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1.1 INTRODUCTION: GENERAL

Fatigue failures have plagued the public for years. As a result
the engineer has had the continuing task of trying to design parts to pre-
vent fatigue failure. To accomplish this, researchers have taken three
distinct approaches to solve the problem: (a) the determination of design
parameters in the fatigue problem; (b) the determination of strength values
for specific material and material heat treatments (1,* pp. 31-47) (2) (3)
(4, pp. 273-388); and (c) the determination of possible dislocation mechanisms
that bring about fatigue failure (5) (6, pp. 335-336) (7).

The results of approaches (a) and (b) have produced design
techniques to prevent fatigue. Faires (1, pp. 94-127), Faupel (8, pp. 627-652),
Lipson and Juvinall (9), and others have systematically presented these
techniques, but none has been able to develop a design technique where the
fatigue life of each specimen can be predicted even approximately. Scatter
prevails even when all known parameters are controlled. The fatigue lives
of "identical" specimens under "identical" loading have been reported
(2, pp. 17-25) (3, pp. 90-92) (10, pp. 365-392) to have maximum to minimum
life ratios ranging from 2:1 to 10:1. An acknowledgment of this scatter in
fatigue life has resulted in a new discipline called Mechanical Reliability (10).
The objective in this descipline is to design for the existent scatter. This

essentially requires a lowering of the design stress. As a result the applied

* Numbers in parenthesis refer to references listed at the end of this
thesis.



stresses are below those that will cause early failure., This is essentially
an educated increase in safety factor which results in an overdesigned part in
the majority of applications. The necessity for an increase in part size is
due to only a few weak parts. This is an inefficient, but at least a work-
able, technique for preventing "infant" mortalities.

Recognizing that a more sophisticated and long range approach
was necessary, electron microscopic (5) and dislocation theory work
(6, pp. 335-362) (7) relative to fatigue has been undertaken. This is the
third type of approach. The primary aim in this work has been to provide
an understanding of the basic dislocation mechanism operating during fatigue.
Progress has been slow and of only infrequent practical value. It appears
that it will be several years until dislocation theory in fatigue will
reach a stage of development where one could use it to develop new materials
with less scatter or to determine specific controllable causes of scatter.
1,2 THE PROBLEM: FATIGUE SCATTER

At this time one finds oneself in a dilemma. Should one over-
design in a time when the most efficient, most economical, and lightest
design is expected? The aircraft industry faces this problem in its
severest form. Their objective is lowest weight at maximum reliability.
One finds that, considering the state of the fatigue art, to increase
reliability one must strengthen by judiciously oversizing or by specially
treating areas of a part. In all these cases either the cost increases

or the weight increases.



One possgible technique that is being looked into with more
vigor is the use of a single or a series of nondestructive testing (NDT)
techniques to sort out the low life specimens (11) (12). Applications of
such techniques will allow one to design for a given reliability at a lighter
weight and a lower manufacturing cost. An effective nondestructive testing
technique would eliminate, by inspection, the low life parts. This is a
truncation of the life distribution at the low end. One must realize,
however, that one can expect a resultant weight reduction, but not neces-
sarily a cost reduction. Manufacturing cost reductions caused by the
elimination of special part processing and overdesigning could easily be
offset by inspection costs and increases scrapage rates. Regardless of this
fact, the search must continue for an effective nondestructive testing
technique to be used by ailrcraft companies and others where catastrophic
failure is a problem or where potential economic benefit exists.
1.3 LITERATURE REVIEW

A discussion of the order of the topics in the literature review
is appropriate at this time. In the field of material failures there are a
number of unanswered problems. Hence, a nondestructive testing technique.
could be used in a number of these problem areas. It was the initial aim
of this research to find a nondestructive testing use for the phenomenon ob-
served and reported as "acoustic emission" or "electro-acoustic phenomenon".
Acoustic emissionsare detectable elastic waves excited within a piece of

material while some changing load is being applied. From the first part of



the literature review one finds that acoustic emissions exist and that phys-
ical models have been hpothesized to explain their existence. Hence, the
next step is to determine what material properties might be explained by the
observed emission phenomena. Thus, the materials' literature was reviewed
to find possible applications of these phenomena.
1.3.1 Acoustic Emission: History

In 1950 Dr. Ing. Joseph Kaiser published his doctoral thesis (13)
which concerned itself with the first observations of acoustic emission
phenomena in tin, lead, duraluminum, copper, brass, steel, and tool steel.
As a result of his work, Kaiser concluded that sound pulses could be de-
tected at a stress as low as 71 psi (his lowest determinable stress level).
Most important, he indicated that sound pulses observed on the first load
were irreversible. If one were to reload the same specimen to the same
stress no emission should be expected. However, Kaiser reported that
upon exceeding the previous load the emissions would reappear. This has
since been referred to as the "Kaiser effect"” in the literature. In
addition, Kaiser has reported to have shown by his work that the actual
stress-strain curve has a stepwise progression rather than a continuous
progression as indicated by the conventional stress-strain curves. No
subsequent investigators have been able to show this, especially since

Figure 2 in his thesis (13, p. 8) indicated this stepwise effect in the



"elastic" and low plastic region. This stepwise action was not shown

in the gross plastic region of the stress-strain curve. Mr. B, Schofield
(14) of Lessells and Associates, who hired Kaiser as a consultant before
Kaiser's death, indicates that strain transducers with sensitivities of
about 10'8 are required to associate stepwise strain characteristics with
emission characteristics. He has not been able to show the stepwise
progression of the stress-strain curve.

Subsequently, Kaiser published a condensed version of this work
in 1953 (15).

In late 1953 Dr. W. Spdth hypothesized (16) that the regularly
spaced slip lines observed on previously loaded specimens are caused by
a set of very high frequency mechanical surface vibrations inherent to the
deformation process. These ultrasonic vibrations are reflected off internal
surfaces and flaws thus producing standing waves and a secondary stress
field that add to the primary static field. The regions of maximum slip
are associated with regions of maximum local stress; and the regions of
minimum slip, with minimum stress. Dr, Spath cites Kaiser's work in
acoustic emission as examples of this mechanism in operation.

Intrigued by Kaiser's 1953 report and a copy of Kaiser's original
thesis, Lessells and Associates entered the acoustic emission field on
December 15, 1954. A series of progress reports (17) (18) (19) (20) (21)
(22) (23) (24) (25) and final reports (26) (27) (28) have been produced

under the direction of Mr. B. Schofield. A chronological discussion of
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these reports is not included here because the last two reports (27) (28)
have summarized all the information Lessells has published relative to
acoustic emission, These two reports will be discussed in their chrono-
logical sequence.

Prior to the publication of these last Lessells' reports, Kaiser
in 1957 (29) published his work using the acoustic emission technique to
determine transformation temperatures in melting and solidifying metals.
In 1958 Borchers and Kaiser (30) published similar work on the transition
.temperatures in the lead-tin system.

Also,in 1958 J. Plateau, C. Buchet, and C. Crussard (31) re-
ported that when a stress is applied to a .05% carbon steel, large acoustic
emissions immediately preceed the upper yield point, Syu‘ This was attri-
buted tovery rapid growth of a deformation band coming from a nucleus of
Piobert-Iider bands.

In 1960 (32) and 1962 (33) Borchers and Tensi reported research
that attributed the emissions during the "elastic limit extension" (upper-
lower yield point) directly to the elastic limit extension. They also
showed that acoustic emission rate is proportional to the deformation
rate during elastic limit extension.

In the above work the emphasis has been upon the emission phenom-
enon at or very near the upper-lower yield point. The general conclusion
is that this emission to due to the rapid deformation process that forms

Piobert-Iuders bands.



Tatro in 1959 (34) and in an undated report (35) as well as
Tatro and Liptai in 1962 (36) and 1963 (37) have made several contributions
to the current theories regarding the sources of acoustic emissions. In
the beginning Tatro considered the emission as a detection of crystal slip.
Slowly evidence accumulated that the emission phenomenon was a surface
related rather than a volume related phenomenon (35). Experiments were
carried out in an effort to show that the emissions were due to surface
or surface oxide cracking; however, final conclusions are that the acoustic
emission phenomenon is surface related and is attributable to dislocation
breakthrough to, or dislocation avalanche at the specimen surface (37).
This releases localized strain energy which results in emissions.

This provided the first hopeful sign that acoustic emission
might be correlated with fatigue. One knows that fatigue is usually a
surface initiated failure phenomenon while acoustic emission is a surface
related phenomenon. In fact, Tatro and Liptai have in several places
(36)(37) indicated its possible use in fatigue studies.

Schofield in 1963 (27) and 1964 (28) provides his latest infor-
mation concerning acoustic emission. Up to these two reports Schofield
had reported two types of emission. One is termed burst and the other is
termed "high frequency." Figure 1.1 shows a typical load burst emission
from AISI E4340 steel. Figure 1.2 shows a typical "high frequency"
emission from the same steel. In his early investigations Schofield has
demonstrated that acoustic emissions are fundamentally related to the de-

formation process. However, pinpointing specific dislocation and slip



Figure 1.1, Burst Type Bmission from ALSL EL3L0 Steel.

Specimen (167-305-0-212)
Ordinate: 0.2 volts/cm
Abscissa: 1.0 msec/em

Figure 1.2. "High Frequency" Emission from ALSL EL3LO Steel,

Specimen (168-522-1-330)
Ordinate: 0.2 volts/cm
Avscissa: 2.0 msec/cm



mechanisms has been difficult. While considering Tatro’'s work and his own,
Schofield decided that the surface contribution to emission was not clear.
Upon reviewing the literature he found that the surface condition measur-
ably affects the critical shear stress, creep, stress-strain curves, and
the strain hardening slope. As a result a series of experiments was
conducted with and without oxide, and with and without electropolishing of
the surface. From these tests Schofield has concluded that oxide cracking
is not a source of emission (27). In fact, oxides play a secondary role in
that they affect the emission character only by affecting the deformation
characteristic of the material (28). He concludes that the "high frequency"
type emission is most probably due to dislocation pinning following slip
deformation and to activation of the cross slip mechanism (27, . 11).

In addition, the burst type emission is attributed to the rapid deformation
mechanism acting during stacking fault formation and/or mechanical twin
formation (28, p. 12).

It is advantageous to point out that the act of pinning a dis-
location after slip deformation is the end of localized plastic deformation.
If the pinning can be measured by acoustic techniques, then the amount of
permanent dislocation motion associated with each stress cycle can be
measured. Accumulation of such motion can cause fatigue failures. More-
over, it also appears that activation of cross slip can be measured by

acoustic emission. It i1s important to remember these two observations.
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They will be used in section 1.4 to bring the literature surveys in sections

1.3.1 and 1.3.2 together.

1.3.2 Fatigue: Macro- and Micro-

A presentation scheme has been chosen that divides the fatigue
literature review into the macroscopic approach or gross design parameter
techniques and into the microscopic approach or dislocation theory view
of fatigue. In both cases the review will be kept as concise as possible
and will dwell only on those items that bear an apparent relation to the
acoustic emission information obtainable from metals during deformation
processes.
1.3.2,1 Macroscopic Approach

Fatigue has been studied since about 1860. In the process various
parameters have been found that seem to affect the fatigue response. Sum-
maries of these parameters, such as type of load and surface effect, have
been published many places (1, pp. 96-121) (9, pp. 99-120)(7, pp. 30-47, T78-
89, and 123-153) (4, pp. 63-156) (38, pp. 72-75). It is generally recognized
that fatigue is usually a result of surface or near surface nucleation of
microscopic cracks. The fact that fatigue is normelly a surface bound phe-
nomenon during crack initistion has resulted in much investigation of
varigbles that might affect the surface or the stress at the surface. The
following have been thought to be important in fatigue: mode of loading

(bending, torsion, etc.), stress concentration factors, notch sensitivity,



-11-

size effect, surface condition, surface treatment, inclusion concentra-
tions and sizes, humidity and/or corrosive atmosphere, radiation, and
other environmental factors.

It is most important that one recognizes all these factors when
planning a fatigue experiment. With this insight into the macroscopic
aspects of fatigue we turn to the microscopic fatigue models proposed for
fatigue to see if they coincide with the acoustic emission models.
1.3.2.2 Microscopic Approach

Several dislocation mechanisms have been proposed for fatigue
but all agree that fatigue cracks are started by slip at the surface
(6, pp. 357-361). For example, copper whiskers do not fail in fatigue
even at very high stresses (equivalent to + 3% strain) so long as they
are not yielded plastically (6, . 357). Subsequent to yielding and
during sufficiently large cyclic loading of the part, the plastic strain
is accumulated in the yielded zone with a resultant fatigue failure.
Also,note that fatigue is not primarily due to developing a large internal
stress,since failuresoccur below static ultimate strength and in those
places where the range of stress is greatest (6, P. 357) (8, . 630).

This may indicate that both the load and the unload process have mechanisms

operating that cause fatigue.
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In the study of dislocation theory two major mechanisms have
been proposed to explain fatigue failure, the Cottrell-Hull model
(6, Figure 10.13) and the Mott model (6, Figure 10.14). Each attempts
to explain the intrusions and extrusions (6, Figures 10.11 and 10.12)
(7) seen on close examination of fatigue specimens. Figure 1.3 shows
the Cottrell-Hull model in sequential operation. Two sources of dislo-

cation Ql and Qp are shown (Figure 1.3a). Q) is such that its resolved

shear stress allows slip, which uses it as a source, to occur first along

the dotted line through Q) (Figure 1.3b). With increased stress the resol-
ved shear stress at Qo increases to the critical state for slip to occur with

Q2 as a source. This is shown in Figure 1.3c. In Figures 1.3d and 1,3e

the load is subsequently reversed and both an intrusion and extrusion are
produced. It should be noted that this first model depends on plastic
dislocation motion and dislocation movements toward the material surface.
The Mott model for fatigue is depicted in Figure 1l.4. It is
assumed that a void (ABCDA'B'C!'D') exists below the surface or two opposed
edge dislocations generate a void below the surface, A screw dislocation,
PQ, moves around the cavity until the particle CDD'C'EFF'E' is extruded.
This leaves an initial fatigue crack and also produces an extrusion. 1In
this mechanism the screw dislocation with suitably applied stresses must
cross slip from one plane to another. An increased cross slip phenomenon

is then considered a detriment in fatigue.
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Figure 1.3, Cottrell-Hull Fatigue Model.
[After McLean (6, Fig. 10.13), Modified For Use Here].

