3.2 could
affect the value of the upper yield point Syu . Yet it is most probable
that the machine characteristics have the most effect.

Next the values of plastic strain observed when an increasing
load pattern is used are not the same as those observed using a decreasing
load pattern. It was also noted that both the cold rolled materials had
a tendency to strain harden and therefore to give less plastic strain on
subsequent loading to the same value of S; .. . The hot rolled materials
on the other hand had a tendency to become more compliant once they were

stressed beyond SYu and showed a higher plastic deformation when
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reloaded to some of the higher values of Smax . This phenomenon is

of interest because it appears that plastic behavior of this type is

intimately connected with the acoustic emission behavior of the material.

Table 3.2
PERTINENT VARIABLES DURING THE TENSILE TESTS ON VARICUS MACHINES

Test Machine Specimen Machine
] Surface Surface Characteristic
Dia. Shank Preparation  [Finish
inches length u inches
inches R.M.S.
Baldwin 0.505 | 2.0 Cylindrical 3.5 Strain Rate
Southwark ground .05 to .002/min.

Testing Machines

Acoustic 0.2 1.0 Polished with |O.L 350 1b./min.
Test Machine 500 grit emery constant load
cloth and rate
electropolish
Instron 0.125 | 1.0 Polished L,o constant extension
Tensile Machine with rate
500 grit .02 in./min.

emery cloth




IVv. DISCUSSION
A, Significance of the Acoustic Emission That Occurs While Loading

1. High Frequency Type Emission

The high frequency type emission is probably the most fre-

quently observed and analyzed part of, the acoustic spectrum. It was

(lll) and theh confirmed by Schofield(llo) as

(119)

well as Borchers and Tensi . This emission begins Jjust before the

first obser&ed by.Kaiser

upper yield point and continues through the period during which the
specimen undergoes yield elongation. This type of emission ceases
rather abruptly as soon as the specimen reaches a stress that is above
the upper yield stress.,  This type of emission is observed in all the
hot rolled specimens that show the phenomenon of upper and lower yield
point. It never appears in the specimens in which the upper and lower
yield has been removed by prior deformation. Thus one can conclude
with certainty that this type of emission is an acoustic characteristic
associated with the upper and lower yield phenomenon.,

Tatro and Liptai(2®) stated that this emission is caused by
the disruption of the surface oxide layer that accompanies the formation
of Luders bands in most of the materials showing thls type of a sudden
yield drop. The two matérials which showed upper and lover yield
points were the 1020 and 1045 hot rolled steels. These steels behaved
similarly during the abrupt yield yet showed completely dissimilar be-
havior on the surface. The 1020 hot rolled steels always showed the
existence of Luders bands and the 1045 steels always showed no sign

of surface slip even when the surface replicas shadowed at 25° were

-86-



-87-
examined under the electron microscope. Yet as mentioned previously
both the steels emitted high frequency emission. Hence a hypothesis
which holds that the oxide breakage during Liuders band propagation is
the source of this type of emission cannot explain the occurrence of
emission in 1045 hot rolled steel. Therefore although the high fre-
quency emission can be affected by the surface it cannot most probably
be caused solely by the surface slip formation.

Figure 4.1 shows the time delay for the onset of yield as a
function of stress in mild steel at 23° C, It also shows that the de=-
lay time is largest at low stresses. This is thought to be due to the
fact that at low yield stresses the slip mode of deformation pre-
dominates rather than the twinning mode(lgh)o Such a situation in
fact did exist during the acoustic tests. The strain rate used was
about 3.7 x 1054 per min. This strain rate was slow enocugh to start
yield at low stresses as observed from Table 3.1, Under these cir=-
cumstances it can be concluded that the low strain rate, the testing
temperature (room temperature), the high stacking fault energy of the
material, and the low yleld points observed make the rapid formation
of twins during the yield drop a very remote posgibility. This con-
clusion is reinforced by the fact that the surface observations showed
no evidence of twinning. Hence, it can be said that the high fre-
quency emission (in this case) cannot be attributed to the rapid
formation of twins.