Figure 1.4 Mott Extrusion Model.
[After McLean (6, Fig. 10.14), Modified For Use Herel.
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1.4 OBJECTIVES OF THE RESEARCH

In the process of reviewing the above discussions of the litera-
ture in acoustic emission and in fatigue one notices similarities relative
to each being a surface effect and to the mechanisms proposed to explain
their existence. Both acoustic emission and fatigue are thought to be
surface related phenomena, both are directly associated with plastic
deformations in materials, and both appear to be affected by the extent
of the cross slip mechanism. Then, if one 1s able to measure plastic
deformation by means of listening to dislocations repiﬁning after such
prlastic deformation has occurred and 1f one can determine the activity of
the cross slip mechanism be listening to its activation, one finds a
Justification for expecting a correlation between fatigue life and acoustic
emission. Fatigue life is simply a measure of the cumulative effect of
many cycles of plastic deformation and cross slip.

It is,then,expected that an increased emission at a given stress
will be indicative of large plastic deformation caused at that stress
and, therefore, a lower fatigue life. Also,an increased emission could
be a result of an increased cross slip activity but an increased cross
slip activity results in a lower life. Expecting early fatigue failures
to be caused by increased plastic deformation and cross slip, one must con-
clude that the local stresses are abnormally high relative to the local
strengths. This could be caused by localized stress concentrations such

as voidsy inclusions, surface markings, etc. (39). Moreover, localized
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weak areas which experience premature yielding could be due to the inhomo-
geneities within the material. It appears that the emissions might measure
the ability of a specific specimen to withstand a specific stress in
fatigue.

The objectives are twofold. The first and most important is to
determine whether or not acoustic emission is correlated with fatigue
life and the second is to provide knowledge about acoustic emissions in
commercially available material in both the load and unload modes.

In setting up the first objective one realizes that if the
correlation is high and positive the conclusion drawn by Schofield as
to mechanisms for emission generation are reinforced; however, if the
correlation is low, this will indicate that at least in AISI E4340 air-
craft quality steel other effects are overshadowing Schofield's proposed
mechanisms.

In setting the second objective one sees that additional emission
data in a commercial material may suggest other possible sources for emis-
sion than those already hypothesized. Obtaining the emission character
itself in commercial materials, where physical properties and character-
istics are well known, may give a more fruitful insight into the cause
of certain emissions than obtaining emission characteristics from single
crystals such as used by Schofield (27) (28). This is so because one may
be able to associate an emission with an easily recognizable physical

characteristic of the commercial material.
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2.1 DESCRIPTION OF THE EXPERIMENT

In designing an experiment to determine the correlation between
two variables one must first physically Jjustify the reason for believing
that a correlation might exist. If this were not done one could correlate
two completely unrelated phenomena just because the data points '"happened"
to be highly correlated to a third variable such as time. The physical
justification for expecting a correlation such as that sought here has
been presented in section 1.3 and 1.k4.

In accordance with an outline proposed by Hicks (40) for plan-
ning an experiment one finds that there are a number of preliminary steps
that should be taken.

A choice of response variables is the first necessary step.

In this case the response variable is fatigue 1life, N. Here both N and
log N will be used as the response variable. This difference will essen-
tially denote the assumption of an additive or of a multiplicative model,
respectively.

Next a list of independent variables must be developed along
with the values of each. An indication of whether they were selected
as fixed or random variables is desirable., Table 2.1 is a summary of
these selections.

It is important to understand that in Table 2.1 as many variables
are held fixed as possible while still generating a test specimen that
is similar in variation to a manufactured part. Since a meaningful non-

destructive testing technique is sought for industrial use, it was felt
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that the specimen must not be idealized, that the stress on the specimens
must be applied at different levels to see if the correlation holds at
different stress levels,and that the levels of all uncontrollable vari-
ables must be recorded. The experiment was designed with five groups of
thirty specimens fatigued at a single stress level but it also was designed
to include two groups of thirty specimens which were each fatigued at two
different stress levels. The dual stress level work was planned into the
experiment so that the ability of the emission characteristic to predict
fatigue lives in cumulative damage could be checked if success were ob-
tained in the single stress level predictions.,
2.1.1. Material

The first consideration was to select a material for the work.
The primary factor in this selection was the fact the aircraft companies
would probably be the first to use the nondestructive testing technique
that is being searched for here. This would simply be a case of economics,
Therefore, a readily available aircraft quality AISI E4340 cold drawn
and annealed steel was selected. Eight round bars, 1 1/8" x 12 ft ,
were purchased. Complete manufacturing and procesgsing informetion (41),
a hardenability certification, and a certified test report (42) are pre-
sented in Appendix I, Table 2.2 shows the material properties ag tabulated
by the supplier (43). Table 2.3 gives the material properties as deter-
mined by experiment on this heat of material. The data were taken on a
Baldwin~-Southwark 60,000-1b, tensile machine using a Templin type recorder
and an 0,8, Peters Type 613MA2, electro-mechanical, 2 inch gage length

extensometer,



-19~

TABLE 2.2

TABUIATED PROPERTIES OF AISI EL3L0
COLD DRAWN AND ANNEALED STEEL (43)

Sy = 111.0  ksi
Sy = 99.0  ksi¥
€ = 16 %

A, = o %

Ro = 19

BHN = 223

Machinability 55% of AISI B1lll2

* This was obtained by the divides method (43, p. 237).
It is suggested that this data is for AISI E4340 in
the cold drawn state. The supplier has not been able
to verify that this data is for an AISI E4340 cold
drawn and annealed steel, although they have published
it as such.
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One of the eight bars was used for lathe setup and to make check
and trial specimens. Figure 2.1 shows how the seven remaining bars were cut
up into three sections. A part of each section was reserved for making one
tensile specimen. The remainder of each section was used to make ten fatigue
specimens. The parts of the bars set aside for tensile specimens were coded
as follows. The first digit of a two digit code number is the bar aumber;
the second digit, the section number. It was decided that of the twenty-
one parts available for making tensile specimens only seven would be used.

A random selection procedure, similar to the one explained later for the
fatigue work, was employed to select which parts were to be made into ten-
sile specimens. The randomization code was of the form X-XX-X which, respec-
tively, are test sequence number, part coding, and manufacturing sequence
number. This plan resulted in a test where the specimens were selected at
random from the batch of twenty-one possible specimens. Also, these specimens
were randomized relative to the test sequence and to the manufacturing
sequence.

Engineering stress-strain curves are not presented since they
are conventional medium carbon steel curves. The difference between the
upper and lower yield stresses i1s small and ranges from 200 to 1,500 psi.
Representative data are shown in Table 2.3.

2.1.2 Design of the Experiment

First, one considers the number of observations to be taken.

In this case a single variable, stress, S, is set and all other variables
are held as nearly constant as possible and recorded. At each stress level

it was decided to test thirty specimens. This should provide adequate
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estimates of the expected effect that each stress has on life, as well
as providing sufficient scatter at each stress level so as to allow the
emission to predict fatigue life at each stress level.

The major question in the design of an experiment is whether
to use a completely randomized design, a randomized block design, or other
types of designs (MO, pp. 21-74). 1In this case the completely randomized
design (40, pp. 21-41) was selected so that when the order of experimen-
tation is carried out the several stress level applications would occur
completely random in time. This is done so that any effects caused by
uncontrolled variables, unknown variables, or time dependent test equip-
ment trends would tend to be spread out among all the stress levels, In
this way the overall error term is increased, but there is little chance
of obliteration of the emissionsilife correlation which is sought. The
randomization plan used here has randomized the testing sequence on both
the acoustic test machine and the fatigue machine relative to bar number,
position number, and stress level. Also,bar number, position number, and
stress level are randomized relative to one another. This provides the
maximum amount of insurance against the confounding of data owing to un-

known variables or trends.

The model for this type of experiment then becomes
Nijk1... = W + EMISSIONj + STRESSj + TIRk + RMSy +... + eijkl...
or

LOG Nijk1... = © + EMISSION; + STRESSj + TIRk + RMSy+... + eijkl..



o)

where EMISSION; is the effect of the ith category of the emission charac-
teristic and eijkl...is the portion of the life not predicted by the
independent variables, the error term. In the former case the model is one
of additivity whereas the latter indicates a model of multiplicity. In
reviewing the fatigue literature one finds a predominant use of the multi-
plicative techniques in fatigue design procedure (1, p. 99) (9, Chapter 11)
(lO, PP. 377-387). It is interesting to note that the computerized sta-
tistical analysis also found the multiplicative model to be applicable.
2.1.2.1 Bar Coding

In preparation to complete the randomization of the experiment
it is necessary to assign position numbers to parts as they are machined.
Figure 2.1 shows the assignment scheme. A two digit position number is
used. The first digit is the section number; the second, the position
number within the section. Postion numbers in any one bar go from zero
to twenty-nine. These numbers are the last two digits of a three digit
term, The first digit of the three digit term indicates the bar origin
of the specimen. For example, a code such as 321 means the specimen comes
from bar number three, the left most section in Figure 2.1, and the
second specimen from the right. This is true because the coding starts
from the right in this section and 1 is the second number in the coding
sequence.

The first assumption that was necessary so that the completely

randomized model could be used was that the bars received from the single
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heat of steel were, in fact, a random selection or that there was no
appreciable '"bar'" effect. The assumption of a random selection could
not be justified. However, the assumption of neglectible bar effect was
justified by the fact that the final annealing was done in a continuous
furnace where the bars travel for thirty feet with the bar length per-
pendicular to the direction of travel. This type of anneal would elim-
inate much of the bar differences that would be expected from a batch
type anneal. Bar effects might be expected in bars coming from a batch
anneal process owing to positional temperature differences. These dif-
ferences may result in appreciable changes in properties. In the continuous
annealing process such temperature differences are minimized. However,
to minimize any effect that might exist it was decided to randomize both
bar number and position relative to one another, relative to time,and
relative to stress level,

The second assumption concerned the orientation of the bar before
the positions were assigned as in Figure 2,1. Since no clear-cut distinc-
tion was observable relative to the orientation except the color coded
end markings, it was assumed that the coded end indicated an end which
was uniformly on one side of the annealing furnace. The validity of the
assumption was verified by the supplier. This was necessary if one were
to try to relate any general fatigue strength trends to position along the
bar.

The complete coding system used in the randomization was of the

form XXX-XXX-X-XXXX. Group one indicated the testing sequence number;
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group two, the bar and position number; group three, the stress level;
and group four, the roughing tool bit number, bit side number, and the
number of previous cuts with that bit and side plus one. The random
generation of the first three groups is described in the next section
but the tooling information was only recorded to provide tool life in-
formation relative to that material and lathe program for the laboratory
technician, The latter data are not important to this study. Figure 2.2
shows such coding applied to a specimen.
2.1.2.2 Randomization

The generation of the randomization was done by hand using the
Rand Corporation's random number table (kk). Because of the extensive
time required to complete a randomization between time, bar number, po-
sition, and stress in a single pass the randomization was done in two
passes. Pass one randomized the time sequence relative to bar number
and position. Pass two randomized the time sequence relative to stress.
Then the total code was formed by associating time sequences in each pass
with one another,

The following procedure was followed in completing the random-
ization.

1. Select a page, column, and line from the random number table.

2. Use the number entered to indicate the starting line and

column for the randomization.
3. For the first pass select a three number set starting as

indicated in step 2.
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Y, Associate each three digit number with a consecutive time

sequence number, such as 1, 2, 3, etc.

5. Continue step 4 until all specimens are assigned a time

sequence number,

6. Repeat steps 1 and 2 for pass two.

7. Use a one number column for stress selection.

8. Associate each stress selection with a time sequence.

9. Generate the total code by merging the randomized codes

obtained in steps 4 and 8.

After the completion of the completely randomized coding the
manufacturing process was started.
2.1.3 Manufacturing of the Specimens

Because of the high cost of having two hundred and thirty spec-
imens manufactured outside of the University facilities and because of the
difficulty of learning the detailed processing history of individual
specimens manufactured in an outside shop, the recently acquired LeBlond
2013 tape turn lathe (numerically controlled lathe) was used to manufac-
ture the specimens.

The specimen design shown in Figure 2.3 was used for this cor-
relative study. After the specimens were machined using the tape lathe
they were marked by means of an electrical etching pen with the random-
ized code. They were then cleaned in acetone and stored in mineral oil

as suggested in the ASTM fatigue manual (45, p. 37). If recleaning of a
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specimen was necessary, chloroform was used to remove the mineral oil.
This was followed by a cleaning in acetone and a thorough drying before
restorage. In general, once the specimen was stored in mineral oil the
0il was not removed. The fatigue tests were run with the oil in place.
This was done to eliminate, as much as possible, the effects of atmos-
pheric moisture on the fatigue results. Effective coverage was verified
by noting the fatigue fractures after failure. The fracture showed a
uniform dark ring encircling the plan view of the fracture. The wetting
action of the mineral 0il resulted in the coat of mineral oil moving into
the fractured area. After longer waiting periods the full plan view of
the fracture became dark because of mineral oil wetting.

Following the machining of the ten trial specimens, of the two
hundred and ten single and dual stress level specimens, and of the ten
check specimens (to be used if emission correlation were good), the entire
batch was centerless ground to 0.9990 + 0.0003 in. in diameter. This was
done to provide accurate specimen seating. Following the grinding the
inside edges of each specimen head were broken to prevent seizure during
the seating process.

It is calculated that with the clearances and tolerances used
the induced bending stress owing to eccentric seating will have an expect-
ed value of zero and a maximum value of 2.6% of the axial stress,if the
grip seats are square. For a further discussion of the system bending

see sections 2.1.5 and 2.1.6.
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2.1.4 Specimen Inspection

In the process of completing the data charts the following data
were required: total indicator reading (TIR) of the test section relative
to the seating heads, RMS(Root Mean Square) surface finish, and the diam-
eter of the test section.
2.1.4.1 Total Indicator Reading (TIR)

The TIR was obtained by inserting each specimen in a precision
vee block, rotating the specimen, and reading the swing of a dial indicator
whose smallest division was 0.0001 in.
2.1.4,2 Surface Finish

the RMS surface finish was determined by averaging the readings
of the two sides of the circular notch in each specimen. The readings
were taken away from the section of minimum area so that no additional
surface markings would be applied at the expected failure section. All
the readingswere taken using the automatic tracing system called the
Physicists Research Motortrace, Type V. This held the Micrometrical
Head MA 42257 using a DA type skid. The head output is fed into the
Physicists Research Corporation's Profilometer Amplimeter, Model 1,

Type C. Calibration procedures indicated the readings to be 0.5 y in.
RMS high. This was deemed small and no correction of data was made.
2.1.4.3 Test Section Diameter

The test section was measured using a Gaertner Scientific Cor-

poration's tool maker's microscope, serial number 538. The smallest
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gradation on this instrument was 0.0001 in, Here,the average of two read-

ings was taken unless great divergence was found. If so, the measurements
were repeated., This measurement will not appear in any data since the ap-
plied load was adjusted to account for the area differences so as to main-

tain the fixed stress levels.
2.1.5 Acoustic Equipment and Tests

When one considers running acoustic tests he immediately asks
whether the environment is quiet enough to complete the tests., To answer
this, one should know how loud the phenomena are that he wishes toO measure.
Tatro and Liptai (36, p. 1) (37, part I) indicate that the levels of acous-
tic emission are very low. Schofield (26, p. iii) indicates the same but
personal conversation with him (14) indicated that no determination of
level was ever made. As a result it was decided to construct the detec-
tion system and determine its minimum electronic peak trigger level. The
objective would be to get the detected ambient acoustic and structure-

borne noise below the inherent amplifier noise,

2.1.5.1 Electronic Equipment

Figure 2.4 shows the block diagram of the detection system.
Figures 2.5 and 2.6 show the physical arrangement of the electronic equip-
ment. The PZT-5 pickup, retainer cap, and hushed amplifier are maintained
inside the audiometric room.