It could be argued that the twins formed could have been

elastic in nature and as such would disappear when the load is removed,
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thus giving rise to a characteristic unload emission also. Elastic
twinning can very well be the source of high frequency . acoustic
emission, yet this phenomenon will tend to repeat itself at every sub-
sequent reload, thus giving rise to high frequency acoustic emission
at every subsequent load. The observations show that such a repetition
does not occur. Hence the possibility of elastic twinning's being the
source of the high frequency emission seems quite remote.

The phenomenon of high frequency emission is connected with
the upper and lower yield point phenomenon and it begins just prior
to the occurrence of the upper yield point as seen in Figure 4.2,
Such a phenomenon also requi;es a higher stress for initiation than
for continuation., An explanation that is given for the upper and
lower yield phenomenon in~steel is that the dislocations that are pinned
by solute atoms of carbon and nitrogen are suddenly unlocked by an
applied stress. In such a situation a majority of the dislocations
are first bowed out in kinked form between their anchoring points un-
t1il the upper yield stress is reached. At this point the dislocations
are detached from their anchoring points and in essence they form an
avalanche and are accompanied by a sudden deformation, which is easier
to continue than to initiate, It is felt that the energy released at
unpinning is the most probable source of the high frequency type emis-
sion,

On careful examination of the emitted noise on the sweep of
a. cathode ray oscilloscope it was found that the frequency of the high

frequency emission is about the same as that of the burst type emission
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(10 to 20 kcps.). Yet an observation of the same frequency using a
counter could be misleading. This is because even though the frequency
of these pulses is the same the number of pulses emitted during this
short span of time between a and b in Figure 3,4 may be very high.
Hence more pulses will get counted during a given gating time between
a and b than between o and a . Thus the words "high frequency
emission” do not characterize the frequency of these pulses but they

apply more to the rapid occurrence of each of these pulses,

2. Characteristics of the Burst Type of Emission

The burst type of emission appears during the first part of
the loading even at very low stresses., The two distinguishing features
of this emission are its sporadic appearance and its ability to re=-
appear on subsequent loadings. This type of emission follows no de=-
finite trend from one specimen to another or one loading cycle to an=-
other, yet it persists even after long periods of aging. TFatigue below
and above the fatigue limit and over extended periods of time (at 30 cps)
seems to increase the rate and the amplitude of the burst type emission.
Another characteristic that these bursts have is that they appear at
a stress level that is too low to be conducive to the operation of a
number of mechanisms that are likely to produce emission. Thus it is
felt now that this type of emission is produced either by a mechanism
which needs very little stress to actuate it or by mechanisms that can
be present in those zones that have high internal stress. These zones

of high internal stress can exist at grain boundaries, inclusions, or
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twin boundaries. The high internal stress would in that case require
a rather low external stress to actuate the noise producing mechanisms

such as unlocking of dislocation pileups.

3, Kaiser Effect

Kaiser had concluded that when specimens loaded once were
loaded precisely in the same way they would not emit acoustic pulses
until the previous stress level was reached. This effect was called
the Kaiser effect. One of the first tasks undertaken during these
studies was to see if this effect was valid for the materials under
examination, The experimental results relating to this task have been
shown in Figure 3.12 and were discussed in Section III A. 5.

The results show definitely that the material used does not
exhibit the Kaiser effect for loads below the upper yield point.

After the upper yield stress is exceeded the high frequency type
emission begins to occur. This emission continues until and as long

as any part of the specimen is undergoing the yield point elongation.