Details of the retainer cap pictured in Figure 2.7 are as rol-

lows. The photograph shows a copper retainer holding the PZT-5 ceramic
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(center). The retainer is spring loaded so that the insertion of a spec-
imen causes a constant crystal contacting force from specimen to specimen.
This helps assure a constant acoustic contact between the specimen and the
PZT-5. The small screws holding the copper retaining disc in place are
there to provide a shorted input to the amplifier should the cap inadver-
tently come off while connected to the operative amplifier. This is nec-
essary because transient high input voltages can burn out the first un-
protected transitor in the hushed amplifier. In Figure 2.8 the retainer
cap is assembled on a specimen. The set screws in Figures 2.7 and 2.8

are used to retain the transducer assembly. The major natural frequencies
of the piezoelectric ceramic discs are approximately 700, 330, 230, and
150 ke, Here, only 150 kc appears in the response region of the system.
The 150 kc resonance is the circumferential mode. It is not expected that
this frequency is easily excited. No 150 kc frequency was seen.

The high level electrical signal from the amplifier is carried
via a special electrical panel in the audiometric room wall to the Krohn-
Hite filter where a bandwidth of 300-l80,000 cps is set. A discussion
of this width will be given in section 2.1.5.2. This filtered signal is
sent to a scope for viewing, to a recorder for listening, to a counter for
accumulating a permanent record of the totalized emission,and to a modified
vacuum tube voltmeter for recording the RMS voltage output of the PZT-5
ceramic disc.

The counting system totalizes any wave peak within the ring-

down, the damped oscillations shown in Figure 1.1, or any wave peak in
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Figure 2.7. Retainer Cap for PZT-5 Ceramic Disce

Figure 2.8. Assembled Acoustic Transducers
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a "high frequency'" waveform, if the amplitude of the wave is above the
trigger level of the counter. Thus a high amplitude burst may be counted
as fifteen peaks but a lower amplitude burst, as ten peaks. The reason
for this is that not only is the actual number of bursts or number of
"high frequency" emission periods important but,also, the magnitude of
each is important. Some local deformations may be larger than others.
These might result in larger acoustic emissions. This system, therefore,
does a crude integration, so to speak, on the acoustic output. It gen-
erates a count which is proportional to the plastic deformation and cross
slip if the models proposed of Schofield are assumed to be correct
(28, pp. 8-12).

Referring again to Figure 2.4 one sees that the output of the
Visicorder gives a simultaneous record of the stress,cunulative total
emissions, and RMS voltage output as functions of time. In additon, a

load-cumulative emission plot is produced on an X-Y recorder,

2.1.5.2 Acoustic Isolation

The actual detection equipment to be used in the research was
used to investigate the acoustic isolation necessary to bring the exter-
nal noise output of the PZT-5 below the electronic noise level of the am-
plifier. The results of the tests are shown in Figure 2.9. Note that
the ordinate is in terms of decibels, where zero dB is referenced to the
electronic noise level of the amplifier with a 20-180,000 cps bandwidth.

Studies of various isolation systems indicated that the most



_37_

0000001

JUSWUCITAUY 93U} JO AXOJSTH gp °6°c 2anITJa

{sdd) ‘ AON3ND3IH4A

00001 000%I 0001 ool

ol

N—* _ _

ANOOY

v-20v 8 SdJ 00¢ 1V
138 3LIH- NHOYX
HLIM T13A37 3SION

HLQIMONVE SdO 00008l -0¢

HLIM 3SION N3ldMdWY 34-8p-07"

(V-20%) NOOY HLim

3SION J3A37  3SION

4314MdAY  3HL OL (a3¥y3d43y
82€ WOOY 40 13A37 3SION

WOooY Vv-20v B8
Sdd 00+ - y3aIId
HIIHINdAY HLIM
13A37 3SION

06-

o8-

oL~

09-

0s-

ov-

Oec-

ol-

o1

oe

oe

() 4

(0]°]

ap



-38-

efficient solution from the standpoint of time and money was the use of
an Industrial Acoustics Company's, model LO2A Audiometric room and a
Krohn-Hite bandpass filter set for a lower cutoff of 300 cps. The upper
cutoff was 180,000 cps, since this was the upper limit of the hushed am-
plifier which seemed to generate some objectionable noise above this fre-
quency.

As a result of the above installation it was found that the
RMS noise level referred to the input of the amplifier is 3.6 pv with an
approximate input impedance of bx10%+L onms at the 50 megohm, 50 picofarad
(uuf) input setting. This figure is very deceiving since the actual peak
voltage level is the voltage that triggers the counter. In order to con-
trol this trigger level a sine wave calibration circuit was provided to
allow accurate resetting of the trigger. No ambient noise was registered
on the counter when its trigger level was set using a 17.5 pv RMS sine
wave voltage. This is equivalent to a 24.8 pv peak trigger voltage.

This calibration circuit is shown in Figure 2..4.

The high ratio of ambient peak voltage to RMS ambient voltage
is due to the fact that most of the noise is from high frequency, spiked
waveforms. The effective voltage (RMS) is low relative to the peak vol-
tage. However, by lowering the bandwidth to 300-20,000 cps one finds a
peak trigger voltage of 7.6 uv while the RMS voltage is 1.74 pv. This
again points to the high frequency amplifier noise as the source of the
high trigger level, since actual acoustic noise reduction at high fre-

quencies is 30 to 90 dB below the amplifier noise level, It is concluded
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that the sound isolation is adequate and is performing its planned func-

tion,
2.1.5.3 Acoustic Tensile Testing Machine

This machine was designed to test specimens to maximum loads
of 10,000 pounds while detecting low-level acoustic emissions. It was
designed so that the specimen could be cycled through load-unload fluct-
uations such as would be applied in fatigue. Figure 2.10 shows schemati-
cally this machine., Figure 2.5 shows the chain-type self-aligning ten-
sion grips. The grips in this machine were made of Zytel (molded nylon
polymer). This was done because conversations with B. H. Schofield (14)
indicated that Zytel is more silent than other commonly available mater-
ials that otherwise met the design requirements.

The operation of the acoustic tensile machine is as follows.
To apply a load to the specimen one lowers tank # 1 by means of a synchronous
motor driven pulley system. This allows the water in tank # 2 to drain
out and reduce the buoyant force on the sand ballast tank. The increasing
load is transmitted and multiplied through the 20:1 lever system. The
load is then carried throught the chain-type self-aligning grips to the
specimen. The calibrated load cell which is mounted on top of a cross-
bar in one of the chain links reads the load. When the maximum desired
load is reached, the motor drive is used to raise tank # 1 to allow the
water to refloat the sand ballast tank. The load on the specimen then

reduces to zero., The rate of loading is essentially controlled by the



TOUTYOR SUTIS3, STTSUS], OTISNOOY 9yl JO OTFBULYDG °O°g 2INITJ

HIVIVITS
aNvIs MNVI
ONTENT
o FIIVISNCAY
TIIIXTLA I/
/
e A
— — /1
* /* NETLVId y
IANSIANOTTY |///
.|-||. - .., . ,.// N _,, .// ARRY
NAIVII VP MO AN Ly TNTVA
2 THOTSM THOdINS  TTITNG _,” A TOYINOD
T THALNAOD - = N VI aTve
I IsvTrIva anvs!
- et —— = 4
epawve L H
IHOTAMIAINNOD A
T i .
i [l *
I\ SITHD \“\\\ =] NEWIDHEIS \e
T # VT BNIQVOT EIAL NIVHD — |A I *
[ m
—P \ L
ey ) - « L / </
()
= % NOTIISOd *
TIED QYOI *
SAD0Td JOIOW
MOTTId ¥dEddNyg SNONOYHONLS

‘Pesn ST TBTJIS1BU YOJBWSTW JO UOTFETOST OTISNOOE JBUE S$39BOTPUT 4



4]~

water flow rate. This rate is adjusted by means of the control valve at
the inlet of tank # 2. In this experiment a loading rate of about 20,000

psi per minute was maintained.

2.1.5.4 The Acoustic Experiments

With the acoustic equipment completed the acoustic test series
was started. First, ten sample specimens were tested to provide famil-
ijarization and debugging time on the acoustic apparatus as well as to pro-
vide the acoustic characteristics for the trial specimens. These specimens
were used for the determination of an approximate stress-life curve for the
material. This was used to select the stress levels for the main body
of the tests. Several suspicious characteristics were observed during
these preliminary tests. First, the acoustic information had no "high
frequency" component, which was expected, and second , the fatigue limit
seemed to be between 56,000—65,000 psi or lower. Estimates using the
Little line (46, pp. 104-105) indicate that the tension-tension fatigue
limit is approximately 69,000 psi.

These facts suggested that some bending was present in addition

to the axial load. So, before the major work was started, a solid state

’
load cell and power supply were constructed. The cell shape was similar
to a standard fatigue specimen except that a flat was milled on one side
instead of generating a circular notch. The gages were mounted on this
flat., Successive polar positioning of the gage provided an ability to

check bending. This check revealed that a 39.5% bending stress relative to

the axial stress was induced by the acoustic grips. Removal and inspection
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of the grips showed a machining burr which was subsequently removed.

The bending stress after this corrective measure was taken was reduced
to 5.2% of the axial stress. Bending checks were carried out on the
chain-type self-aligning grips on the Research Incorporated fatigue ma-
chine. These grips are duplicates of the acoustic grips with the excep-
tion that they are made from AISI 1020 and carburized AISI 6150 steel.
Bending here was again recorded in a polar manner giving a maximum value
of 5.459,

In order to minimize the difference in stress patterns in the
acoustic test machine and the fatigue machine the polar diagrams were
compared and each specimen in the test was oriented so that the maximum
stress in the acoustic machine occurred at the same point in the specimen
while undergoing fatigue testing. This technique resulted in a maximum
stress pattern difference of 1.5%.

Two specimens were lost because of poor seating of a specimen
in the Zytel grip, thus bending and damaging both the specimens and grips.
The grips were reprocessed and checked for bending. In this case the
bending reached a maximum of 3.5%. This resulted in a maximum bending
stress pattern difference of 2.0% relative to the fatigue grips.

The large bending stress components in the acoustic tests had
probably induced large permanent bending deflections in the trial speci-
mens. These deflections would induce large bending stresses upon fatiguing
and, therefore, early fallure of the specimen. This is equivalent to a

lowering of stress-life curve for this material. Thus the stress levels
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were selected slightly high to help account for this effect. Ags a result
coded stress levels O through 6 were assigned, respectively, as fatigue
loads of 0-95, 0-90, 0-85, 0-80, and 0-75 ksi to failure; 0-90 ksi for
lOu cycles then 0-75 ksi to failure; and finally 0-75 ksi for 2x107 cycles
followed by 0-90 ksi to failure. After starting the fatigue tests it was
found that about half of the 75 ksi (code 4) were running past 5xlO6 cycles.
Since this study was proposed to study life in the finite, not infinite,
life region of the fatigue diagram it was decided to reassign and test all
the remaining twenty-six code 4 specimens at 100 ksi. The effect that this
reassignment had on the statistical analysis is discussed later.

With the debugging completed the standard test series was started.
The procedure was to install the PZI-5 crystal retainer cap, mount the
assembly into the grips, turn on the amplifier, seal the audiometric room,
calibrate the load cell, calibrate the analogue-cumulative emission out-
put, calibrate the counter trigger to 17.5 uv RMS sine wave voltage refer-
red to the amplifier input, check the ambient transducer voltage output,
lower tank # 1 (Figure 2.10) in order to load the specimen, then when the
maximum load is reached unload the specimen by raising tank # 1, record
the final emission values, and lastly remove and store the Visicorder and
X-Y recorder outputs. The specimen is then removed and returned to the
mineral oil until tested in fatigue at the same level as 1t was stressed
in the acoustic work. Dual stress level fatigue specimens, which were to
be fatigue tested sequentially at one stress level for an assigned number of

cycles and then at another stress level to failure, were stressed in the
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acoustic tensile machine two times- once at each of the two stress levels

and in the order of the stress level applications in the fatigue experiments.

2.1.6 The Fatigue Machine and Tests

Following the acoustic tests a series of fatigue tests were
performed lasting about six weeks. These tests were completed on a Re-

search Incorporated Materials Testing System which is discussed below.
2.1.6.1 The Fatigue Machine

The physical arrangement of the fatigue equipment is shown in
Figure 2.11. This shows the control console to the left, the load frame
to the right,and the power supply to the rear. The equipment is modular
in nature and consists of a 50,000 pound loading frame equipped with a
20,000 pound hydraulic loader. The machine was used in its load control-
led state so that the acoustic load would not be exceeded in fatigue.

This load control is supplied by the closed loop electro-hydraulic con-
trol system shown in Figure 2,12.

Essentially, the operation is as follows: an input command is
entered into the summing junction. The command is amplified and converted
to a current signal which drives a 15 gpm servovalve. The valve controls
the oil supply to the hydraulic cylinder which in turn loads the specimen.
The load cell senses the load and sends a signal to the summing Junction.
At the summing junction an error signal is generated and the electronic
controller modifies its previous command to the servovalve. This error

signal correction is done every 0.0001 sec. In this way the system provides
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rapid load control for fatigue studies. The system using a 10 gpm hydrau-
lic supply, a 15 gpm servovalve, a Model 401.01 Servac,and a 401.10 series
Input Module with a special experimental transformer could operate at
cycling rates in excess of 30 cps at 100,000 psi on the specimens used in
this research. It was decided to maintain a constant driving frequency

of 30 cps so as to avoid any life changes (8, pp. 632-633) owing to changes
in this frequency.

Figure 2.13 shows the Taylor wet bulb-dry bulb recorder, serial
number 77JM216+995, used to record the wet and dry bulb temperatures in
the testing room. Barometric pressure readings were supplied by the Uni-
versity of Michigan Meterology and Oceanography Department. Calculations
using these three terms resulted in an absolute humidity in grains of water
per pound of dry air. The counter in the left-hand corner of Figure 2.13
was used to check the driving frequency of the fatigue machine and to
indicate the accumulated time, in seconds, for specimen failure to occur.
This provides a check on the mechanical counter supplied with the machine
(upper limit of 35 cps).

Figure 2.14 shows the tension-tension chain-type fatigue grips
used on the fatigue machine. These are constructed using bearings where
a lead-teflon mixture is impregnated into a porous bronze carrier that is
mounted on a steel backing (48) (49).

3.1 ACOUSTIC EMISSION: ITS CHARACTER

In the process of performing acoustic tests it became necessary



.,.?;"'{'.e.

Figure 2.13, Humidity Recorder and
Electronic Counter.

Figure 2.1k, 'ension-Tension Self-Aligning
Fabigue Grips.
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to characterize the emission information by defining a number of terms

relating to it.

3.1.1 Emission Character

The physical appearances of the two major types of emission
are shown in Figures 1.1 and 1.2. Figure 3.1 shows the typical ambient
noise level of the amplifier operating with ambient acoustical environ-
ment sensed by the PZT-5 transducer. The oscilloscope sensitivity is
identical in Figures 1.1, 1.2, and 3.1, namely 0.2 volts per centimeter.

In comparing Figures 1.1 and 3.1 the peak signal to peak noilse ratio, S/N,
was 11:1, Other waveforms observed had a S/N ratio of 15:1. The full
input amplifier gain could not be used since some signals were sufficient
to saturate the amplifier if the maximum 80 dB gain were used. This would
cause total blanking out of the signal. It was necessary instead to use
the amplifier at a gain of 70 dB (3160X). This indicated that the levels
of the emissions were not as low as had previously been reported.

A calculation was made of the detection capabilities of the
piezoelectric crystal that was used in this work. Perfect coupling of the
crystal to the specimen is assumed., The pressure found using this assump-
tion will be lower than the actual pressure. This calculated pressure will
be referenced to the threshold of hearing, .0002 wp bar, 0.1 newton/mz, or
1.0 dyne/cm2 (50, p. 50). This calculated pressure is the average pressure
exciting the crystal from within the specimen. It is not the airborne

acoustic emission level in the vicinity of the specimen. A compression
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¥igure 3.1, Ambient Noise Level.
Ordinate: 0.2 volbs/cm
Abscissa: 0.2 msec/em

Figure 3.2, Burst Type Ringdown.

Ordinate: 0.2 volﬁs/cm
Abscissa: 0.1 msec/cm
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Figure 3.3. Typical X-Y Record of Acoustic PEmission Data.
: (Specimen 88-118-0-035)
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wave reflected internally from end to end within the specimen is an extreme-
ly inefficient means of producing airborne sound. The energy that is radi-
ated out into the air is well below a pressure that will be detected.

If only those pulses are counted that produce a voltage peak sig-
nal level of 24.8 uv at the input of the amplifying system, the pressure
level of these pulses can be determined by the use of the piezoelectric

stress constant, 833 » for the PZT-5 crystal which is used as the detector.

This calculation is as follows.

=~ volt metere

£33 "meter = newton

P7T- = oh Lhx10-3 Volt meter (51)
g33 ( 2 newton
VOLtS s i mum= 17.5x1070 x V2 = 24.8x1070 volts.

The crystal lengthis 0.1 inch or 25.l+x10‘llL meters,

1 = 2l .8x1076 1
X
stress 25.4x10 stress

hence 24.4x1072 =

.
- x
1

or the minimum detectable stress =04 DEWLOD meter2

In decibel notation this is dB = 20 log stress
O.1 newton =
metere

12 dB reO.l newton
metera
Actual photographed outputs show levels which are as high as

15 times this level and, therefore, are 35.6 dB re0.l BEWEOR oy 23 6 GB
metera
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newton
meter 2

above the counting threshold, 0.k
Another point to be clarified is that concerning the output
frequency. Figure 3.2 shows an expanded burst ringdown similar to that
shown in Figure 1.1. Calculations show that the frequency of the ring-
down shown in this photograph is about 8,500 cps. Similar calculations
for waves shown in other photographs give values from 8,500 to 10,500 cps
with most frequencies being close to 10,000 cps.
Similar calculations were carried out using the waveforms
shown in Figure 1.2 and other results. It was found that the frequencies
of these "high frequency" emissions ranged from 8,000 to 10,000 cps.
This is evidence that the term '"high frequency" emission is a misnomer.
The burst and "high frequency' types of emission both have the same
frequency. However, it is not too difficult to imagine that a higher
frequency component exists when the oscilloscope screen becomes filled
with waveforms. In this work the '"high frequency'" emission will be termed
high rate emission. Experiments show that 10,000 cps is approximately
the mechanical ringing frequency of the specimen when externally excited.

The ringing frequency of the electronic circuitry was found to be about

125,000 cps.

5.1.1.1 Terminology

Referring to Figures 3.3 and 3.4 one can define a number of
terms necessary for a discussion of the emission results. The curves

in Figures 3.3 and 3.4 are the actual output from specimens stressed to
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95,000 and 75,000 psi, respectively. The ordinate of Figure 3.3 is instan-
taneous cumulated emission., The abscissa 1s the applied stress. In Figure
3.4 the abscissa is time with ordinates shown as stress,cumulated emission,
and RMS output voltage of the detection system. (Note the directions). As
the specimen is loaded a small number of burst type emissions are seen up

to the upper yield stress, S At this point the high rate emission ap-

yu*
pears. This point is coincident with the upper-lower yield point phenome-

non in each specimen. This confirms the observation of previous investi-

gators (%2) (3%). The emission in this region is termed X Eygp- Continued

loading results in subsidence of the high rate emission and a recurrence
of burst type emission. This is seen up to the maximum applied stress,

Smax' The total of the burst type emission that occursduring the application

of thHe load is termed X EL . This does not include the 2 EHR'

In the process of unloading there is a period of silence where
no activity is observed. This period is measured in terms of stress and
is called the "stress delay,”" A S. At the end of the A § one sees again the
occurrence of burst emissions. The bursts on unload appear to be of ex-
actly the same form as those seen on the load except their rate of occur-
rence is much higher and changes with load. This does not say that the
actual waveform frequency has increased. This emission during the unload

is termed the unload emission, Z EU . The emission during unload has not

been seen or considered previously to this time except for one observation

by Schofield (28, Figures 12, 13, and 14), The unload character found in



-5k-

the present study is remarkably consistent in shape and repeatable within
a given specimen. Use of another specimen results in the same character-

istic unload emission curve except its total could reach X Ey values

ranging from 8,000 to 70,000. It is convenient to define the total

emission as X ET =X EL + % EU . The last term to be defined is the stress

into the plastic range, SP . This is the engineering stress applied beyond

Syu or SP = Smax' SyU_"

4,1 STATISTICAL ANALYSIS OF THE DATA

After obtaining all of the experimental data (see Appendix II)
it was decided to use two statistical computer programs to analyze them,
These programs are the MCA (Multiple Classification Analysis) and SRWSL
(Stepwise Regression with Simple Learning). The latter will be termed

the regression program for brevity.

4,1,1 The MCA Program

The MCA program was used in order to provide some knowledge as
to the function that might be expected if a regression analysis were at-
tempted on the data. The problem with most regression programs is that
they have only a limited number of available functions from which to find
the least squares fit. If the problem being solved has a functional re-
lationship that is not available to the computer, the computer will either
have no success with the solution of the problem or it will approximate
the function by a truncated infinte series. The latter usually is not

possible owing to the large amounts of computer time necessary to generate
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a sufficiently good approximation of the function.
Therefore, for this work the shortcomings of the regression pro-
gram were circumvented and more insight into the problem was obtained by

using the MCA program first.

4,1.1.1 Details of the MCA Program

The MCA program is used to investigate the effect of each of
the several independent variables on a dependent variable, in this case
N or log N. Two methods (52, p. 2) (53, pp. 3-4) are used to determine
the effects of a given independent variable. First, all the independent
variables are categorized. For example, the RMS surface finish in p in.,
which varies from 90 to 350 p in. RMS, is broken down into classes O to 5
which are not necessarily uniform in range of RMS. Once this is done the
program analyzes the data by determining the deviation of the dependent
variable from the dependent variable grand mean for each class of the in-
dependent variable. This is the unadjusted deviation method.

However, the second treatment, the adjusted deviation technique,
is most important. In a real experiment it is generally impossible to
investigate a dependent variable while holding all but one independent
variable constant. To give insight into problems of this kind, the MCA
program examined the relationship of each of the several independent vari-
ables to a single dependent variable while holding all other variables
constant (53, p. 4) (5%, p. 3). The program gives a set of adjusted de-
viations which represent the effect of each class of an independent vari-

able on a dependent variable while all other independent variables in the



-56-

data are held at a constant level. It should be pointed out that the pro-
gram's convergence is not affected by interactions. Moreover, the program
can not yield estimates of the interaction effects that are important in
the prediction of the dependent variable (52, p. 4).

This program has advantages over multiple regression, since it
does not have a limited set of available functions from which to draw. It
accepts predictors in weak nomial scale form, such as an incident factor.
It does not assume or require linearity and it does not need orthogonal
data; i.e., it does not need equal numbers of observations in all cells of
a cross classification of the independent variables (52, p. 1) (54, pp. 5-6).
This program assumes additivity of the effects of the predictors. However,
by conversion of the dependent variable to log N one finds that a multi-
plicative model can also be accommodated (55, p. HP 10). These models
are respectively,

N.

ljk...a =N + ai + Ej + QK + ... F eijk..'a

where Nijk o 1s the actual life value corresponding to the levels of the

independent variables a, b, etc. a;, bs:, etc, are the effects of variable

i» j:

a at the ith level, b at the jth level, etc. e

ijk...q 1S the random error

adjustment made for the portion of the life not predicted by the dependent

variables (54, p. 3).

lOg Nijk...a = lOg N + ai + bj +'Ck + ... + eijk.'.a

where all terms have the same general meaning but life is handled in

logarithmic form.
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In order to provide these adjusted deviations, the MCA program

minimizes the sum of squares of the errors, €4 3k.. .0 in the predicting

equation while simultaneously examining the relationship of the several
independent variables to the dependent variable. This is done by an iter-
ative process developed by Yates (56) to solve the set of normal equations

with the constraining equations; £ n; a; =0, X njbj =0,... , etc., where

n; = number of observations in the ajth classification (57, p. 28).

One now has the ability to examine the unadjusted class deviations
and thus determine whether or not the predictor has any relationship to
the dependent variable. This shows whether it is positive, negative, con-
cave upward, or of another form. An examination of the adjusted deviations
shows whether this effect is real or just caused by the other variables.
It essentially provides a "purified" view of the real relationship between
a single independent variable and the dependent variable.

One must realize that the program can generate a set of deviations
that looks very convincing but an examination of the data will indicate
that the fraction of the variance explained by the predictor is very small
compared to the variance of the dependent variable. It, therefore, is not
an effective predictor. To eliminate this problem the program prints out
the square of the '"partial beta coefficient”, B2 (53, pp. 6-8). This can

be thought of as an approximate square of the partial correlation coefficient
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for that variable. Here,it will be termed the importance coefficient,
since it is the proportion of the variance in the dependent variable
that is explained by that particular independent variable while holding
all other independent variables constant (53, p. 8). One can readily
see why it is called an importance factor. The higher the factor the
greater the amount of dependent variable variance that is explained by
the independent variable. Thus one can order the predictor variables
as to their importance in the prediction. Moreover, the square of the
adjusted multiple correlation coefficient, R® , is provided. This in-
dicates the proportion of the variance in the dependent variable that
is explained by all the predictors simultaneously (52, p.3). R2 may be
thought of as a multiple coefficient of determination.

4,1.1.2 MCA Implementation

In order to use the MCA program all the independent variables
must be classified. The classification of each variable is shown in
Appendix II adjacent to the actual value of the variable.

Note that the data are shown for the following variables:

S, ZE, , S By, & Egg, TIR, RMS, T, H, I, Sp, B, P, & Ep, and N. (See
Appendix III for a list of symbols and terminology).AJJ_of these have been
explained previously except the incident factor, I, which denotes special
history associated with certain specimens. These various incident factors

are defined in the legend of the data table in Appendix II.

4,1.1.3 Results of the MCA Program

Two groups of runs were completed in this program. The first
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group of runs, numbers Ol to 08,used the life data in numerical form.
The second group of runs, numbers X1 to X13, use log life data.

Table 4.1 shows the run number, the order of the variable entry,
the importance coefficient for each variable, and R® for each run. The
order of variable entry will indicate, upon reversal of such order, large
intercorrelation of the supposedly independent variables. This shows up
as a large change in the importance coefficient, B2 , associated with the
two or more intercorrelated variables when their order of entry is switched
(53, p. 11).

Preliminary MCA runs, not shown in Table M.l,indicated that S

and Sp were highly intercorrelated. Subsequent runs showed that Sp was a

better predictor than S. All the runs shown in Table 4.1 use Sp except
03 and X3. The improvement obtained through the use of Sp seems small when

comparing runs X2 and X3 ag well as 02 and 03, Since large intercorrelations
such as those between S and Sp hamper convergence in the MCA program,one
variable had to be excluded to complete the work. S was dropped, since

it appeared less significant than Sp . Results shown later in the regres-

sion program indicate that Sp is actually a better predictor than the above

comparisons would indicate. It is thought that the classification scheme

may have obliterated some of the predictive value of Sp.

One immediately sees in runs Ol to 08 that R2 is extremely low.
This indicates one of two things. Either no variable is truly important

in the prediction or that the wrong mathematical model has been used.
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The X1 to X13 series shows a greatly increased R2. Thus the
multiplicative model appears to apply to the data. Concentrating now on
runs X10 and X1l, one sees little change in the 62 with a change in order,
The intercorrelation of independent variables is now low.

Comparison of X2 and X6 shows that the independent variable 52
change is small. In X6 all the "contaminated" data, which resulted from
specimens where some incident occurred, were removed from the analysis.

In Table 4,1 this is indicated by Iypgx= O. The insignificant change in
the B2 indicates the small effect of I, the incident factor. Note that Re
went down in X6. This was expected since the sample size went down by
approximately 33% and since R2 is dependent upon sample size. It is con-
cluded that the incidents recorded had 1little effect on the fatigue life.