If this process of yield elongation is stopped abruptly by removal of
the load, the emission ceases. A specimen that has under gone such a
loading treatment will not show yield extension on reloading until the
previous value of stress is reached. This is because all those portions
that were capable of yielding suddenly during the first application of

a specified maximum stress would have already done so. When that max-
imum stress 1s exceeded the specimen will start yielding in those places

where the stress can now exceed the upper yield point and hence the
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high frequency emission will also begin at that stress. Thus the Kaiser
effect in this case is actually caused by the continuation of the yield
deformation. This conclusion is in agreement with the conclusion drawn

(119)

by Borchers and Tensi with one reservation, i.e., the Kaiser ef-
fect does not manifest itself until the upper yield stress is reached.
It would also be clearly noted that this effect is applicable only to
the high frequency type of emission and not to the burst type emission
which occurs on loading and unlocading a specimen,
B. OSignificance of the Acoustic Emission
That Occurs During Removal of a Load

When a specimen is unloaded from a given value of maximum
stress it emits a burst type of noise whose form and pattern are dis-
cribed in Section IIT A. This unload emission was completely over-
looked by most of the previous investigations either because most of
the tests were conducted to failure or because the loading machines
used could not be unloaded quickly and silently. The first observation
of the phenomenon was reported by Schofield in 1964 when he was con-
ducting acoustic tests on gold single crystals as shown in Figure 1.5,
1.6, 1.7. Yet very little attention was paid to this phenomena until
the present investigation began.

This unload emission is found to be repeatable as long as
Smax < 8% . Next for a given load rate the rate of emission varies
in a nonlinear manner as the unloading operation is completed. Hence,
this leads one to conclude that this particular phenomenon is non-

linear and elastic.
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1. Relationship Between the Unload Emission Behavior and Plastic Strain

The unload emission characteristic for a virgin 1045 hot rolled
specimen was obtained using the acoustic test machine and the results
are shown in Figure 4.3. Then using the Instron machine at the Ford
Motor Company's Scientific lLaboratory and a microstrain specimen the
microstrain behavior of this material was observed along with the values
of plastic strains at various values of S, . Thege are also plotted
in Figure 4.3, It should be noticed that these are not the usual stress-
strain diagrams. Both of these curves were obtained using increasing
as well as decreasing load patterns. From Figure 4.3 it is observed that

the material exhibits an unload emission such as,

T, = 1.02 x 10* log Sppy - 1.3 x 10% (eq. 4.1)

for S < S* using an increasing load pattern

L

log S, - 1.5 x 10% (eq. 4.2)

and 2E, = 1.1 x 10 nax

for S < 9% wusing a decreasing load pattern

where Spg. ='maximum stress reached during the cycle, in ksi

ZEu = Yotal emission on’'unload in counts.

It will also be noted that above 47 ksi this material became more com-
pliant and exhibited higher plastic strain for a given load after it
had been loaded beyond the upper yield point.

Next the values of plastic strain at various values of Sy
were obtained for all the materials and (using increasing as well as

decreasing load pattern), Figures 4.4(a) through (d) show the values
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of e for various values of S .. . In the same figures are shown

P
the unload emission characteristics with decreasing load patterns for
both the specimens of each material that were later subjected to
fatigue.

It will be noted from these figures that whenever the plastic
deformation is high the emission that occurs on unloading the specimens

i1s low and vice versa,

The unload emission characteristic follows a relation such as
2B, = Ky log Spax - K, - K(ep) (eq. 4.3)

where K; and K, are constants which depend on the material, its con-
dition, and the conditions during the test, while K(ep) is a function
of the plastic strain. The present series of tests were conducted
without a microstrain pickup on the acoustic test machine and the data
obtained from the Instron machine were not extensive enough to obtain a
good value for K(ep).

2. Relationship Between the Unload Emission, Upper Yield Stress,
and Fatigue Limit

The values of the stresses 57 and S, to which the fatigue

and S

specimens were loaded and the upper and lower limits Semax emin

of the fatigue limit scatter band for each of the materials are given
at the top of the Figures 4.4 (a) (b) (c) (d). The values of Sy
(in case of hot rolled materials) and the lives in cycles for each
specimen at its respective fatigue stress are also given in these

figures. It will be noted that the value of S*
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in each case is within the scatter band of S, , the stress for maximum
unload emission. It will also be noted tha£ in case of thé 1045 hot
rolled materials the value of Syu was also close to the value of
Se . All the specimens fatigued above S* failed while all those
fatigued below this value of stress survived lO7 cycles. It was also

noted that in each case the value of €, as well as K(ep) is con-

b
siderably higher after a stress higher than the fatigue limit was
reached., S* 1is also the stress beyond which the plastic deformation
increased rapidly. These observations are in agreement with those

made by Lazan(95) on a mild steel in which the plastic strain observed
during a dynamic stress strain test increased rapidly at stresses be-
yond the fatigue limit (Figure 1.4), Teéts such as those made by

Iazan and Wu indicate quite clearly that the abrupt increase in fatigue
life below S, 1s accompanied by the abrupt decrease in the plastic
deformation (e:p - 1077), Plastic deformations of this magnitude

are not easy to detect in many situations. However, the close re-
lationship between unload emission and €p (as shown in Figure 4.3

and Figure L.4) indicates that the onset of gross plastic deformation

and fatigue damage can be easily detected using unload emission char-

acteristic for a given part.

3., Explanation
At this time it is not possible to pinpoint the source of
this unload emission. But the observations so far tend to indicate

that the acoustic pulses observed while unloading a specimen are the
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result of sudden movement of dislocation lines or tangles. These move-
ments are accompanied by abrupt changes in line energy as well as
potential energy of the dislocation as a whole as it returns to its
position of minimum potential energy. Some of this energy manifests
itself acoustically. The following observations reinforce this belief:
(1) Whenever the material is in its hot rolled condition the concen-
tration of solute atoms at the dislocation is high and the motion of
dislocation loops is restricted by the solute atoms. If this material
undergoes yield elongation the dislocations would be moved permanently
away from the concentrated zones of locking points and hence their
motion would be less restricted. Hence for a given S ,, < 5% the
number of dislocations moving back and forth would be higher for a
material after it has been stressed beyond the Syu than before.

Thus the 2E, would also be higher for a specimen which has been
prestressed beyond the Syu than for a virgin specimen. This increase
in 2E, was observed in Figure 4.3,

(2) If a specimen were strained plastically and then allowed to age,
the emission on unload ZEu would tend to decrease with time because
of the increased locking caused by the diffusion of interstitial solute
atoms. This was observed in Figure 3.13.

(3) As the plastic strain during a load cycle increases the ZEu goes
down. In order to get a maximum number of pulses on the unload, a
maximum of the elastic energy put in during the load must be recovered
during the unload. With the onset of plastic deformation the dis-

locations do not collapse but they cometo rest at new positions of
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lower potential energy and hence the energy recovered on the unload

is lower, and lower emission is recorded. Hence, it is hypothesized
that point S¥ corresponds to the stress at which a maximum of elastic
dislocation motion can occur with a minimum loss of dislocation energy

resulting from plastic deformation.,
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V. CONCLUSIONS
Several conclusions can be drawn from the results of this in-
vestigation. It should be born in mind that these conclusions apply
only to the materials tested and for the specific conditions of the
tests that are described. The conclusions fall into two categories,
namely, those that are based on surface observations and those that

have resulted from acoustic emission and microstrain studies.

A. The surface observations lead‘to the following conclusions:
1. Primary slip lines do not seem té be parallel to fatigue slip
bands on the surface of a specimen (Figure 3.22(e)).
2. Fatigue slip bands generally develop earlier in the middle of a
grain.
3. The fatigue slip bands grow in a longitudinal direction first un-
ti1l they encounter an inclusion crater or a grain boundary and then
they begin to widen. Then cracks begin to nucleate at inclusion
craters or grain boundaries where there is a conglomeration of slip
bands (See Figure 3.22(a) (b) (c) (4)).
40\ Cracks form within slip bands and propagate via similar cracks
formed in adJjacent grains. Figure 3.21.
5. The upper and lower yield phenomencn does not always result in
the appearance of detectable primary slip lines at the surface. These
slip lines were never observed in the pearlite grains,
6. The pearlite grains near the surface stay intact and free of slip

until the specimen begins to neck down.