Now, with S and I disregarded look at run X10. The order of wvari-

able importance is Sp, P, T, B, % Byg , TIR, Z Ey , £ Ep, RMS, and H.
Observe the difference between 82 = .860 for Sp and the 62 = .19 for P,
the second best predictor. One can see that Sp is by far the best predictor

and all other predictors are secondary.
Another observation concerns Table 4.1, run X7. It shows a large
drop in Sp's 82. Moreover, Figure l,1 shows the same confounding effects

on the estimates of the log life deviations at SP = 31,500 psi. These
effects were traced to a confounded data situation where two classes in SP

were almost directly associated with a single class in I. This will result

in an occurrence such as seen in X7 and Figure 4.1 That is, some of the
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variance in the dependent variable previously associated with one of the

independent variables (namely, SP) will, upon addition of a confounding

variable, be associated with the predictor entered last (namely, I).

The predictor of primary interest is Sp. Figure 4,1 shows a

plot of the adjusted deviation of log N associated with SP. Note the

negative nature of the curve. But the kink at about Sp = 15,000 psi is

disturbing. Various adjustment techniques were used but they could not
account for this kinking effect as being caused by the other variables.
The kink appears to be a real phenomenon. No explanation is evident for
the kinking of the curve, although others (3, p. 180) have reported data
with similar phenomenon in AISI 4340 steel relative to their probability-
stress-1life diagrams.

In order to arrive at an estimate of the function necessary for
the regression program, a straight line was hand fitted to the MCA output.

This resulted in log N = 5.75 - .h5SP. This program does not provide the

standard errors of the estimates used to develop this equation. However,
certain standard errors are provided by the regression program. These
standard errors will be presented in section 6.1. The regression program
did not have such a function available. Moreover, the program had no
means of making log N available., A change in one of the subroutines was
necessary to accomplish the task. However, this pointed up a weakness

in the program so recent revisions of the program now make any computer

library function of the dependent variable available on request.
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Figure 4.2 shows a similar plot of log N deviations relative
to 5. Again the trend is negative. In this case the class 7 (75,000 psi)
data are non-representative since it is actually a collection of low life
75,000 psi specimens. Early in the experiment the 75,000 psi stress level
was changed to 100,000 psi owing to non-failures at 75,000 psi. The re-
corded failures were of the early failure type, since the infinite life
data could neither be recorded nor handled in the computer. The other
low life specimens at 75,000 psi were from the dual stress level experi-
ments that failed during the first set of stressings. Both cases repre-
sent the low life specimens in a population of about 35 specimens. There-
fore, these are not representative data points. Thus the hand fit line
in Figure 4.2 does not consider the 75,000 psi points. It is interesting
to note that these low life specimens did not harm the linearity of the

curve for Sp(Figure 4.1). Inspection of the Sp data corresponding to the

low life 75,000 psi specimens show that their Sp value tends to be closer
to the Sp values corresponding to the 80,000 psi stress level. Thus the

engineering stress beyond the upper yield point can help detect the early
failure whereas the gross stress value cannot detect it.

Many graphs similar to Figures 4.1 and 4.2 could be inspected
but it is only appropriate to discuss the major predictors and the emission
predictors. 'Thus Figures 4.3, 4.4, and 4.5 will show the effects of P,

by EHR) and 2 EU, respectively, on log N.

Position, being the next best predictor, is presented in Figure 4.3.
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One must realize that the importance coefficient is below 10% for this
variable. This means that the trend of the adjusted average deviations
shown in this figure explains less than 10% of the unexplained variance
in log N. A weak zigzag strength trend can be seen in Figure 4,3; how-
ever, it may not be a real effect, since the standard error of these
adjusted deviations may be large relative to the deviations themselves.
Thus the weak strength trends could be obliterated by the scatter in the
individual observations. If it were important to determine the real po-
sition effect a separate determination of the standard error of these
deviations would have to be made.

Figure 4.4 concerns the log N changes associated with Z Eyg.

Note the point to point scatter in the raw data values. But the adjusted
points tend closer to zero effect. Again,it should be noted that a 62 =
.036 means that this variable can only explain 3.6% of the total variance
in log N when all other variables are held constant. No conclusion can
be drawn except that there appearsto be no effect.

An even smaller value of 52 is encountered for X EU. Figure 4.5
shows the log N deviations versus X EU. Since 62 can be thought of as an
approximate partial correlation coefficient squared, it is apparent that
the approximate partial correlation coefficient, B, would be only about
h.S%. Thus little or no correlation exists since a correlation coeffi-
cient of this magnitude could probably result by chance.

4.1.2 Stepwise Regression

The purpose in using the stepwise regression was to investigate
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a number of possible functions that might be used to describe the depen-
dent variable. The objective is to generate a predictive equation of the

form

Y =Do + by X3 +bpXp+ ... +D0iXy + ... + bpXp
where bp is a constant and the bi's for i =1, 2,...,pare the coefficients
of the individual predictor variables, Xj (58, p. 70) (59). 1In this case
the Xi's can be any function or certain interactions of the following

variables S, ¥ Ey, Z Ey, = Eggp, TIR, RMS, T, H, and Sp. The variables

I, B, and P are eliminated because a regression cannot be done on such

nominally scaled variables. X Ep is eliminated because the computer can
form © Er by £ E, + £ Ey if it is important to do so. In the average run
of this program a set of possible X; available for entry into the equation
reached 100,000 to 300,000.

4.1.2.1 The Program

The program, based upon a set of parameter cards, established
the set of possible terms for inclusion in the equation. These terms,
in general, included functions of any one of the nine predictor variable%

1

1 1 1
2,82 g2 ,8%2, g3 83 8 /3 , and log S,

such as 8, S-1 |

)
(58, Pp. 71-72) where log S is entered as a special function. Moreover,
it was requested in some cases to generate Xi's with interactions of

i
order one, two, and three, which are respectively, for example, s2 , 952 71/3

1
and Sp 2173 £ E° .



-71-

Once the program has determined the set of possible terms an
equal probability of selection is associated with each term. Then a ran-

dom selector is asked to pick, in this case, 55 X;'s as a subset on which

to complete one pass and a specified number of random passes at the solution
of the problem. Next the simple correlation coefficients of each function
in the subset to the dependent variable is calculated. The Xj with the
largest absolute value of this coefficient is selected for use in the
equation. Here call it X7. This is tested by means of an F test for an
insertion error. If the term is significant enough to pass this test, the

computer generates the first predicting equation.
N = +
by b7 X7
where by and b7 are the least squares estimates of the intercept and the

slope.

The subset of X;'s is now divided into two sets Xi 1 and X o

) J
which are respectively, those functions in the predicting equation and those
not in the equation. An importance factor (58, p. 80, footnote) is com-

puted for each variable in Xi 1 The Xi 1 with the smallest of these
J 2

factors is tested by an F test to determine whether it is less important

than the program user requires for retention in the equation. This X; is

then removed or retained on the basis of the probability of making a de-
letion error. This probability was previously set by the user, In this use
of the program the probabilities of both an insertion and a deletion error

were set at .05. In the case where Xi,l has more than one term the process
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of testing terms for deletion from the equation is continued until one
of the terms being tested is significant enough not to be deleted from the

set of terms X; 7. Then the X; oset is examined. A potential importance
J J

factor (58, p. 81) is computed for each function in this set. The term
with the largest potential importance factor is isolated; call this
term Xo . Then Xp is tested for its significance of insertion into the

equation. If it passes, it is entered into the equation. Now, if X7 was

not removed,the equation becomes
N = by + by X7 + bp Xp.
The primes indicate a modification of the coefficients upon generation of
a least squares regression through the two variables. The functions are
again sorted and checked as above. This process continues either until
all the functions are entered into the equation or until there are no more
terms of sufficient importance to insert into the equation (58, pp. T76-84).
In addition to generating the desired equation the computer
prints out various statistics. The most interesting ones are the multiple
correlation coefficient which is approximately the adjusted multiple cor-
relation coefficient, R, of the MCA program and the coefficient of deter-
mination which is analogous to the multiple coefficient of determination,

R? , in the MCA program.

4,1.2.2 The Results

Table 4.2 presents the best of the many equations generated by

the regression program. The exception is equation 1.
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Equation 1 is shown to indicate the ability of the program to
predict using the numerical life data (additive model). Note the low
value of the coefficient of determination in this equation.

Conversion to the multiplicative model resulted in equations
2 to 11. 1In equations 2 to 6 the computer was allowed to try to find the
best regression line through the data with a maximum interaction of order
one. Later, interactions of order one, two, or three were allowed. One
sees that equation 2 gives a coefficient of determination of 70% while
equations 3 through 8 indicate a futile attempt at increasing the predic-
tive power of the equation. An increase of only 3.7% is attained by al-
lowing interactions up to order three. Equation 8 was produced by a set
of 124,600 possible functions for use in the equation., It is thought that

2

the interaction terms, such as ¥ EfX Ey “RMS  in equation 8, are the result

of strange data patterns and are valid only for this data set. If the
insertion error probability is high enough and long enough time is allowed,
this type of learning regression will try to fit functions through all the
data points. However, this would only be valid for prediction in this
particular set of data. For this reason, it is thought that either equation
2 or 11 is the best predictor.

Since the computer refused to pick up S as a predictor, it
was forced into equation 9. Note that the coefficient of determination

is about L4.5% lower than Sp. Recalling the curve deviation of S vs.

log N - log N in Figure 4.2, the offending data pointsat 75,000 psi were



removed from the regression data and S was again forced in the regression
equation. An increase of 1.7% in the coefficient of determination results

(Equation 10). Subsequently, the computer removed S and entered Sp resulting

in equation 11.

5.1 DISCUSSION: ACOUSTIC EMISSION

As a result of the extensive testing carried out during this
experiment, time and specimens were available in order to check several of
the previously observed acoustic phenomena. During these investigations
a number of new and different observations were made. The following sec-
tions recount these observations and show their place in the overall

acoustic emission picture.

5.1.1 Repeatability: The Kaiser Effect

The previously explained Kaiser effect was checked during
this research. Figure 5.1 shows the results of this work. The expanded
scale for the emission provides better detail of the load and the A S
character, but results in a suppression of the totalized emission to a
zero level by the digital-to-analogue converter. This results in the
sweeping effect in the plot. To obtain a real understanding of the emis-
sion occurring on unload, imagine each portion of the restarted curve
shifted into position at the beginning of the sweep. This will give a
curve similar in nature to that shown in Figure 3.3.

During the first load there is a type I emission curve for the

loading bursts. Here,most of the burst emissions appear within the first
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17,000 psi. The remaining portion of the curve is standard in nature

with  Ey = %503, Z Eyg = 2600, and I By = 31,892, It is of interest to

note that the character of the burst type emission curve obtained during
the observation of the increasing load changes when a second, immediately

following, increasing load is applied.

The second type of curve is termed the type II emission curve
for the load bursts. The type II curve has the highest emission rate
near 34,000 psi. This shift in type was observed in all specimens that
were checked. Other facts concerning the type change will be discussed
later,

During the second load I Ef = 589, £ Eyp = 0, and I Ey = 34,880.
Note that a Kaiser effect is observed in the Z Egyr. However, the Z Ej

did not experience a complete Kaiser effect. Tests on other specimens

showed similar but variable reductions in Z EL' The % EU in this case

was shown to grow during the second stressing by about 10%. Therefore,
no Kaiser effect is seen.

It is interesting to note that for this material with the
limited yield point extension the technique of determining the stress
level to which the material was previously stressed (see section 1.3.1)
cannot be used effectively. This is true because the only emission
affected markedly by the Kaiser effect is in the small stress range of

the upper-lower yield point.
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5.1.2 Unload Emission Response

Figures 5.2 and 5.3 show a method of analyzing unload emission
data. This technique was suggested by Kerawalla (60). This method has
been used to determine the fatigue limit on a number of materials. In

this case it was used to obtain an insight into the ability of I Ey to

predict fatigue life. An understanding of the reason for using this
technique can be obtained from the following discussion of the procedure
for obtaining and compiling the unload emission data.

A maximum stress to which the specimen is to be loaded, S%ax?
(see Figure 5.2) is first selected. This stress must be somewhere above
the expected fatigue limit. Then a single load-unload cycle is completed
The response to such a cycle is shown in Figure 5.2. The scales for the

load and unload emissions are different. The specimen is reloaded to

this same stress)SgaX, several times. Notice, as shown in Figure 5.3,
that the & EU increases on each successive loading. The increase in X EU

diminished with each successive applied cycle. This process is termed
saturation. It is thought that the mechanism which produces the unload
emission is sensitive to stress and the sources of such emissions can be
multiplied by high applied stress. Thus the unload emission grows after

the application of a high stress. This also shows that only certain amounts

of growth can be generated in this mechanism at a given S;ax' The multi-

plication of the mechanism is said to have begun to saturate.
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Following the saturation process the maximum stress, Spgx, in

each successive cycle is lowered until the applied stress approaches zero.

Then the results are plotted on a semi-logarithmic graph as Z EU Vs, Smax

in Figure 5.3. One notes that the curve is rather straight in the stress

range below Syu = 72,000 psi. The curve actually flattens out above 75,000

psi. After this point the emission has a slight downward trend. It appears
that these emissions are intimately connected with the elastic behavior
of the specimen and that when the upper elastic limit is exceeded the
elastic effects are overcome and plastic effects, which are not heard,
begin to dominate. It might also be noted that deviation from an actual
straight line starts around 40,000 psi. Microstrain work might have in-
dicated that this is the actual beginning of small plastic deformations
in this particular specimen. Kerawalla (60) has found that the peaking
or flattening of this curve is indicative of a fatigue limit. Figure 5.4
tends to support this view. This curve is the unload emission curve for
a trial specimen which was subjected to a bending stress component which
was 39.5% of the axial stress component. This was caused by an unnoticed
machining burr in the nylon grip seat used on the acoustic test machine
already mentioned in section 2.1.554. It can be seen that the unload
mechanism peaked much sooner than in Figure 5.3. This indicated a lower
fatigue limit than was expected. This was, in fact, another indicator

of the bending problem discussed previously.

It is significant that, once again, the X EU decreases slightly
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Figure 5.4. Unload Emission Curve with Specimen Bending.
(Specimen TAR1-2 with 39.5% Bending)
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after peaking. This would indicate that X EU would not be a good predic-

tor of life, since the emission appears to be measuring an elastic effect.
The rolloff or decrease in emission seems to be due to the onset of a
plastic mechanism which overcomes the elastic phenomenon present and becomes
the dominant operative mechanism. It is desired to measure the magnitude
of the activity of the plastic mechanisms within a specimen,if the fatigue
life i1s to be predicted successfully. This is not being done.