~103=-

T. Specimens loaded below the fatigue 1limit do not show the intense
and localized fatigue slip bands observed in those loaded above the
fatigue limit.
8. Slip does occur near the surface of the specimens loaded to a
stress less than the fatigue limit, but these slip lines are diffuse
and can be observed by replication only after etching.

B. The scoustic emission and microstrain .gtudies

lead to the following conclusions:

1. A distinct 'high frequency'type of emission occurs when the upper
vield stress is exceeded. (See page 89 last paragraph.)
2. The "high frequency" type emission is not a result of the surface
oxide cracking owiﬁg to the formation of slip lines. It even occurs
when no primary slip lines could be detected at the surface.
3. The high frequency emission is irreversible for a given material
and occurs only during the first application of stress beyond the
upper yield point in the case of an annealed or hot rolled material.
L. The unload emission is totally burst type in nature and follows
a relation XZE, = Ki(log S

- X, - K(e ,where K; and K, are

P) 2

constants which depend on the material, its condition, and the con-

max )

ditions during the test, while K(ep) is a function of the plastic
strain,

5. The total emission on unload 2E, is highly repeatable for Spg.
for a given condition of the material. |

6. The JE, decreases as the amount of strain which is produced in

the plastic region of the material increases.

< 8%
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7. The stress (S¥%) required to produce maximum emission on unload ap-
pears to lie within the scatter band of the fatigue limit.

8. There is always a stress delay for the start of unload emission and
this stress delay is related to S ., , the maximum stress reached
during the cycle, when 8y, < S* (See Figure 3.6(Db)).

9. Both hot rolled and cold rolled varieties of steel exhibit unload
emission in their unfatigued and fatigued conditions.,

10, The total emission on unloadeZEu'Ddrops after strain aging.

11, There was no evidence of fatigue failure or intense slip bands oc-
curring at stresses below S¥%¥ during all the tests,

12, If the material has a tendency to work harden rapidly, the wvalue of
S¥ increases. In the absence of such rapid work hardening S* remains
constant.

13, The Kaiser effect is not universal and is observed only after high
frequency emission is observed.

14, The surface oxide layer dces not seem to be the source of unload
emission because for specimens fatigued below S, the change in
unload emisslion Zhu was not accompanied by changes in the surface as
observed by electron microscope examination of surface replicas.

15, The emission encountered during the cracking of pearlite (while the
specimen was undergoing necking) was actually lower than that encountered
before the pearlite began to crack.

16. The cracking of pearlite cannot be a source of any of the acoustic
emission observed in this investigation because none of the specimens
used during the study were stressed sufficiently to cause any pearlite
to crack,

1f. The load and the unload emission are strain-rate dependent.



VI, FUTURE WORK

On the basis of the results that have been obtained so far,
it appears that the following areas of investigation would be worth-
while:
1. Investigate the use of high frequency emission in obtaining the
values of the yield point for mechanical components having stress con-
centrations or welded joints,etc.
2., Investigate the use of unload emission characteristics to determine
the onset of plastic deformation in case of mechanical components that
may have residual stresses or varying amounts of prior cold work,
3. The unload emission has been shown to be affected by strain aging
(Figure 3.13) and strain hardening,and a quantitative relationship
would be quite useful.
L, Correlate ZEu or ZEE with properties such as fatigue life in
the finite life region of the stress-life relationship.
5. Establish the correlation between unload emission behavior and
various aspects of microstrain behavior, such as plastic strain, an-
elastic strailn,etc.
6. Determine the unload emission characteristics of other materials
with and without a fatigue limit and see if a correlation does exist
between ZEu and ¢p as shown in > case of the steels used in this in=-
vestigation (Figure 4.4)
1. Establish the load and unload emission under compressive loading.
8. Use the unload emisgsion and high frequency emission to detect

plastic deformation at flaws or roots of cracks.