It can be seen in Figure 5.2 that the unload and the load emissions
have a high degree of repeatability. Repeatable behavior is not typical
of a plastic deformation phenonenon. This repeatability in Z Ey again
suggests an elastic mechanism., The mechanism seems to form gradually
with little or no noise on the load and seems to disappear during the un-
load with a release of energy. A analogous statement may be made with
reference to the load emissions. However, not until the latter stages of
the statistical analysis was there any reason to believe that the load
and unload emissions were related. The details of the intercorrelation
and the existence of same is discussed in section 7.1l.4. At this time
all that can be said is that after load emission type conversion the

mechanisms causing the load and unload emissions are elastic in nature.
5.1.3 High Rate Emission

In the material used for this research the only high rate emis-
sion observable was that seen during the upper-lower yield point extension.

The occurrence of this emission in only one stress region was not expected
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in view of the model proposed by Schofield,who suggested on the basis of
his results that this type of emission was associated with repinning of
dislocations and cross slip. If high rate emission is truly assoclated
with such mechanisms, very large numbers of dislocations must be required
to repin or cross slip in a unit time to generate sufficient noise to be
detected. These types of mechanisms are surely operating during each
cycle at the stresses used in this experiment. However, the second stress-
ing of the specimen showed a disappearance of all the high rate emission.
No small amounts of the high rate emission were seen on reloading. There-
fore, the high rate emission reported here is an emission associated with
a single plastic pheonomenon which is distinct from the plastic phenomena

seen in fatigue.

5.2 CONCLUSIONS BASED UPON THE STATISTICALLY UNANALYZED ACOUSTIC EMISSION
CHARACTER

In view of the discussion above the correlation previously ex-
pected is no longer promising.

First, the correlation of the load and unload emission charac-
teristics with life is expected to be low and, if existent, to be weakly
positive; i.e., increasing emission would bring an increasing life. This
conclusion is based upon the fact that the following observations support
the hypothesis that an elastic mechanism is generating the burst emission;

the linearity of the maximum stress, Spygx, versus unload emission plots in

the elastic portion of the stress-strain curve, the non-linearity in the

Plastic stress region of the same curves, the repeatability of the load
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and unload emissions, the peaking of the unload emission curve at the
fatigue limit above which plastic deformations ultimately cause failure,
and the saturation process that occurs in the observed unload emissions
at stresses above those which produce the peaking in the unload emission
curve, Since this technique is apparently not measuring the localized
irreversible plastic deformations and/or cross slip, one would then ex-
pect the correlation to be low. The slight positive correlation might be
expected since a larger amount of burst emission seems to indicate a more
extensive operation of an elastic mechanism. More elastic mechanisms
may tend to raise the fatigue life.

The second type of emission, high rate, can be associated with
the upper-lower yield extension. It, therefore, is associated with one
type of plastic deformation. However, the plastic deformation at the
yield extension does not necessarily bear any relationship to the plastic
deformations that occur during each cycle of the fatigue process. More-
over, the Kaiser effect is seen in the high rate emission indicating that
no sufficiently large plastic phenomena are operating so as to be heard
during each load cycle beyond the first load cycle. The damage accumu-
lated during each fatigue load cycle apparently cannot be heard by means
of the high rate type emission. Therefore, it is expected that there will

be little correlation of ¥ Eyg to life, N.

6.1 DISCUSSION: STATISTICAL RESULTS

The results of the MCA program confirmed the conclusions made
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in section 5.2. The results of the program set the order of importance

of the predictors as Sp, P, T, B, £ Eyg , TIR, £ Ey , Z Ey , RMS, and H
with Sp being the best predictor.

Reference to Figure 4.4 shows, in both the unadjusted and ad-

Jjusted plots of % Eygr's effect on log N, a scatter about zero with an

importance coefficient of 3.6%. Additional confirmation of the ineffec-
tiveness of the emission for prediction is reflected in the fact that the
computer never during the running of the regression program picked up any
emission term or function of such terms with interaction of order one.
Figure 4.5 shows a similar scatter around zero for the effect

of = By onblog N but a much lower 62 = .02 exists. No correlation is
thought to exist between = Ey and log N.

Also pointed out by the MCA statistical approach is the fact
that surface finish has, within the range from 90 to 350 p in. RMS for
this material, little correlation to fatigue life. References to several
textbooks (8, Figure 9.79) (4, Figure 57) (1, Figure 50) indicate that the
so-called surface effect in fatigue is generally correlated in the form
of finishes generated by different machining processes. The extremely
low correlation found here would indicate that either large surface fin-
ish differences are necessary to affect the life or that it is not the
surface shape that is important but mainly the amount and type of residual
stresses produced in the surface by the machining process.

Also interesting is the fact that the humidity which was con-

trolled by using a mineral oil coat has very little effect on the fatigue
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life in that it is the last in the ordered list of importance as generated
by the MCA program.

Turning now to the regression program, the similarity of the
hand fit equation in Figure 4.2 to equation 2 in Table 4.2 is good,

being log N = 5.75-.45 Sp and log N = 5.8488-.4947 Sp , respectively.

In order to obtain an idea of the scatter existing about this
predictive regression equation, the regression program provides the stan-
dard error of the slope in the predictive equation and the standard error
of log N about the fitted regression line. Using these statistics and
others one can calculate the 95% confidence interval for the average
value of log N, given Sp,and the 95% prediction interval for a future ob-

servation of log N,given Sp . A discussion of these intervals, their mean-

ing, and their calculations is given in Appendix IV. These calculated
intervals are shown in Figure 6.1. Here,the MCA results and the hand fit
line from Figure 4.1 are included for reference. By checking the regres-
sion program's prediction sheet one finds that five of the one hundred
and forty-five data values actually fell outside of the 95% prediction
interval. The expected value of the number of data points outside of the
predictive interval is 7.25 specimens,

The emission characteristics were completely disregarded in the
regression program by the computer in its search for the best predictors
in the life equation. Moreover, the multiple coefficient of determina-

tion, R? , in the MCA program matches well the coefficient of determina-

tion generated by the regression program. This is a very good indication
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that the best form of the equation has been found exclusive of interaction
terms, which are not considered by the MCA program. It is enlightening
to observe that predictive equation number 2 in Table 4.2 indicates a
fatigue life close to 106 cycles when stressed at the upper-lower yield
point. Published data on AISI 4340 indicate a fatigue limit at 106 cycles
(M, pp. 304-305). Inspection of the data in Appendix II indicatesthe
upper yield point rangesfrom about 69,000 to 75,000 psi. This correlates
closely with the 75,000 psi seen at the peak in Figure 5.3 and other plots
not presented here. Work done by Kerawalla (60) indicates this peak to be
the fatigue limit. It appears that the upper-lower yield point is or is
very close to the fatigue limit.

It seems significant that statistically the computer consistent-

ly chose to reject S and to use Sp . Sp is a very crude measure of the

amount of plastic deformation caused by a given stressing cycle. This,
of course, suggests that direct measurement of plastic deformation under
typical applied fatigue stresses could provide better insight into the
prediction of fatigue life. It may be that the variability in yield point
and strain hardening coefficient from specimen to specimen could account
for much of the variation in fatigue life.
6.2 CONCLUSIONS: STATISTICALLY BASED

The agreement of both the MCA and regression programs along with

the agreement of the conclusions that were obtained from the acoustic charac-

ter shows that no acoustic emission characteristic investigated here is
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highly correlated with the finite fatigue life of AISI E43L0 cold drawn and
annealed steel.

Moreover, it is concluded that the fatigue limit in tension-
tension (zero to maximum load) fatigue is near the upper-lower yield point

in the material.

7.1 ACOUSTIC EMISSION PHENOMENA THAT WERE NOT RELATED TO FATIGUE LIFE

During the execution of the planned experiment a number of
points of interest appeared that may shed more light on the relationship
between acoustic emission and fatigue, hysteresis, lattice friction, break-

away stresses, and strain aging effects.

7.1.1 The Appearance of Low Frequency Emission

In the process of pulling the 220 specimens, four specimens
emitted a continuous signal that had a frequency of about 250 cps.
Figures 7.1 and 7.2 show two examples of the emission. Close examination
of some of the RMS voltage output levels on the Visicorder traces indicates
that about 20% of the specimens showed indicaticns of such an emission,
although the actual waveform was not observed. This type of emission
appears symmetrically on both load and unload of these specimens and in
the stress region extending from 4,000 to 20,000 psi. These emissions
could be repeated upon restressing of the specimen. Specimens not show-
ing this effect could be alternated in the test with those specimens that

did show the effect. Consistently, this emission reappeared when specimens

that had previously shown this phenomenon were retested. It is concluded
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that this is a real emission characteristic and is not related to any pro-
perty of the testing machine., Lowering the Krohn-Hite high-pass filter
action to its lower limit of 2 cps made this emission show up easily on
the Visicorder trace of the RMS voltage output of the system.

In 1960 Fitzgerald (61, p. 1289) speculated during the reporting
of his work regarding shear compliance in materials that it might be possible
to generate self-excited sustained oscillations while loading a piece of
material. It is possible that this is what is being heard in these 250
cycle emissions.

In order to investigate this emission one would have to obtain
better acoustic and structural isolation at the low frequencies or to
study the phenomenon with the aid of a lock-in type amplifier. The re-
moval of the filter necessitates the suppression of the low cycle ambient

noise.
7.1.2 The Effect of Strain Aging on Emission

Referring to Figures 5.1 and 5.2,one sees a conversion of the
load emission curve from type I to type II (previously defined). In the
process of running an acoustic test the first load curves are of type I,
but the curves resulting from successive loadings are of type II character.
However, if the specimen is allowed to age for a half of an hour and
then is restressed, one finds a reversion to a type I pattern of load
emission. This phenomenon is shown in Figure 7.3. This figure is the

X-Y recorder output. This experiment shows that the acoustic emission
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technique could measure strain aging effects.
This discovery suggested further possible experiments concerning

the aging effect on the unload emission. This will be reported by Kerawalla

(60).
7.1.3 Stress Delay and Its Relation to the Maximum Stress

As more and more experience was gained with the various emis-
sion phenomena, it became more evident that the unload burst originated
from some sort of elastic rather than plastic mechanism,
However, the activation of the mechanism seems to be inhibited
by some sort of internal stress as indicated by the stress delay, A S,
shown in Figure 3.3. It was thought that it would be of interest to observe

what would happen to A S as the maximum stress, S,

axs is changed. The
results shown in Figure 7.4 are the results of multiple level stressing

on twenty-five specimens. The positive correlation of these two variables
indicates that the elastic mechanism encounters larger and larger internal

friction stresses with increasing values of S This is evident since

max:*
more stress relaxation is necessary at the higher stress levels in order
to allow the elastic mechanism to become abruptly unpinned and return to
a near zero deformation state. Burst acoustic emissions result from en-

ergy dissipation during the collapse of the mechanism.

7.1.4 Correlation Among the Types of Emissions

In the process of running the regression program several tables

of simple correlation coefficients were generated. In Table 7.1, entries
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TABLE 7.1

SIMPLE CORRELATION COEFFICIENTS

Entry Function One VS. Function Two Simple Corr. Remarks
No. Coefficient

1 z Eyt3 z Eyp™3 + 499 —--

2 S Eg-t = Ep 2 +.430 -

3 £ B 5 Bygt + .93k ---

k Log I Egg % Eq, + -2911 Forced in
5 Log © Egg % By + Jh7h " "
6 Z Eq, % By + 345 " "
7 % By, Z Egg + .263 ! !
8 S By Z Eyp + 512 " "
7 Log 8 Log N - .80k mooo
10 5 Log N - .809 mooom
11 Log Sp Log N - 787 n "
12 Sp Log N - .837 mooon
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1, 2, and 3 give a summary of the coefficients which were unexpectedly
large. Note that in trying to check the sign of such correlations one
may find sign inconsistentencies. This is normal for simple correlation
coefficients. If it is necessary to resolve any sign problem, one must
obtain partial correlation coefficients and then make the necessary com-
parisons.,

Since the simple correlation coefficients are high among the dif-

ferent types of emission and since numerically Z EL‘3 can reach 1079 , it

appeared that the calculation of these coefficients could be grossly mis-
leading. Subsequent, forced pickup instead of a random selection resulting
in entries 4 - 12, The correlation is now moderate. These coefficients
are high enough to have some reason to believe there might be some physical

relationship between them, especially between & EL and Z EHR'

As a result a special series of MCA programs was run. It must
be kept in mind that these runs were made with classified variables as the

dependent variables. This will probably affect the accuracy of the results

to some extent. Referring to Figures 7.5 and 7.6, one sees that there appears

to be a positive, linear relationship between £ Ey; and £ Egp. A less dis-
tinct and weaker correlation appears to exist between Z EU and T EL. There
is now some reason to believe that all these emission characteristics are

interconnected. However, this interconnection may be via another phenomenon

that tends to affect all the emissions.
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7.1.5 Emissions from Nylon

During the debugging of the acoustic equipment it was decided
to determine the emission generated by a specimen made from Zytel amolded
nylon polymer. The emission was entirely burst type. Another way in which
this polymer is different from AISI E4340 steel is that there is no stress
delay, A 8. The observed emission levels are lower in this plastic than
in steel, both in intensity and in number. W. Statton of duPont (62) has
indicated that emissions were not entirely unexpected in polymers since

polymers, as well as metals, are thought to have dislocations within their

structure (63) (64) (65) (66).
8.1 FUTURE RESEARCH

In the process of carrying out this research it was possible to
see avenues of research that might lead to significant and worthwhile re-
sults.

Some projects that appear to be particularly worthy of more re-
search effort are listed below.

1. Study the change in the burst emission character during loads

below the yield point. In particular investigate the character

change from type I to type II as shown in Figures 5.1 and 5.2

in order to learn more about the strain aging mechanisms and

the magnitude of the breakaway stresses.
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2. Study the stress delay phenomenon in metals and its relation
to lattice friction. Also, investigate the lack of a stress de-
lay in polymers. Determine if the stress delay will appear by the

use of polymer alloying techniques.

3. Conduct a series of studies concerning the correlation be-
tween the microstrain hysteresis loop and the unload emissions.
These tests should be performed simultaneously on the same speci-

men.

4, Conduct a study of the correlation between residual plastic

microstrain and fatigue life.

5. Study the effect of grain size on the emission characteris-
tic and try to utilize the Petch equation (6, p. 199) to deter-
mine what emission character can be associated with locking stres-

ses and what can be associated with friction stresses.

6. Study more completely the effect of strain aging on the un-
load emission character. This could possibly be an important

tool for sensitive determination of strain aging.

7. Study the yield point variation simultaneously with the strain
hardening coefficient for each specimen as a predictor of fatigue

life.
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8. Investigate more thoroughly the low frequency emission phe-
nomenon. Removing the filter from the instrumentation will allow
ambient noise from the electrical lines and from the structure-
borne vibrations to register on the electronic counter and, hence,
render it useless. However, the low frequency emission at about
250 cps will appear in the Visicorder record of the total noise
that is being measured. This might be examined as a possible

indication of the stress induced, self-sustained oscillations

proposed by Fitzgerald (61, p. 1289).
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APPENDIX I

MATERIAL PROCESSING HISTORY AND CERTIFICATION SHEETS (L41) (42)

Detailed processing information on AISI EL4340 grade, aircraft
quality, cold finished, annealed, 1—1/8" round bars from Republic Steel's
Heat 3321345.

Melting Process - 70 Ton Electric Arc Furnace, Ladle Vacuum Degassed.

Mold Size & Ingot Weight - 25" x 27" Big end up, hot topped, 12,000 1b.

ingot.
Billet Size - 4" x 4™,

Hot Rolled Bar Size - 1-5/32" rd. Bar Stock-

1. Pickle,

2. *Anneal in bundles in a surface combustion batch-type car
furnace using W-shaped radiant heating tubes fired with
natural gas. Atmosphere controlled under NX (dry nitrogen
gas).

Annealing Cycle:

Heat to 1550° F. - Soak 4 hrs.
Cool 50°/hr. to 1370° F.
Cool 20°/hr. to 1200° F. - Soak 4 hrs. at 1200° F.

Cool to 1000° F. and pull.

* Furnaces aligned along a North-South axis. Furnace temperature con-
trolled with Chromel-alumel thermocouples and Leeds & Northrup Micromax
control instruments.

-102-
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3. Light pickle,.

L. Lime coat

5. Cold draw to 1-1/8" rd. (1/32" draft).

6. Medart machine straighten.

7. Cracker cut to length.

8. *Subcritical anneal (1150° F.) through 30 ft., continous,
open fired furnace in approximately three layers at travel
rate of 15'/hr.

9. Light pickle.

10. Lime coat.

11. Restraighten (Medart straightener).

Aircraft Quality Steel Cleanliness - Average magnetic particle inspection

ratings of all billet tests from this
heat, in accordance with AMS 2301B,

were 0.09 Frequency and 0.07 Severity.

* Furnaces aligned along a North-South axis. Furnace temperature con-
trolled with Chromel-alumel thermocouples and Leeds & Northrup Micromax
control instruments.



~-10k4 -

A GUIDE TO MORE UNIFORM HEAT TREATMENT RESULTS

Heat Treating Information,
Type Steel__Alrcraft Quality 4340 Anm. Only for Bars vllith this Symbol

. Color Marking White & Yellow-Black Dot | 3321345 I

Grain Size

Your Order No.

Date

P C. Mn, P. S. Si. Ni. Cr. Mo.
Heat Anglysts: 425 .80 .012 010 .33 1.79 .78 .25

Working Temperatures: Ol Quench 1475=1575°F Anneat 14501550 k. Forge 20002250 °F, Norm. 1600~17000¢

Ya. Pb.

END-QUENCH HARDENABILITY TEST RESULTS TO ASTM A-2565

INSTRUCTIONS: Draw a line vertically through the -part diameter and the curve. The intersection with the curve indicates the
asquenched core hardness of the alloy with the above certified symbol, when oil quenched.

YOUR PART DIAMETER
1%" 2" 2w 3"
Vv v v

1" 11”7
v v
ll'

v

4" 5"

v
3”
v

4"
v

2%"

Surface 3%R”

v
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v

%"
v

5%" | ¥4 Radivs
v

a%"
A\ 4

% Radius

Center ] Center
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v
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%
-160
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)85
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o
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E
g

130

25

10 12 14 16 18 20 22 - 4 26
DISTANCE FROM QUENCHED END OF TEST SPECIMEN (in sixteenths of an inch)

2 34 28 X0

" 'How-Ryerson Tests:

Mechanical Properties as lmerqrefed
0il 550

Quenched in

at

from End-Quench Tests

°F., and tempered as shown.

Each heat of alloy stes] .is tested in ac-

- with _the fard ASTM A-255 |,
End-Quenth Hardenability Test.. :Briefly—
test ' samples “after ' normalizing = and
machining, ' are: -heated to the auenching
temperature. They - are .water guenched
on ‘one end only, until .cold, in the fixi ..

% Elong,| % Red, |Rock. /C*"
(2 Inches)| Area | Hardness

11,50 43.7
15.5 51.5

Tempering
Temperature]

800
1000

Size of

Tensile Strength
Round P.S.1

708,000
174,000

Yield Point
P.S.L.

206,000

163,000

1-inch,
Center

38

ture shown' on the ‘rigln.‘ They are "then

ground ‘to remove all decarburized sura
E hardn e

face.
are  taken at regular intervals fiom the
quenched and. and are plotted into ‘curves
as. shown. - Ses other . side for more
data.

1200

142,000

128,000

19.1

59,

30

4-inch,
V2 Radius|

800
1000
1200

204,000
170,000
136,000

159,000

184,000

119,000

12.0
16.0

45.
52.

20.Q

60.6

B4

37
28

NOTE: The chemical analysis reported was submitted by the mill. The' ASTM ‘A-255 end:quench results and mechanical iﬁ'.rpu&aﬂans
were. developed in the Ryerson laboratory. This data is belisved accurate within normal tes!iniiimiis, and is apglicable only to material
marked with the ubqvg :ymboL Check your shipment to be sure. it is stamped or tagged with the symbol on this certificate..

JOSEPH '[ RYERSUN & SﬁN. Inc.. Plants: Chicago *- Milwaukss @ Indignapolis ¢ SK.'levis' * Detroil' * Cin¢innatl ¢ Claveland + Pittsburgh ® Philodelshia

Charlotte, N, C.. * Buffafo * New York * Bostor » wallingford, Conn. * Son Francisco ¢ Los Angeles .»_ Spokane. * Seaitte
Form 720.83-2" Feb. 58 -

. “Copyrigh? 1958, Joseph T. Ryerson & Son, Inc., Printed in U.s. A,
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RYERSON CERTIFIED TEST‘ REPORT

* UNIVERSITY OF MICHIGAN

! HIRCHASEG OFFI@ RESEARCH DATE RYERSON ORDER NUMBER CUSTOMER'S ORDER NUMBER
v\ ADMIN BLDG.

' ANN ARBCR, MICH, 9-15.6k 1.865068 R51416

. NORTH CAMPUS

DESCRIPTION OF MATERIAL AND SPECIFICATIONS

8 BARS CF AQ EL340 ANNID  1.1/8" RD x 11'11.3/4" to 12'
CHEMICAL ANALYSIS
HEAT NO. CARBON | MANG. PHOS. |SULPHUR [ SILICON NICKEL CHROM. MOLY. | COPPER VA, T ALUM, LEAD I OTHER

3321345 | L4o5|.80 | .012L010 | .3% |1.79 T8  .BS |
MECHANICAL PROPERTIES AND TESTS

TENSILE YIELD REDUCTION HARDNESS BEND GRAIN EMB. HARDENABILITY OTHER
Pst (] ELONGATION OF AREA %
BHN 235269 5.8 | 20/16 57 32/16 54 MACRO ETCHOK
MANUFACTURER
REPUBLIC DECARB 020

DESCRIPTION OF MATERIAL AND SPECIFICATIONS

CHEMICAL ANALYSIS
HEAT NO. CARBON | MANG. | PHOS. |SULPHUR| SIICON | NICKEL | CHROM. { MOLY. COPPERE VAL [T | Awm tEaD | OTHER
MECHANICAL PROPERTIES AND TESTS
TENSILE YIELD REDUCTION HARDNESS BEND| GRAIN | EMB. HARDENABILITY OTHER
PSi Pl ELONGATION |OF AREA S
MANUFACTURER
— -
DESCRIPTION OF MATERIAL AND SPECIFICATIONS
CHEMICAL ANALYSIS
HEAT NO. CARBON | MANG. | PHOS. |SULPHUR | SILICON | NICKEL | CHROM. | MOLY. | COPPER | VA, l T | ALUM. LEAD OTHER
MECHANICAL PROPERTIES AND TESTS
TENSILE YIELD REDUCTION HARDNESS BEND| GRAIN | EMB. HARDENABILITY OTHER
PSi Pst ELONGATION |OFAREA 3¢
MANUFACTURER

_ THE ABOVE TESTS CONFORM TO THE REQUIREMENTS OF THE SPECIFICATIONS LISTED
" THIS CERTIFICATE NOTARIZED ONLY WHEN REQUIRED

We hereby certify that the foregoing data is a frue copy of the

| a Notary Public do hgreby certify data furnished us by the producing mill or the data resulting
that this affidavit was subscribed and sworn to before me by a duly authorized from tests performed in the Ryerson Laboratory.
agent of Joseph T. Ryerson & Son, Inc., this day of

JOSEPH T. RYERSON & SON, INC.

A

1}
~—MY COMMISSION EXPIRES NOTARY PUBLIC Authorized Agdnt

\ : : :
o PLANTS AT: NEW YORK * WALLINGFORD, CONN. * BOSTON * BUFFALO * PHILADELPHIA * CHARLOTTE, N. C.% PITTSBURGH « CLEVELAND
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FORM 230-32—5 REV. 7—62 COPYRIGHT 1960 SAN FRANCISCO + SEATTLE + SPOKANE




APPENDIX IT

ACOUSTIC AND FATIGUE DATA

The tabulated data that follows is in two sections. The first
is the single stress level data; the second, the dual stress level data.
The first tabulation includes the actual data with the corresponding MCA
classification. The second tabulation presents only the actual data and
is presented here for a permanent record, but it is not used in the present
investigation.
TABUIATION LEGEND SECTION 1

Single Stress Level Fatigue Data

Units presented in the legend that follows will often be non-
conventional. These were used because of scaling problems within the com-

puter. All equations in the text use the same units to provide consis-

tancy.
S = Stress; units: psi x 10¥3= ksi.
CS = Class of Stress: 102.5 - 97.5 = 0, 97.5 - 92.5 = 2
92.5 - 87.5 = 3, 87.5 - 82.5 =4, 82,5 - 77.5 = 6, and

1

77.5 - 72.5 = 7.

Z Ep, = Totalized Load Emissions; units: counts x 10*3 = thou-

sands of counts.

CZ Ey= Class of Z Er; 0-0.500

0, 0.500-1.000-1.500 = 2, 1,500-

2.000 3, 2.000-2.500

6.

4, 2,500-3.000 = 5, 3.000 -

4,500
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Cx EHR:

TIR =

CTIR
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Totalized Unload Emissions; units: counts x 10%3=

Thousands of counts.

Class of X EU : 5-10 =0, 10 - 15 =1, 15-20 = 2, 20-25=

3, 25-30 = 4, 30-35 =5, 35-40 = 6, 4O-L5 =7, 45-50 =

50-55 =9, 55-80 = 10.

Totalized High Rate Emission; units: counts x 10

Thousands of counts.

Class of T EHR: 0.0-0.5
2.0 - 2.5 = 3, 2.5 - 3.0
4,0 - 5.0 =

Total indicator reading; units:

I

n

Class of TIR: 0.0 - 1.5 =0, 1.5 - 3.0

L, 3.0 - 3.5 =5, 3.5 - 4.0

+3 :

0, 0.5-1.5 = 1, 1.5-2.0 = 2,

1

7, 5.0 - 7.0 =8, 7.0 - 9.0 = 9.

0.0001 in.

1, 3.0 - 5.0

2, 5.0 - 8,0 =13, 8,0 - 11.0 = 4, 11.0 - 15.0 = 5, 15.0

30.0 = 6, 30.0 - 100.0

7.

Root Mean Square surface finishj;units:

10"% inches RMS.

Class of RMS: 0.8 - 1.
2, 1.7 - 2.0 = 3, 2.0

Room Temperature; unit

Class of T: 78.0 - 80.
82.5 =2, 82.5 - 83.5
5, 8.0 - 87.5 = 6.

Room Humidity; units:

air.

l._.

St

>

]

=0, 1.1 - 1.4

2.5 =4, 2.5 -
°F.

= 0, 80.5 - 8l1.

3, 83.5 - &k.5

p)

n

1, 1.4 - 1.7 =
.0 = 5.

=1, 81.5 -

L, 8.5 - 86.0

grains of water per pound of dry

8,

g inches x lO2 =



CH

1

-108-

Class of H: 10.0 - 20.0 = 0, 20.0 - 30.0 = 1, 30.0 -

40.0 =2, 40.0 - 50.0 = 3, 50.0 - 60.0 =k,

Incident factor: O = no happening,

1

10

11
12
13
14
15
16
17
18
19
20

1l

1,200 RPM finish speed (normally 1,000 REM),
Tool chipped during facing cut,

Misstressed,

Hydraulic instability,

Prestressed @ 75,000 psi before 100,000 psi,
Radio interference,

Dropped on floor,

Preload lost,

Stressing after original acoustic test,
Gross yielding; acoustic machine does not reach
stress,

5 and 7,

5 and 1,

4, 5, and 10,

1 and 9,

5 and 6,

L and 5,

5 and 2,

one cycle of overstress,

Square wave generator inoperative,

39% bending stress.

Engineering stress above the upper-lower yield point;

units: psi x lO+J+ = tens of thousands of psi.
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Class of Sp : 0.00 - 0.25 = 0, 0.25 - 0.75 = 1, 0.75 -
1.00 = 3, 1.00 - 1.25 = L4, 1.25 - 1.50 = 5, 1.50 - 1.75 =
6, 1.75 - 2.00 = 7, 2.00 - 2.25 = 8, 2.25 - 2.50 = 9,
2.50 - 2.75 = 10, 2.75 - 3,00 = 11, 3.00 - 3.35 = 12.
Bar Number (see section 2.1.2.1): O - 6.

Position Number (see section 2.1.2.1): 0 - 29,

Total totalized emission exclusive of the high rate
emissionyunits: counts x 10%3 = thousands of counts.
Class of £ Ep : 5-10 =0, 10 - 15 =1, 15 - 20 = 2, 20 -
25 =3, 25 -30 =4, 30 -3 =5, 35 -4 =6, 40 - 45 =
7, 45 - 50 =8, 50 - 55 =9, 55 - 80 = 10.

life; units: cycles.
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TABULATION LEGEND SECTION 2

Dual Stress Level Fatigue Data

First stress level in cumulative damage; units: ksi.
Cycles at 85; units: cycles.

Second stress-run to failure; units: ksi.