-105=
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9. Determine the actual mechanisms governing this phenomenon by using
etch pit or transmission electron microscopy technique (to visually

follow the dislocation processes occuring at low plastic strains of

about 10 to lO_h) and try to monitor the acoustic emission simultaneéusly

or separately as may be feasible.
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APPENDIX

SPECTFICATIONS OF ELECTRONIC EQUIPMENT USED FOR SENSING
AND RECORDING THE ACOUSTIC EMISSION

Crystal Transducer

Made by Clevite Corporation
Type PZT-5.
(Lead Zirconate Titanate)
Specifications:
Length = .1 in.
Diameter = .25 in.
Capacitance = 59.7 x lO'l2 farads
Resistance = 12.7 x lO12 ohms
Natural frequency Radial mode= 300 kc/sec
Natural frequency Longitudnal mode = TOO kc/sec
Density = 7.7 x lO5 kg/m5
Acoustic Impedence = 28 x 106 kg/mgsec
Frequency thickness constant = 1800 kc/s mm
Maximum operating temperature = 290°C
Dielectric constant = 1700
Electromechanical coupling factor for thickness mode (k33) = .675
Electromechanical coupling factor for radial mode (kp) = .60
Elastic quality factor (Q) = 75
Piezoelectric modulus for thickness mode (d55) = 37k x 10717 m/v
Piezoelectric pressure constant (g55) - 24.8 x 107 §§§2

Volume resistivity at 25°¢c > lO15
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Curie temperature = 365°C
Young's Modulus = 6.75 x 1010 gz

Rated dynamic tensile strength = 4000 psi

Preamplifier

Hushed transistor amplifier
Made by Millivac Instruments Inc.
Type VS - 66B
Specifications:
Gain: 10 - 80 db + 1 db, in 10 db steps
Input impedance: FEither 10K, 100K, or 50 meg
Frequency Response; =3 db 2 cps and 180 ke
Band pass: between 2 and 180 kc
Output Impedence. less than 2 K
Maximum Output: 1 V R.M.S.

Power Supply: two Burgess FUP1, 6V Batteries

Band Pass Filter

Made by Krohn Hite Corporation
Type-510 AB
Specifications:
Types Band Pass
Band Width:
Continuously variable up to the maximum width covering the entire

frequency range from 20 cps to 200 ke,
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Frequency Range:

Continuous coverage from 20 cps to 200 kc for both high cut-off
and low cut-off frequencies independently; frequency range is
covered by separate calibrated dials and four-decade band. switches;
center frequency and width of pass band continuously adjustable

within the above frequency range.

Band Multiplier Frequency (cps)
1 1 20 - 200
2 10 200 - 2,000
3 100 2,000 - 20,000
I 1,000 20,000 - 200,000

Frequency dials:

Each dial is engraved and individually hand calibrated with a
single logarithmic scale reading directly in cycles per second from
19 to 210; dials are U4 inches in diameter with an effective scale
length of approximately 8 inches per band giving a total effective
scale length of approximately 32 inches for the range of 20 cps to
200 ke,

Accuracy of cut-off frequency calibration:

+ 10% (+ 5% available on special order).

Insertion loss:

Zero db + db 1n pass band

Atenuation slope:

Nominal 24 db per octave each side of pass band with peaking

factor to reduce attenuation at the cut-off frequencies.
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Maximum Attenuation:

Greater than 60 db

Input Characteristics:

Tmpedance: Approximately 6 megohms in parallel with 50 uuf.
Maximum Input Amplitude: 5 volts rms.