Totalized burst load emission when stressed to S5; units:

counts.

Totalized burst load emission when stressed to Soj; units:
counts.,

Totalized unload emission when stressed to 5 ; units:
counts.,

Totalized unload emission when stressed to 82 5 units:

counts.
Totalized high rate emission; units: counts.

Totalized emission exclusive of the high rate emission

when stressed to Sl3 units: counts.

Totalized emission exclusive of the high rate emission
when stressed to Sp; units: counts.

life cycles at second stress level; units: cycles.

Total indicator reading in O,00001 in.
Root means square surface finish; units: p inchesRMS,

Room temperature; units: °F.
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Room humidity; units: grains of water per pound of dry air.
Incident factor defined in legend of section one.
Bar number (see section 2.1.2.1): O - 6.

Position number (see section 2.1.2.1): O - 29.
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ACOUSTIC AND FATIGUE DATA

DUAL STRESS LEVEL DATA

Sequence S, N 8, IEy EE, ZIE; IR, IBpy I Epy I E, TIR BRMS T H I B P N,
Number

000 75  2x100 90  Lost 1,549 42,846 45,781  Lost Lost 47,330 60 175 83.0 243 19 2 10 12,308
001 90 104 75 3,504 537  hL,737 148,186 3,200 48,241  L8,723 110 220 80.0  3%0.4 o 6 12 169,900
007 75 2x10% 90 403 749 8,749 9,542 2,000 9,152 10,271 35 245 80.0 25.0 0 5 oL 63,847
008 Early 90ksi Failure See Data Table Above

011 90 1 75 1,870 1,202 67,269 23,117 7,200 69,139 24,319 20 325 80.0 24.8 o 3 29 207,143
013 90 10% 75 688 379 65,357 68,882 2,500 43,545 69,261 35 135 9.0 30.5 o] 4 03 269,665
015 75 2xl0? 90 899 596 27,270 29,263  Iost 28,169 29,859 4% 180 80.0 27.3 0o 0 05 70,36k
017 90 10+ 75 3,371 564 39,470 43,336 3,200 42,841 43,890 30 115 79.5 26.5 2 2 17 273,700
018 75 2x10° 90 866 360 11,281 12,691 2,000 12,17 11,051 20 250 78.0  33.2 o 4 2 22,501
019 90 104 75 2,098 818 42,806 46,318 5,200 L4, 90k 47,136 30 120 79.5  30.3 o 4 18 255,736
021 90 10 75 1,305 591 22,995 2h,879 2,900 24,200 25,370 60 175 80.0 29.7 0 5 o7 160,271
022 90 10+ 75 959 561 23,648 26,398 1,000 24,607 26,959 15 150 80.0 29.7 0 6 10 88,050
023 90 10* 75 1,143 582 30,823 32,015 300 31,966 32,597 12 115 80.0 29.7 o 6 25 188,701
028 75 2x10° 90 383 sh2 48,8387 52,280 6,000  L9,270 52,831 80 90 83.0 16.0 o 1 25 14,277
029 75 2x10° 90 1,099 510  46,37h 52,983 7,300 47,473 53,493 75 235 8.0 18.2 o 5 11 28,387
030 75 2x10° 90 928 870 20,252 22,677 2,500 21,180 23,347 120 210 82.0 16.9 0o k20 3,195
036 75 2x109 90 268 232 35,108 38,6k4 3,300 35,376 38,876 125 150 82.0 18.6 [¢] 0 15 123,318
037 90 10 75 885 Mo 21,921 23,325 2,500 22,806 23,765 10 130 82,0 23.2 0 1 02 469,204
038 90 10" 75 591 24 33,125 35,220 5,000 33,716 35,46k 70 325 80.0 26.8 0 5 13 24l , 264
040 75 2%10° 90 792 724 20,325 21,975 700 21,121 22,699 100 110 82,0  18.5 3 2 1 60,034
ob3 75 2x10° 90 u36 995 39,718 40,59k 3,900  LO,15h 41,589 20 125 810 258 10 2 18 137,336
0k6 90 104 75 526 255 31,532 34,902 4,500 36,958 35,457 Lo 1o 80.0  39.9 0 5 Ok 263,454
o7 90 104 75 1,256 671 24,240 25,410 7,700 25,496 26,081 90 120 82,0 50.1 0 4 28 158,455
048 90 104 75 668 225 31,512 3k,557 2,100 32,180 34,782 90 120 8k.0 66.2 0 2 o7 429,792
okg 90 104 75 371 2ko 26,02k 28,346 3,000 26,395 30,586 %0 170 84,0 62.0 ¢} 6 07 118,189
050 90 04 75 1,141 250 28,496 35,226  h,ho0 29,637  35,b76 100 ko 8350 58.7 9 5 03 19,771
052 90 0+ 75 1,523 299 25,658 27,654 7,500 27,181 27,953 120 160  83.0 49.5 o 3 28 160,230
056 90 104 75 1,010 331 Lk, 819 48,165 5,000 45,829 48,496 50 95 77.0 33.8 o 2 28 248,339
066 75 2x10° 90 562 596 15,332 20,333 4,800 15,894 20,929 65 135  83.0  37.1 o 3 15 22,948
068 75 2x10° 90 421 L6k 8,921 10,488 3 000 9,342 10,952 100 210 83.0 37.1 o 5 02 34,577
069 90 1ot 75 797 227 3h,114 37,556 4,600 34,911 37,783 150 175 83.0 36.9 0 6 00 148,286
070 90 0, 75 699 303 15,650 16,256 4,200 16,349 16,559 20 220 83.0 9.6 3 3 18 80,198
071 90 10, 75 1,090 409 31,611 33,649 7,400 32,701 34,058 45 110 840  33.9 3 3 0k 369,23
o7k 90 1ou 75 1,47k 458 45,042 47,468 9,900 46,516 47,926 55 130 83.0 33.5 [¢] 1 2% 417,133
075 90 100 75 1,703 331 25,087 25,897 3,000 26,790 26,228 3 170 83.0  31.0 0o 3 06 212,232
077 75 2x10° 90 L98 499 28,885 31,212 2,800 29,383 31,711 10 135 83.0 35.2 0 0 16 182,250
081 5 2x107 90 817 590 31,%10 35,526 6,300 32,127 36,116 100 170 79.0 37.7 0 3 27 11,802
082 90 10k 5 889 389 11,631 12,811 1,200 12,510 12,200 60 135 75.0 34,0 0 3 40 359,775
087 75 2x10° 90 692 88 25,979 28,%36 8,500 26,671 29,225 75 130 84.0 25,6 0 2 56 142,957
089 90 0% 75 58l 394 13,277 12,266 1,800 13,861 12,660 45 175 8%0  25.5 0o 2 25 229,385
090 Early 90ksi Failure See Data Table Above

093 75 2x10® 90 hsh 358 19,843 24,317 3,600 20,297 24,675 35 130 83.0 22.6 o 1 22 61,878
09k 90 104 75 320 261 16,821 22,691 2,600 17,11 22,952 15 375  835.0 245 o L o0 Ll 271
100 75 2x0® 90 1,190 487 30,764 33,482 3,000 31,954 33,969 55 200 82,5 26.3 18 0 2 108,129
103 75 2x10° 90 730 772 61,851 65,375 7,300 62,581 56,147 90 160 82.0 k.5 o 3 24 4,802
105 90 10* 75 ol k10 11,008 11,802 3,600 11,952 12,212 70 135 82,0 L49.1 6 1 Ok 170,437
108 90 104 75 1,179 579 61,341 63,286 7,500 62,520 63,865 65 135 82.0 40.3 0 L4 02 260,674
109 75 2x10° 90 512 461 20,923 22,708 1,000 21,435 23,169 140 135 82.0  35.7 o o o7 62,839
110 75 2x107 90 1,325 681 40,139 42,696 4,000 41,464 43,380 70 175 82.0 33.3 0 6 05 9,963
115 75 2x10° 90 460 516 8,870 11,058 2,200 9,330 11,56k 45 170 82.0  27.1 o 1 21 87,235
116 90 w75 1,111 282 17,313 20,199 2,800 18,424k 20,481 160 160 82,0 27.2 0 3 00 103,471
119 90 104 75 2,050 513 27,556 30,984 4,600 29,606  31,L97 30 225 84.0 kb3 o 1 11 192,860
122 90 10k 75 1,535 512 42,897 44,273 4,700  hh,h32  Ll,785 60 155 840 345 0 5 25 250,408
127 90 0% 75 1,851 602 41,701 Lo, 722 4,900 43,552 43,324 60 165 85.0 28.3 0 4 ok 187,797
128 90 s 1,472 623 23,52k 25,028 4,000 24,996 25,651 60 220 85.0 33.0 0 k21 329,47k
130 75 2x10° 90 582 877 37,291 39,352 1,k00 37,873 40,229 110 180 84.0  3%0.3 o 6 26 6,078
132 90 w75 1,70m 516 33,158 34,101 1,600 34,862 34,617 95 160 840  33.9 1 2 2 121,89
139 75 2x109 90 1,125 635 36,201 41,180 5,000 37,326 41,815 5 150 840  30.0 o 0 12 121,753
141 Early 90ksi Failure See Data Table Above

14k 75  2x10° 90 2,07k 1,380 61,338 67,527 5,400  63,hk12 68,907 90 105 85.0  36.0 o o 25 130,963




APPENDIX IIT

LIST OF SYMBOLS AND TERMINOLOGY

The terminology is presented in subject groups.
Symbol Term

Acoustic Emission Terms

B Totalized acoustic emission above the counter threshold of
24.8 u volts peak voltage.

z By Totalized load emission above the counter threshold excluding
Z Byg.

2 Exggp Totalized high rate emission above counter threshold.

Z By Totalized unload emission above the counter threshold.

Z B Totalized total emission above the counter threshold exclud-
ing EHR'

A8 Stress delay associated with acoustic silence during the

start of the unload process.

RMS Volts RMS output amplitude of the detection system in volts.

Type I Load emission characteristic where most of the bursts are
accumulated before 17,000 psi.

Type II Load emission characteristic where most of the bursts are
accumulated at about 34,000 psi.

Stress and Fatigue Terms

N Fatigue life
log N Logarithm to the base 10 of the fatigue life.
S Applied stress. When associated with fatigue experiments

this is the zero to maximum fatigue stress.

Smax The maximum stress to which a specimen is loaded during
a single acoustic test cycle.
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The largest Spgx to which a specimen is taken during an
acoustic test series.
The stress at the upper yield point of the specimen.
Smax - Syu,

Ingpection Terms

Total Indicator Reading in 0.0001 inches.
Root mean square surface finish in units of p in. RMS.

Acoustic Detection System Terms

Decibels; dB = 20 log g_

e}

"Referenced to" used to denote the Py to which the decibel
calculation 1s referenced.

Piezoelectric stress constant.
Lead zirconate titanate piezoelectric ceramic.
Data Terms

The number of the bar from which the specimen was taken.

The number of the position of the specimen within the bar.

Room humidity measured in grains of water per pound of dry
air.

Room temperature in °F,
Incident factor, see Appendix II for detailed listing.

Statistical Terms

Multiple Classification Analysis.
Stepwise Regression with Simple Learning.
MCA'S importance coefficient, see section 4.1.1.1.

MCA'S adjusted multiple correlation coefficient squared,
see section 4.1.1.1.
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Logarithmic life deviations.

Unbiased estimator of the intercept, a, in y = a + bx.
Unbiased estimator of the slope, b, in y = a + bx.
The estimator of the variance of 4.

A
The estimator of the variance of b.

A
The estimator of the covariance of Q, b.

The value of the dependent variance,y,given X.

The estimate of the variance of y, given x.

Sample standard error of the depegggng‘yarlable about the
regression line given Xx, S§lx = Var y‘

The estimated value of y from y = Q + b X.
The variance of the estimated value of y.

The probability of a random variable falling outside a stated
interval defined by anupper and = a lower cutoff point.

The degrees of freedom associated with the calculated sta-
tistic.

The cutoff point in a one sided t statistic interval.

The cutoff point in a two sided t statistic interval.



APPENDIX IV
THE MEANING AND MATHEMATICS OF CONFIDENCE

INTERVALS AND PREDICTION INTERVALS IN SECTION 6.1

In order to obtain an idea of the scatter of the data around
the predictive regression equation, one usually calculates a confidence
and/or a predictive interval around the regression result. In order to do
this, one needs the estimated variance of g, Var (b), where g is an unbiased
estimator of b, the slope, in the model, y = a + b x. But they/var (b),
which is the sample standard error of the slope, is provided by the regres-

sion program. Also,it can be shown that

X s, .2
var (0) = V¥ (67, p. 247)

where Sylézis the square of the sample standard error of the dependent vari-

able,given the independent variable. This also is printed out by the regres-

n
sion program. Now % (x; - 2)2 may be calculated. Bowker and Lieberman
i=1

(67, p. 248) give

n Ao AN
Sy x = PN (yl - yl) where yj=a + b x3.
\ i=1
n-2
. ) a A\D . s
It is evident that X (yi— yi) is the sum of squares of the deviations

about the regression line.
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The confidence interval estimate of the average value of the de-
A
pendent variable for a given x can be developed by using Sy|x2 , Var(b) X,
n

and z xig. This means that the interval developed by the equation given
i=1

below will surround the population value of the expected value of the depen-
dent variable,given the independent variable, (1l - @)% of the time. That
is to say,there is an 0% chance that the interval so constructed will not

include the population expected value of y. The interval is given by

7
2+ % x; +t Var (9). (67, section 9.5.2)

In the application in this thesis & was chosen as .05 so that a

R

95% confidence interval was generated. However, the Var (y) is unknown.

S

But Var (¥) = Var (%) + x? var (B) + 2x; cov (a,'%)
/\ 2 n .
where Var (8) = Sy}x izl 1 (67, p. 247)

n —_
n ¥ (x.- %)°

i=1 +
and
/\ /\-
Cov Ca,‘%) = - Var (8) X.
n o -
Calculation gives 'Zl x;” = 557.06001 and x = 1.817697. The above
i=

equations with 8p = x, = 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 give the 95%
confidence interval on the average value of log N given Sp . This interval

is shown in Figure 6.1.
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Next, it is of interest to form a prediction interval around
the regression line. One is usually interested in how high or how low
a future observation of log N will be, given a value of Sp. The pre-

diction interval with probability of (1 - &) is given by

AN RN P Y
2+ b x5+ tg/p; n-p\/ Var(y) + Var y|x .

The prediction interval in Figure 6.1 is a 95% interval, so « = .05.
The meaning of this prediction interval is that there is (1 - o) proba-
bility that a future observation of log N, given Sp, will fall within

this established interval.
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