Maximum dc Component: 400 volts.

Output Characteristics:

Impedance: Approximately 500 ohms.

Maximum Power: 2.5 volts rms across 500 ohms or 12 milliwatts.

Internally Generated Hum and Noise: Less than 0.2 millivolt.

Vacuum Tube Volt Meter

Made by Electronics Instruments Company, Incorporated
Type 250

Specifications:
Voltmeter
Voltage Ranges: 1, 3, 10, 30, 100, 300 RMS millivolts

1, 3, 10, 30, 100, 300 RMS volts

Decibel Range: -80 to +52 db, in 12 rangesg
Frequency Response: + O db 10c to 600 kc
Input Impedance: 10 megohms shunted by 15 m mf

Accuracy: t 3% of full scale

Digital Counter

Made by Hewlett-Packard Company

Model 5233 L
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Specifications:
Input Channels (A and B)
Range: DC coupled: O to more than 2 Mc, AC coupled: 10 cps
to more than 2 Mc.
Impedance: Approximately 1 megohm, 80 pf shunt.
Sensitivity: 0.1 volt rms sine wave; 1 volt pulse, 0.2 psec mini-
mum width.
Trigger ILevel: -100 to +100 volts, adjustable, either positive or
negative slope; independent controls on each channel,
Channel Inputs: Common, Separate, Check.
Marker Output: Available at rear panel for oscilloscope intensity
modulation to mark trigger points on input waveforms; 1 psec duration
and -15 volts peak.
BCD Output: U4-line 1-2-2-4 BCD; 1-2-4-8 optional.
Impedance: 100 K each line,
"0" State Level: approximately -8 volts
"1" State Level: approximately +18 volts
Reference Levels: Approx +17 volts, 350-ohm source impedance:
and approx -6 volts, 1000-ohm source impedance.
Print Command: Step from -9 volts to +19 volts from 2T700-ohm
source coupled through 1000 pf capacitor.
Hold~-off Requirements: Anywhere from +2 volts to -20 volts.
Manual
Input: Channel A,

Multiplier: Prescales input of Channel A in decades, 1 to 107.
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Totalize: Periodic events at rates to more than 2 x lOé/sec.

Random events with pulse spacing to 0.5 us or less.

Digital-Analog Converter

Made by Hewlett-Packard Company

Type 580 A

Specifications:

Accuracy: 0.5% of full scale or better

Potentiometer output: 100 mv full scale. Minimum load resistance
20K. Calibrate control. Dual binding posts front and rear.

Galvanometer Output: 1 ma full scale into 1500 ohms or less. Zero
and calibrate controls. Phone jack front and rear.

Reference voltages: Reference voltages required for both the "O"
and "1" state. Reference voltages not to exceed +150 volts
to chassis.

Command pulse: Positive or negative pulse, 20 usec or greater in
width, 6 to 20 volts amplitude, rise time greater than 1 V/usec
into 1500 ohms.

Transfer time: 1 millisecond.

Driving source: Parallel entry 4-line BCD, 1-2-2-4 (9 digits

maximum). "1" state +4 to +75 volts with reference to "O" state.

Visicorder
Made by Minneapolis Honeywell Regulation Company

Type 906 C
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Specifications:
Record width: 6 inches
Recording speed used for this investigation. 1 in/min

Recording made by:Ultra-violet light beam on a photosensitive

chart.
No. of channels used: 3
galvanometers: Type M4O-120A
Frequency response: flat between 0-2Lcps.

X-y Recorder

Made by F. L. Moseley Company

Model 3
Specifications:
Accuracy and Resolution: ,25% of full scale
Response speeds: .5 seconds for full scale defl.
Damping: adjusted manually
Calibration stability: .25% drift in 6 months
Range: 5 mv to 500 v.

Input Impedance: 1000 Q@ at 5 mv sens.
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